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Abstract

We comparetwo algarithmsfor sotting out-of-core dataon a distributed-menory cluster Onealgo
rithm, Csott, is a 3-passoblivious algorithm. The other, Dsort, makesthree pasesover the dataard is
basedn the paradigm of distribution-basedalgorithms. In thecontext of out-of-core sorting, thisstudy is
the rst conmpaiison betweerthe paadgmsof distribution-basedandoblivious algorithms. Dsart avoids
two of the four stepsof atypical distribution-basedalgarithm by making simplify ing assumptionsabaut
the distribution of the input keys. Csot makesno assumptions about the keys. Despitethe simpifying
assimptions,the I/0 ard conmunicationpatterrs of Dsat depend heavily ontheexactsequerceof input
keys. Coort, on the otherhard, takesadvantage of predetermned /O andcommunication patterrs, gov-
erredertirely by the input sizein order to overap computation communication,andl/O. Experimental
evidene showstha, evenon inputs thatfollowedDsort's simplify ing assumptions,Csot faredwell. The
running time of Dsat showed greatvariationacress ve input caseswherasCsott sortedall of themin
appoximatelythe same amount of time. In fact, Dsat ransigni cantly fagerthan Csot in just one out
of the veinput casesthe onethatwasthe mostunrealistically skewed in favor of Dsort. A more robust
implemertation of Dsort—amewithout the simgifying assunptions—would run evenslower.

1 Intr oduction

This paper demongratesthe merit of oblivious algorithmsfor out-of-core sating on distributedmemoy
clusers In particular, we compae the performarce of Csat, a 3-passoblivious algorithm tha makesno
assumptionsabout theinput distribution, to that of Dsort, a 2-passdistribution-basel algorithm tha makes
strong simplifying assimpions about the input distribution. This difference makesCsat a more robust
algorithm for sorting real out-of-core data BecauseCsort is oblivious, its I/O and commurication patterns
are not affected by theinput distribution or the exactinput sequerce. In Dsort, on the other hard, the I/O
ard commurication patems showv a strong sensitivity to the input sequerce, evenwhenit acheresto the
assumed input distribution. An added bere t of Csat's predetemined I/O and commurication paternsis
thatit ismucd simpler to implemert. We ranexperiments with ve 128-GB daasets ranging fromthe more
favorably skewed (for Dsart) to the lessfavorably skaved. There wasno signi cart variation in the running

Supportedby National Science Foundation Grantl1S-0326155in collabaation with the University of Connedicut.
TSupoortedin partby DARPA AwardW01339%40in collaborationwith IBM andin part by National Science Foundation Grant
11S-0326155in callaborationwith the University of Conrecticut.



time of Csat for theseinputs, demorstrating that its running time is deteminedprimarily by the input size.
Dsot ran no fager then Csat, except in the two mostfavorably biasel cases; the differencewasmarginal
in one of thesetwo cases Onedownsde of usng Csort is thatthe maximum problem sizethatit canhardle
is often smaler thanwhat Dsott canhardle.

The problem of sating masive datacomesup in several applications such as geographical informa-
tion systams, seiamic modeling, and Webseach engines. Sucd out-of-core daatypically resdeon pardlel
disks. We condder the seting of a distributedmemoy cluste, since it offersa good priceto-performance
ratio and scdabhility. The high cog of trarsferring data between disk andmemoy, as well as the distribu-
tion of data acossdisks of severd madines makesit quite a challergeto desgn and implemern ef cient
out-of-core sarting programs. In addition to minimizing the number of parallel disk acceses anef cient
implemenaton mustalsooverlap disk I/O, commurication, and computation.

Along with merging-basel algorithms, distribution-based algorithms form one of the two domirant
paradgms in the literature for out-of-core sarting on distibuted-memay clustas. An algorithm of this
paadgm proceeds in three or four stgps. The rst step sanples the input data anddeddeson P 1
sditter elements where P is the number of proces®rsin the clusta. The seond step given the splitter

elemerts, partitions the inpu into P sets &; S;;:::; Sp 1, such that each element in § is less than or
equd to all theelemensin S¢;. Thethird step sorts each pattition. The sarted output is justthe sequence
hRo; R1;:::; Rp 1i, where R is the sated version of §. We refer to the rst, secand, andthird stegps as

the sampling step, the partition step, andthe sat step, regedively. Theeis oftenafourth stepto ersure
that the output is peafecly loadbalancedamorg the P procesas. In order to give Dsort every possble
advarntage whencomparing it to Csot, itsimplemenation omits the sanpling and load-bdancing stes.

In previous work, we have explored a third way—distinct from meing-based and distribution-based
algorithms—of out-of-core sarting: oblivious algornithms. An oblivious sotting algorithm is a compare
exchange algorithm in which the seauienceof compaisonsis predeermined [Knu98, Lei92]. For exampe,
algorithmsbasdon sating networks [Knu98, CLRSO01] areobliviousalgorithms.

A distribution-basedalgorithm, whenadaptdto the out-of-core seting of adistributedmemory cluste,
geneates|/O and communication patterns thatvary deperding on the daato be sated. Dueto this input
dependence, the programmerends up sperding much of the effort in handling the effects of datathat might
leadto “bad’ 1/0 and commurication paterrns. We know of two implementationsof out-of-core sorting on a
cluser[ADADCC97, Gra®)]. Both are distribution-basel, andboth sidestep one of theprindpal chalenges
of the sanpling step of a distribution-basel sort. locating the kth smalkstof theinput keys for k equal to
N=P; 2N=P;:::.P 1/N=P (aclassicd problem in order stdistics). We referto thesek elements as equi-
partition splitters Solving this problem in anout-of-core setting is cumbeasame [Vit01]. Not surprisingly,
therdore, both of the existing implemertations assume thatthe P 1 equi-partition sgittersare known in
advarce eliminating the samping and load-balancing stepsaltogether.

An oblivious algorithm, when adaptedto an out-of-core seting, gereraesl/O and communcaion pat
ternsthatareertirely preddemined depending only ontheinput size. In previouswork, we have developed
seserd implementaionsbasedon the paradigm of oblivious algorithms[CCWO01, CC02 CCH, CC04.

The compaiison beweenCsat and Dsott is novel. To the best of our knowledge this work is the
rst expeimenal evaluation that compares these two paradigmsin the context of out-of-core sorting on
distiibuted-memay clustas! Moreover, bath Csort and Dsott run on identical hardware, and both use
similar software: MPI [SOHLC98, GHLL 98] for communtaion and UNIX le system calls for 1/O.
Both areimplemented in C and usethe stardard pthreads packagefor overlapping 1/0, commurication, ard

IThereare sameexisting comparisors of parallel sortingprogramsfor anin-core seting, e.g.,[BLM C98].



Po P P2 Ps
Do D1 Do D3 Dy Ds Dg D7
stripe0 0 1 2 3 4 5 6 7 8 910 11|12 13| 14 15
stripel | 16 17 | 18 19|20 21|22 23|24 25|26 27|28 29|30 31
stripe2 | 32 33 [ 34 35|36 37[38 39|40 4142 43| 44 45] 46 47
stripe3 | 48 49 | 50 51 |52 53|54 55|5 57|58 59|60 61|62 63

Figure1l: Thelayout of N D 64recadsin aparllel disksystemwith P D 4, B D 2,andD D 8. Eachbox represents
one block. Thenumbe of stripesis N=BD D 4. Numbersindicaterecad indices

compudtion.
There are several rea®ns that we did not compare Csort to NOW-Sort [ADADC®97, ADADCC98], the
premierexisting implementtion of a distribution-basedalgorithm:

NOW-Sort isbuilt on top of acive-mesagesand GLUnix, and we wanted to usesoftwarethatis more
stardard. (Our nodesrun RedHat Linux and useMPI for commurication.)

There are severd differenesin the hardvare that NOW-Sort targets and the hardvare of modem
distributed-memory clusters.

Finally, NOW-Sort does nat produce output in the stardard striped ordeting used by the Paral-
lel Disk Modd (PDM) [VS94. As Figure 1 shows, the PDM stripes N recads® acoss D disks
Do; Dq; ::: Dp 1, with N=D records stored on ead disk. The records on each disk are partitioned
into blocks of B records each. Any disk acces (reador write) transfersan enire block of recads
betwea the disks andmemory We use M to dencte the size of the intemd memory in records, of
theertire cluster, sotha ead processor can hod M=P reords.

PDM ordeing baancesthe load for ary consautive setof records aaoss proces®rs and disks as
evenly aspossible. A further advantage to produdng sortedoutput in PDM ordering is tha thereault-
ing algorithm canbe usedasa sulroutinein other PDM algorithms. Implementing our own verdon
of adistribution-basdsort removesall thesedifferences, allowing for afairer comparison

Experimentd results on a Beowulf cluster show that Csort, evenwith its threedisk4/O passes, sats a
128-GB le signi cartly fager then Dsott in two of the ve cases. Thereis a marginal differencein the
running timesin two of the remaining three caes,one in the favor of Dsart and the other in Csat's favor.
In the last ca®, Dsort is distinctly faser thanCsat. Thesereaults show that the peformane of Csat is
compettive with Dsott. Csat, thetrefore, would fare evenbeter compared to a gereralizedverson of Dsart,
that is, one that doesnot assumethat the equi-pattition spittersare known in advance and that does not
ersure load-bdancedoutput.

The remairder of this pgoer is orgarized asfollows. Sedion 2 descibesthe original columnsat al-
gorithm and summarizes Csot. Sedion 3 preenss the design of Dsort, along with notes on the 2-pas
implemertation. Secton 4 andyzesthe reaults of our expeimens. Findly, Sedion 5 offers same nal
comments

2The databeingsatedcompisesN recoids whereeachrecord corsists of a key andpossiblysone saellite data.



2 Csort

In this sedion, we brie y review the cdumnsott algorithm. After sunmarizing a 4-passout-of-core adap-
tation, we brie y desribe Csort, our 3-pas implemenaton. Our previous papers[CC02, CCWO01] contain
the ddails of thee implemernations.

Columnsat soits N records arrangedasanr s matix, whereN D rs, r is even, s dividesr, ard
r  2s?. When cdumnsort completes, the matrix is sarted in coumn-majar order Columnsort procealsin
eight steps. Sters 1, 3, 5, and 7 areall thesame: soit eachcolumnindividudly. Each of steps 2, 4, 6,and 8
peformsa x edpermuttion on the matrix ertries:

Sep2: Transpose and reshape Trarspcsether s matrix intoans r matix. Then“resham” it
backintoanr s matix by intempreing each row asr=s corsecutive rows of s ertrieseach

Sep4: Rehapeandtrangaose: This permuationistheinverse of thatof step 2.

Sep 6: Shift down by r=2: Shift eachcolumn down by r=2 paositions, wrapping the bottom hdf of
eachcaumn into thetop hdf of the next column. Fill thetop half of the leftmostcadumn with 1
keys, ard creak a new rightmostcolumn, Ili ngitsbottom half with 1 keys.

Sep8: Shift upbyr=2: This permuttionis theinvers of that of step 6.

A 4-passimplementation

In our adgptation of columnrt to anout-of-core setting on adistributed-memay cluste, we assunethatD,
the numbe of disks, equals P, the numberof processas. We say that a processa owns the onedisk that
it accesses. The data areplacedso tha eat coumnis storedin contiguouslocaionson the disk owned by
asingle proces®r. Columnsaredistributed among the processors in rourd-robin order, sothat P;, the jth
proces®r, ownscoumns j; j C P; j C 2P, andso on.
Throughout this paper, we use buffers that hold exadly  records. For out-of-core columnort, we sd
D r. We assimethat eachprocessa has erough memay to had a constant numbe, g, of such -record
buffers. In otherwords, M=P D g D gr, implyingthat D r D M=Pg. In both Csat and Dsort, each
proces®r mainainsaglobal pod of g memory buffers whereg is setat thestart of eachrun of theprogram.
Eachpassreads recads from one part of ead disk and writesremrds to a differert part of each disk.*
Eachpassperformstwo consecuive stepsof column®rt. Thatis, pass1 peformsstgps 1 and 2, pass 2
performs steps3 and 4, pass 3 paforms stgps 5 and 6, and pass 4 performs steps 7 and 8. Each passis
decomposedinto s=P rounds Eachround proces®sthenext setof P consecutive columns,onecolumn per
proces®r, through a pipeline of ve stages This pipeline runs on each processa. In each round on each
proces®r, anr-record buffer travels through thefollowing ve stages:

Readstage Ead proces®r read acolumnof r records fromthedisks that it owns into the buffer as®ci-
atedwith the given round.

Sort stage: Eachprocesa locally sats,in memay, ther recordsit hasjust real.

30our implementationof Csat can hardle ary positive value of D aslong as D divides P or P divides D; we assune that
D D P inthispgoer In our experimentalsetup eachnodehasasingle disk,sothatD D P.

4We alterratethe portions readand written from pass to passsotha, apartfrom the input and outptt portions, we needjust one
othe portion, whosesizeis that of thedaa.
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Figure 2: Thehistory of abuffer b asit progressesvithin a given round of a givenpass.The I/O threadacauiresthe
buffer from theglobd pod and thenreadsintoit fromdisk. The I/O threadsuspermsduring theread andwhenit wakes
up, it signalsthe sort thread. The sott threadsortsbuffer b andsignds the conmunicatethread The communicate
thread suspads during interprocessa communication, and whenit wakes up, it sigrals the permue thread The
permute threa thenpernmutesbuffer b andsignalsthe I/0 thread.The 1/O threadwritesthe buffer to disk, suspending
during the write. Whenthe I/O thread wakesup, it releaseguffer b back to the global pool.

Communicate stage: Eachrecad is desined for a sped ¢ coumn, deperding on which even-numbered
columnsat step this pas is peforming. In orde to ga eachrecad to the processa tha owns this
desination cdumn, proces®rs exchangerecads

Permute stage: Having received records from othe procesas, ead processa reararges them into the
correctorder for writing.

Wri te stage Ead proces®r writesa se of r records onto thedisks tha it owns.

Becaise we implemertedthe stagesasynchronously, at any one time each stege could be working on a
buffer fromadifferentround. We used threadsin order to provide e xibili ty in overlagping I/O, computation,
and communication. In the 4-pass implementation, there were four threads per procesa. As Figure 2
shows, the sat, communtat, and permue stageseach had their own threads arnd the readandwrite stages
shared an I/0O thread. The threads opeate onr-reaord buffers, and they communicatewith one ancther via
a standard semaphore medanism.



Csort: The 3-passimplementation

In Csott, we combine steps 5—80f columnsat—pas£s3 and4 in the 4-passimplemenéation—into onepass.
In the 4-pas implemenation, the communcate, permute and write stagesof pass3, along with the real
stageof pass 4, metely shift eachcolumn down by r=2 rows (wrapping the bottom half of eachcolumninto
the top half of the next column). We replacethes four stages by asingle communicate stage. Thisreduction
in numkber of passeshasboth algorithmic andengneeing aspecs; for details, see[CC02 CCWO1].

3 Dsort

In this section, we outline the two passesof Dsat: Pass1 exeautes the partition step, andpass2 exeautes
the sort step, producing output in PDM order. We cortinue to dende the numbe of records to be sarted
asN, the number of proces®rsas P, and theamaunt of memay per proces®r asM=P. Asin Csat, g is
the numter of buffers in the global pool of bufferson eachprocesorand D M=Pg denctesthe size of
each buffer, in records.

3.1 Passl of Dsat: Partitio n and createsortedruns

Pass1 partitions the N input records into P partitionsof N=P recordseach. After pas 1 complees each
proces®r has the N=P records of its pattition. Similar to NOW-Sott, Dsat requiresthat the P 1 equi-
partition sgittersare known in advance.

The ve stagesof each round

Similar to the passs of Csort, pas 1 of Dsort is decanposed into rounds. Ead round processes the
next se¢ of P huffers, one -record buffer per procesa, through a pipeline of ve stages. In our
implemertation, eah of the ve stageshas its own thread. Below, we desciibe what each processao

Readstage Pracesa P reads recordsfrom the disk thatit owns into a buffer. Hence, atotal of P
recadsarereadinto the collective memoy of the clustr.

Permute stage: Given the splitter elements, proces®r P; pemutesthe justtead recordsinto P sds,

thowghtheentire input is equi-partitioned thes P set neal not be of the samesize.

Communicate stage: Processa P, sends al the elemens in set U;;; to processo Pj, for j D

to its parttion, out of thetotal of P recadstha werereadin colledtively.

Thecommuricate stageisimplemenédin threesubgages
In the rst subgtage, procesa P, sends the size of se U;;; to eat procesor P;, sothat P,
knows how mary recadsit will receive from P;.

In the seond sulstage, ead procesa sends P mesages, one pe proces®r. The mesage
destned for processa P; contains all therecadsin se U;;;.



After the secord subdage, it may be true that a procesa needsto receve signi canty more
recadsthanit canhald in itsinternal memay. Thethird sulstege, therefore, proceedsin aloop
over the following threesteps: alocat a buffer, kegp receving mesagsuntl the buffer Ils
up, andserd the buffer on to the next stage. The performanceof this stage depends ontheinput
data even with the assimpion that the overall inputis equi-patitioned Since a processa may
Il anortrintegral number of buffers, it might beleft with a partially full buffer attheend of this
nal substage. This partially full bufferis then usedasthestarting buffer (for the third subgage
of thecommuricate stage) of the next round.

Sort stage: For each buffer thatit Il sup inthecommuricate stege, processa P; sorts the elementsin the
buffer.

Wri te stage Processa P, writesoutthe recadsin each sortedbuffer to thedisk thatit owns. If P; lls
no buffers in this round, no datais written out; the write stagejust sends the buffer bad to the read
stage for subseqlen rounds If, on theotherhand P; received several buffers' worth of records, the
write stagewritesout the full buffers. Only one buffer, however, returnsto thereadstage; the restare
releaseal back into thememoy of theprocesor.

At the erd of passl, eachprocessa hasthe N=P recadsthatbelongto its partition. Furthermoe, these
N=P rewords arestaredon the disk of the corresppnding proces®rasN= P sotedrunsof recadsead.

3.2 Pass2 of Dsat: Mergesorted runsand createstriped output

Pass?2 of Dsort executesthe sort stage of distribution-basel sating. Eat processa usesan . N= P/-way
meige sat to megethe N= P runsof reoords each, ard it communicates with the other proces®rsto
produce output in striped PDM order. Our implemeriation of pass 2 hasfour thread: read, meige, com-
muricate, and write. Unlike passl, in which each threadrecaved buffers from the thread of the precedng
stageand sent buffersto the thread of the suceeding stage, the threads of pass 2 are not as sequential in
nature. We desciibe how eachthreadopeates.

Readthread: Ead procesorstartsoutwith N= P sortedrunsonits disk. Eachrunhas recads or =B
blocks, assumingthat B, the block size, divides , thebuffer size.

Wait for arequestof theform.ry; hy; loc/, meaningthatthe yth block hy of thexth sottedrunr
isto be rea into the memorylocationloc.

Real in the yth block of the xth run, and copythe B recads to the speci ed memorylocaion
loc.

Signalthememgethread

Sincethe N= P runs are being merged usng an.N= P/-way meige sat, the order in which the
variousblocks of thesarted runs are requireddependson therate at which ead runis being consumel
by thememgesart. For example, it is possblethaton agiven procesr, the rst runstartswith arecord
whosekey value is greakrthanall the key valuesin thesecndrun. In this scerario, all blocksof the
secand run are broughtinto memoy beforethe rst run hasexhaustedevenasinglerecord. Feedtadk
from the merge thread, therdore, is essantial for the read threal to bring in blocks in an ef cient
seqLerce.



Merge thread: The memgethrea initially requeds some xed number, say |, of blocks from eachof the
N= P sated runs. This numberl deperdson theamount of memoryavailable on each procesor, It
isessantial to always have morethanone block per runin memay, sotha the meging processis nat
repatally sugperded bea@uwseof ddays in disk reads. The maintask of the memgethrea is to creat
one single sorted run out of the N= P sorted runs producedafter pass1. It starts out by acquiring
an output buffer, saybuff ;, and stating an. N= P/-way merge thatputs the output into buff ;. This
meiging procedure continuoudy chedks for the following two conditions

Theoutput buffer buff ; is full. In thiscase, themerge thread sendsthebufferto the comnunicae
threadand acquires arother buffer from thepod of buffers.

The current block, sayhy, of recadsfrom somerunry has been exhausged The memge thread
sendsarequestto thereadthreadto getthenext block of runr 4. Notethat, sincewe always kegp
| blocksfromeach runin memory, the block that isrequegedis hyc. Afterissuing arequestfor
block hyci, the megethreadwaits to makesure that block hyc1, the next block of ry neealed to
continuethe meging, is in memory.

Communicate thread: For ead buffer that this thread receves it spreads out the contents to al other
processors, for striped PDM output. In other words, blocks hg; hp; hop; 1 aresent to processr Py,
blocks hy; hpcy; hopes; @i aresent to procesa Py, and soon, until procesor Pp 1, which receives
blocks hp 1;hop 1; hgp 1;:::. After the communicake thread reaives one buffer's worth of data
fromall theother processas, it sends the buffer to the write thread.

Writethread: Thewritethreadwritesoutthe reaordsinthebuffer out to the disk ownedby the processa
and releases the buffer backinto the pool of buffers

4 Experimental results

This secion preseris the results of our experimerts on Jeffersa, a Beowulf cluster that bdongsto the
Compuer Sciene Depatmert at Datmouh. We start with a brief desgiption of our experimertal setup.
Next, we explainthe vetypesof input sequencesonwhichweranboth Csat and Dsort. Finally, we presen
ananadysis of our experimental runs.

4.1 Experimental setup

Jdfersonis a Beowulf cluster of 32 dud 2:8-GHz Intel Xeon nodes Ead node has4 GB of RAM and an
Ultra-320 36-GB harddrive. A high-gpeed Myrinet connectsthe network. At the time of our experimerts,
each noderanRechatLinux 8.0. We use the C std io interfacefor disk I/O, the pth re ads package of
Linux, and stancard synchronous MPI calls within threads We use the ChaMPlonPro package for MPI
cdls.

In all our expeiiments, theinput sizeis 128 GB, the number of procesasis 16, theblock sizeis 256 KB;
therecordsizeis 64 bytes; ard g, thesize of theglobal pod of buffers,is 3. Sincetherecord sizeis 64 bytes,
N is 2% recordsand B is 2%2 recads For all cases but one, we use128-MB buffers(i.e., D 2% recads).
For Dsat, thememoy requirement of theworst-cas input typewassuch tha we hadto use64-MB buffers
the experimentcrashel if we usad 128-MB buffers In the caseof Dsott, we setthepamamete | of pas 2 to
be3>

5The parameterg and| weresetexpeimentally, to elicit the bestperformane.
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4.2 Input gereration

As we mentioned before, even with equi-pattition spitters known in advarce, the I/O and commurication
paternsof Dsort depend heavily on the exad input sequence. More speei cally, as explainedin Sedion 3.1,
the performarce of each round of passl of Dsort depends on how evenly the P reoords of that round
are split amory the P processors In the best case,in each round, eachprocesa would recave exadly
records. Intheworst cag,al P recadsin eachroundwould belong to the patition of asingle procesor.

In eadh of our veinput types thefollowing is true: In ead round all P keys are suchthat g out of
the P proces®rsreceve P=q recordsead. In eachround therdore, P proces®rsreceve norerds.
The vetypesof inputsarechamcerizedby thefollowing vevaluesof g: 1, 2,4, 8, and 16. For ead round
of any inputtype, theq procesastha receivethe P remrdsarechosnrandomly, suljec to the constraint
that over al N= P rounds, eah proces®r recaves N=P rewrds. The smaller the value of g, the worse
the load bdance of eachround and the longer Dsort takesto sort theinput. Notethat g D P representsa
highly unreaistic input sequerce, one where the daa are perfectly load balanced acrossthe P processors
in every round, in addition to the overall input being perfectly balaned aaossthe processors. Evenvalues
of g strictly less than P represet unrealistic scenaios in which the daia destined for the q procesors are
perfectly load balanced acoss thaseq processas every time. Thus, our experiment are, if arything, tilted
in favor of Dsott.

4.3 Results

Figure 3 shows the running times of Dsoit and Csat for 128 GB of input data Eachplotted point in the
gur e represats the averageof threeruns. Variationsin running timeswererelatively small (within 5%).
The horizontd axs is orgarized by the ve valuesof g, withg D 16 and q D 1 being the bes and worg
casesfor Dsart, regectively.

As mentioned befare, the running time of Csart exhibits negligible variation acrossthe various values
of g, demondrating that Csort's predetermined I/O and communcation patterrs do indeed trandate into a
running time tha depends amostertirely on the input size. Dsort shows muchvariation acossthe various
values of g. As Figure 3 shows, Csat runsmuch fagerfor two of the veinputs(q D 1andq D 2). Intwo
of theremaining three cases(q D 4 andqg D 8), thediffererncein therunning timesis marginal. Dsort runs
signi cartly faserin themog favorade case(q D 16).

The varation in the running times of Dsart is due to differercesin the performance of Pass1. As
explained in Secton 3.1, the performarce of the communicate and write stegesis highly sersitive to the
exactinput seguence. Speg cal ly, the lower the value of g, themoreunevenare the I/O and commurication
paternsof ead round, and therdore, thelonger each round takesto complete. We ran Dsott for four values
of g, ard for each run, we observed the running time of ead of thetwo passes. Figure 4 demondratesthat,
aaoss all four values of g, thereislittle variation in the perfformarce of pass2. The pefformance of pass1,
ontheother hard, variesgrealy with the value of g, thus substrtiating our claim that passlisrespmsble
for thevariationin therunning times of Dsart.

5 Conclusion

This paper preens the rst study that compaesthe paradigm of distribution-basedalgorithms to that of
oblivious algorithms, in the context of out-of-core sotting on distributed-memaoy clusters. We do so by
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Figure 3: Obsened running timesof Dsat andCsott for the ve values of g: g D 16 is the most favorable casefor
Dsot, andg D 1 is the leastfavorable. Thesetimings arefor the following seting of parameters:P D 16, N D 231
remrdsor 128 GB,ard D 22! recodsor 128 MB, for 64-byte recods.

compaiing the performance of two algorithms: Csort and Dsart. Below, we sunmaiize the main differences
betweenCsort and Dsart:

Csat is a 3-passobliviousalgorithm, and Dsart is a 2-passdistribution-basel algorithm.

Dsat assimesthat the the equi-parttion sgittersare known in advarce, thereby obviating the need
for the sampling and load balancing steps. To sort all inputs, a distribution-basedsort must remove
thisassumption, necesitating atleast one more pas overthedata Csort makesnoasumptionsabout
theinput distribution.

The running time of Dsort, even whenthe inpu follows the albove mertioned assimpton, varies
gredly with the exad input seguence. This variation arisesbecawsethe 1/O and commurication pat
terrs of Dsort are sersitive to the input seqience. The running time of Csat, on the other hard,
varies negligibly with theinput sequence. Our experimertal resuts demongrate this difference. This
differencealso makesCsat much simpler to implement

Dsat can handle problem sizeslamgerthan thosetha Csort canhandle. Csat cansatupto 3=P P=2
recads whereas Dsort cansort upto  2P=B recads®

6Giventhe values of theseparametersn our experimetal setup this differencetranslatessfollows: Dsortcansortupto 2 TB
of data,whereasCsortcanonly hardle upto 512 GB of dda.
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Figure 4: Obsenedrunning timesof thetwo passesof Dsortfor four valuesof q: 2, 4, 8, ard 16. Thesetimingsare
for the following settirg of parametes. P D 16, N D 23! recodsor 128 GB,and D 22! recadsor 128 MB, for
64-byte recads.

Both Csot and Dsart areimplemented using idertical software, andthey run on idertical hardvare The
results of our experiments show that Csat fareswell compared to Dsart. Onthreeout of ve inputs, Csot
runsfader. On one of theremaining two inputs the differencebetweentherunning timesof Csort andDsott
is mamginal. Dsat runs signi cantly faser on the other remainng inpu, theone whichrepresenstherather
urrealistic cae of g D 16.

In future work, we would like to implemert a distribution-based algorithm that makesno assumptions
about the inputdistribution and compareits peiformance with that of anobliviousalgorithm. We also planto
continue our efforts toward desgning new oblivious algorithms and engineeing ef cie nt implemertations
of them.

References

[ADADCC97] AndreaC. ArpaciDussay RemziH. Arpaci-Dusseay David E. Culler, Jsseph M. Heller-
stan, and David A. Patterson. High-performarce sorting on neworks of workstations. In
SIGMOD, 1997.

ndreaC. ArpaciDussay RemziH. ArpaciDusseay David E. Culler, Jese . Heller-

[ADADC®98] AndreaC. A D R iH. A D David E. Culler, Josegh M. Hell
stan, and David A. Patterson. Seachingfor thesorting record: Expeliencesin tuning NOW-
Sort. In 1998 Symposum on Parallel and Distributed Tools (SPDT '98), August1998.

11



[BLMCOg]

[CCO02]

[CCO04]
[CCH]

[CCWO1]

[CLRSO]

[GHLLC9g]

[Gra90]
[Knu9s]
[Lei92]
[SOHLC9g]
[Vito1]

[VS94]

G. E. Blelloch, C. E. Leiseron, B. M. Maggs, C. G. Plaxton, S.J. Smith, and M. Zagha. An
experimentd andysis of parllel sotting algorithms. Theory of Compuing Sysems 31:135-
167,1998.

GeetaChaudhry ard Thomas H. Cormen  Getting more from out-of-core columnsat. In
4th Workshop on Algorithm Engineeiing and Experimerts (ALENEX 02), pages 143-14,
Januay 2002.

GeetaChaudhry andThomasH. Cormen Slalposecoumnsart: A new obliviousalgorithm
for out-of-core sorting on distributed-meamory clusters. Sulmitted to Algorithmica, 2004.

GeetaChaudhry, ThomaH. Cormen,ard Elizabeh A. Hamon Pardlel out-of-core sorting:
The third way. Clusta Compuing. To appeatr.

GeetaChaudhry, Thomas H. Comen, and Leonard F. Wisniewski. Columnsat lives! An
ef cie nt out-of-core sorting program. In Proceedngs of the Thirteentr Annual ACM Sym-
posiumon Parallel Algorithmsand Architectures pages 169-178, July 2001.

ThomasH. Cormen CharlesE. Leiseron,Romald L. Rivest,and Clifford Stein. Introduction
to Algorithms The MIT Pres ard McGraw-Hill, secord edtion, 2001

William Gropp, Steven HussLederman, Andrew Lumsdaine, Ewing Lusk, Bill Nitzbery,
William Saphir, and Marc Snir. MPI—TheComplete Refererce, Volume 2, TheMPI Exten
sions TheMIT Press 1998,

Goetz Greefe Parallel extermal sating in Volcano. Technical Report CU-CS-43-90, Uni-
versity of Colorado at Boulder, Department of Computer Science March 1990.

Dondd E. Knuth. TheArt of Compuer Programming,Volume3: Sating and Searching.
AddisonWesley, 1998.

F. Thomsa Leighton. Introductionto Parallel Algorithms and Architectures: Arrays Trees,
Hypercubes MorganKaufmam, 1992,

Marc Snir, Steve W. Otto, Steven Huss-Lederman David W. Walker, and Jack Dongara.
MPI—TheCompkteRetrernce,\Volume 1, TheMPI Core. The MIT Pres, 1998.

Jdfrey Scot Vitter. Exterral memoryalgorithmsanddatastructures Deding with MAS-
SIVE DATA. ACM Compuing Suveys, 33(2):209-271, June 2001.

Jdfrey Scdt Vitter and Elizabeth A. M. Shriver. Algorithmsfor pardlel memoryl: Two-
level memories. Algorithmica, 12(2/3):110-147, Augud and September1994.

12



