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ABSTRA CT

Though parallel sorting algorithms ha v e b een in v esti-

gated for man y di�eren t mac hines and mo dels, exp er-

imen tal demonstration of p ortable and e�cien t paral-

lel sorting is still a c hallenge. This pap er in v estigates

parallel sorting based on the Bulk-Sync hronous P aral-

lel (BSP) mo del. Prop onen ts of the mo del argue that

the structured programming approac h is easy to rea-

son ab out, and that the resulting co de is p ortable at

negligible cost for in teresting (large) problem sizes. W e

empirically study the p erformance of four sorting al-

gorithms (randomized sample sort, deterministic sam-

ple sort, bitonic sort, and radix sort) on t w o di�er-

en t parallel platforms (an SGI Challenge and an In-

tel P aragon). Although the results indicate relativ ely

lo w sp eedups for small problem sizes, the results also

demonstrate that e�cien t use of larger mac hines can

b e attained b y increasing the problem size. Moreo v er,

these results suggest that, from a practical standp oin t,

there is little need for more complex approac hes to par-

allel sorting.KEYWORDS: BSP , LogP , parallel sorting algo-

rithms

1 INTR ODUCTION

Sorting is one of the most common applications p er-

formed b y computers. Sequen tial sorting algorithms

ha v e b een dev elop ed under the Random-Access Ma-

c hine (RAM) mo del, an abstraction of the v on Neu-�Supported by the McKnight Doctoral Fellowship from theFlorida Education Fund.ySupported partially by a grant from the NEC Research In-stitute. Most of this work was done while the author was at theUniversity of Central Florida.

mann mo del whic h has guided unipro cessor hardw are

design for decades. P arallel sorting algorithms ha v e

b een in v estigated for man y di�eren t mac hines and

mo dels, but unlik e sequen tial computing, parallel com-

puting has no widely accepted mo del for program de-

v elopmen t. As a result, e�cien t parallel programs are

often mac hine-sp eci�c. One bridging mo del that at-

tempts to pro vide a realistic basis for b oth soft w are

and hardw are is the Bulk-Sync hronous P arallel (BSP)

mo del dev elop ed b y V alian t [1]. W e explore the par-

allel sorting problem under this mo del. In particular,

w e dev elop ed implemen tations of sorting algorithms|

randomized sample sort, deterministic sample sort,

bitonic sort, and radix sort| and ev aluated their p er-

formance on t w o parallel platforms.

A BSP computer consists of a set of pro cessor-

memory pairs, a comm unication net w ork, and a mec h-

anism for (e�cien t) barrier sync hronization of all the

pro cessors. The p erformance of a BSP computer is

c haracterized b y p (the n um b er of pro cessors), L (the

latency b et w een successiv e barrier sync hronization op-

erations), and g (the time in terv al b et w een consecutiv e

message transmissions at a pro cessor). g and L are de-

termined exp erimen tally for eac h parallel computer. A

computation consists of a sequence of parallel super-steps. During a sup erstep, eac h pro cessor is allo cated

a task consisting of some com bination of lo cal com-

putation steps, message transmissions, and message

arriv als from other pro cessors. A message sen t in one

sup erstep is guaran teed to b e a v ailable to the destina-

tion pro cessor at the b eginning of the next sup erstep.

Eac h sup erstep is follo w ed b y a global barrier sync hro-

nization of all pro cessors.

The time complexit y of a sup erstep in a BSP pro-

gram is: w + gh + L;
where w is the maxim um n um b er of basic computa-



tional op erations executed b y an y pro cessor in the lo-

cal computation phase, and h is the maxim um n um b er

of messages sen t or receiv ed b y an y pro cessor. The to-

tal execution time for the program is the sum of all

the sup erstep times.

The claim that b oth e�ciency and p ortabilit y can

b e ac hiev ed b y using the BSP mo del is supp orted b y

b oth theoretical [1] and exp erimen tal [2 ] results. Ho w-

ev er, other general-purp ose mo dels, suc h as LogP [3],

mak e similar claims. LogP mo dels the p erformance of

p oin t-to-p oin t messages with three parameters repre-

sen ting soft w are o v erhead, net w ork latency , and com-

m unication bandwidth. Under LogP , the programmer

is not constrained b y a sup erstep programming st yle.

Although prop onen ts of LogP argue that it o�ers a

more 
exible st yle of programming, Goudreau and

Rao [4 ] argue that the adv an tages are largely illusory ,

since b oth approac hes lead to v ery similar high-lev el

parallel algorithms. In fact, most of the BSP sorting

algorithms discussed here are, from a high-lev el p er-

sp ectiv e, virtually iden tical to Dusseau et al.'s LogP

implemen tations [5 ]. The main di�erence b et w een the

t w o mo dels is that under LogP the sc heduling of com-

m unication at the single-message lev el is the resp onsi-

bilit y of the application programmer, while under BSP

the underlying system p erforms that task. W e argue

that the cost of allo wing the underlying system to han-

dle comm unication sc heduling is negligible, th us the

higher-lev el BSP approac h is preferable.

Similar parallel sorting studies are describ ed b y

Blello c h et al. for a Connection Mac hine CM-2 [6],

High to w er, Prins, and Reif for a MasP ar MP-1 [7 ], and

b y Helman, Bader, and J� aJ� a on a Connection Mac hine

CM-5, an IBM SP-2, and a Cra y Researc h T3D using

v arious input distributions [8]. Of particular relev ance

is the w ork of Dusseau et al. [5], whic h describ ed sev-

eral sorting approac hes on a Connection Mac hine CM-

5 using the LogP cost mo del [9 ]. Dusseau et al.'s w ork

is v ery similar in philosoph y to this w ork in that it

adv o cates the use of a bridging mo del for the design

of p ortable and e�cien t co de.

Exp erimen tal results for sorting based directly on

the BSP mo del can b e found in the w ork of Gerb essio-

tis and Siniolakis for an SGI P o w er Challenge [10 ], Ju-

urlink and Wijsho� for a MasP ar MP-1 and GCel [11 ],

Sh umak er and Goudreau for a MasP ar MP-2 [12 ], and

Hill et al. for a Cra y T3E [13 ].

Throughout the rest of the pap er, n designates

the total n um b er of k eys to b e sorted and p repre-

sen ts the n um b er of pro cessors. Section 2 giv es a brief

o v erview of the sorting algorithms, a description of our

exp erimen tal platforms, and describ es the exp erimen-

tal results. Concluding remarks are giv en in Section 3.

2 EXPERIMENTS

The sorting algorithms used in these exp erimen ts w ere

selected b ecause of the comm unication c hallenges they

presen t to a parallel mac hine. Detailed descriptions of

the algorithms are precluded due to the space limita-

tions of this pap er. Ho w ev er, in this section w e giv e

high-lev el descriptions of the algorithms, to giv e the

reader some in tuition.

Randomized sample sort and deterministic sam-

ple sort are based on the selection of a set of p � 1

\splitters" from the set of input k eys. The sorted split-

ters, s1; : : : ; sp�1 , logically divide the input k eys in top buc k ets, where buc k et 0 con tains all k eys with v al-

ues less than s1 , buc k et 1 con tains all k eys with v alues

greater than or equal to s1 but less than s2 , etc. All

pro cessors gain kno wledge of the splitters, and after a

large comm unication stage, pro cessor i will lo cally sort

all the k eys in buc k et i. E�cien t op eration of these

algorithms dep end on the selection of splitters; in par-

ticular, w e seek splitters that will divide the input k eys

in to appro ximately equal-sized buc k ets. These sample

sorts require irregular and un balanced comm unication.

Bitonic sort w as dev elop ed b y Batc her [14 ]. The

approac h used here is one for whic h the input size is

far larger than the n um b er of pro cessors a v ailable; a

straigh tforw ard mapping of comparison no de op era-

tions to pro cessors is used. Bitonic sort consists of

regular and balanced comm unication.

Radix sort relies on the binary represen tation of

the unordered list of k eys. The k eys are sorted o v er a

n um b er of passes based on the n um b er of bits in the

k eys and the c hosen radix. Eac h pass can require a

large amoun t of comm unication, as the k eys are mo v ed

to new pro cessors. The resulting comm unication pat-

terns are irregular but balanced.

The co de w as written using the BSPlib li-

brary [15 ] and exp erimen ts w ere run on t w o platforms:� An SGI Challenge|a shared-memory platform|

with 16 MIPS R4400 pro cessors running IRIX

System V.4. A shared memory implemen tation

of the BSP library dev elop ed b y Kevin Lang w as

used.� An In tel P aragon|a message-passing mac hine|

with 32 i860 XP pro cessors running P aragon

OSF/1 Release 1.0.4. The BSPlib implemen ta-

tion used w as dev elop ed b y T ra vis T erry at the

Univ ersit y of Cen tral Florida.

The co de w as compiled with the cc compiler us-

ing the -O2 optimization 
ag. The run times do not

include I/O, and timings started when the input data



SGI Challenge Intel Paragonn p t (sec) Sp p t (sec) SpRD 105 4,7 0.10 1.10 6 0.26 1.27106 10 0.53 4.30 18, 20 0.95 4.59107 10 5.97 4.45 32 5.80 �DT 105 6 0.08 1.38 4 0.23 1.43106 10 0.68 3.38 20 1.27 3.43107 14 6.80 3.90 32 9.67 �BT 217 2 0.21 0.81 16 0.36 1.31220 8 2.00 1.16 32 1.40 3.29223 1 24.22 0.92 32 11.43 �RX 105 6 0.35 0.31 8 0.80 0.41106 9 2.49 0.92 16, 18 3.44 1.27107 12 23.60 1.13 32 16.65 �
T able 1: p, execution time, and sp eedup of the sorting

applications on problems of size n. � An unde�ned

v alue resulting from the problem size b eing to o large

for one pro cessor.

w as ev enly distributed among the pro cessors. The in-

put data consisted of uniformly distributed in tegers.

F or sequen tial sorting, w e used an 11-bit radix sort,

whic h w as the fastest sort that w e could �nd.

F or eac h sorting algorithm, a n um b er of di�eren t

problem sizes w ere tested. The data for eac h problem

size represen ts the result of one test case. W e c har-

acterize the p erformance of our sorting algorithms b y

measuring the sp eedup, Sp , relativ e to an 11-bit se-

quen tial radix sort.

T able 1 summarizes the exp erimen tal results for

an SGI Challenge and an In tel P aragon

1
. Execution

time re
ects the b est execution time ac hiev ed on a

parallel mac hine, and p represen ts the n um b er of pro-

cessors used to attain the b est execution time. Tw o

n um b ers in the p column represen t a tie.

The data indicates a general trend that for these

applications, greater e�ciency can b e ac hiev ed b y in-

creasing the problem size. This is true not only for

these sorting algorithms, but for a wide range of im-

p ortan t applications. In tuitiv ely , this will o ccur when-

ev er the computation can b e equally balanced among

the pro cessors, and comm unication and sync hroniza-

tion requiremen ts gro w more slo wly than the compu-

tation requiremen ts.

Dusseau et al. do not use sp eedups for their ex-

p erimen tal results on the CM-5. Instead, they sho w

their exp erimen tal results in terms of �s/(k ey/pro c)

whic h allo ws them to run larger problem sizes for m ul-

tiple pro cessors. As long as the k ey/pro c factor is

small enough that it �ts in to a single pro cessor's main

memory , their p erformance comparisons are reason-

ably v alid. Since randomized sample sort p erformed

the b est, additional exp erimen ts w ere run to ev aluate

1 For bitonic sort, the input size and the number of processorsboth had to be powers of two.

SGI Challenge Intel Paragonp t (sec) �s/(k/p) Sp0

p t (sec) �s/(k/p) Sp01 7.02 2.34 1.00 1 3.94 4.38 1.002 11.87 3.96 1.18 4 9.06 10.07 1.743 12.46 4.15 1.69 6 9.51 10.57 2.464 14.09 4.70 1.99 8 10.24 11.38 3.085 14.86 4.95 2.36 10 14.91 16.57 2.646 14.92 4.97 2.82 12 48.91 54.34 0.977 15.30 5.10 3.21 14 11.58 12.87 4.768 15.99 5.33 3.51 16 11.69 12.99 5.399 17.54 5.85 3.60 18 12.34 13.71 5.7510 17.81 5.94 3.94 20 12.64 14.04 6.2311 25.71 8.57 3.00 22 13.23 14.70 6.5512 25.16 8.39 3.35 24 13.88 15.42 6.8113 28.66 9.55 3.19 26 14.28 15.87 7.1714 38.10 12.70 2.58 28 15.00 16.67 7.3515 41.07 13.69 2.56 30 15.11 16.79 7.8216 50.56 16.85 2.22 32 18.28 20.31 6.90
T able 2: Execution time, �s/(k ey/pro c), and sp eedup

of randomized sample sort.

its p erformance in terms of �s/(k ey/pro c) for larger

problem sizes.

The p erformance of randomized sample sort is

measured b y a sp eedup v alue Sp0

= ( p�t1 ) =tp where t1
is the execution time on 1 pro cessor and tp is the execu-

tion time on p pro cessors. T able 2 sho ws the sp eedup

for randomized sample sort when n=p = 3 � 10

6
on an

SGI Challenge and n=p = 9 � 10

5
on an In tel P aragon,

resp ectiv ely . These n=p v alues represen t the largest

problem sizes that �t in to eac h pro cessor's main mem-

ory . F or randomized sample sort, the b est sp eedups

obtained on the SGI Challenge and the In tel P aragon

are 3.94 and 7.82, resp ectiv ely .

3 CONCLUSIONS

W e ha v e sho wn the p erformance of four sorting algo-

rithms. LogP prop onen ts argue that the application

programmer should not b e constrained b y the sup er-

step programming st yle of BSP. Ho w ev er, the BSP

sorting implemen tations used here are virtually iden-

tical to Dusseau et al.'s LogP implemen tations. Ad-

ditionally , the async hronous single-message passing of

LogP is particularly ine�ectiv e for analyzing comm u-

nication that cannot b e predicted at compile time. In

particular, Dusseau et al. ignore analyzing the com-

m unication for their radix and randomized sample sort

implemen tations.

The exp erimen tal results sho w that ev en in

the b est parallel algorithms implemen ted here, the

sp eedups obtained are mo derate. W e p oin t out t w o

reasons for this. First, the sp eedups are relativ e to the

\b est" sequen tial algorithm w e could �nd, an 11-bit

radix sort. This radix sort is considerably faster than

other common sorts, suc h as the qsort function that

is part of the standard C library . Second, to allo w for



fair comparisons, the problem sizes w ere selected suc h

that all the data could �t in to the main memory , so

that sw apping w ould not b e an issue. The o v erall data

clearly demonstrates the trend that for larger problem

sizes, all the parallel sorting algorithms implemen ted

ac hiev e greater e�ciency . With larger memory sizes

and larger problem sizes, greater sp eedup could ha v e

b een demonstrated.

In conclusion, these exp erimen tal results demon-

strate ho w increased e�ciency under BSP can often b e

ac hiev ed b y increasing the problem size. This is also

the case for man y other imp ortan t applications. Th us,

the cost of p ortable parallel computing is that larger

problem sizes are needed to ac hiev e the desired lev el

of e�ciency .
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