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Implementation of Parallel Skeleton Library “SkeTo”

Kiminori Matsuzaki Kento Emoto

Graduate School of Information Science and Technology, University of Tokyo

Abstract. Though parallel programming is getting more and more important ac-
cording to the evolution of the hardware, it is still a complicated and hard task.
Skeletal parallel programming is a promising way to parallel programming, in which
we build parallel programs by composing ready-made computational patterns called
parallel skeletons.

The authors’ group has developed a parallel skeleton library “SkeTo,” which is
implemented in C++ and MPI for distributed-memory parallel environments. Re-
cently, the implementation of the SkeTo library was improved and the two impor-
tant changes are as follows. First, the interface of the parallel skeleton functions
was polished. Second, the fusion-optimization mechanism was implemented based
on so-called expression template techniques. In this paper, we show the design and

implementation of the new SkeTo parallel skeleton library.
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#include <iostream>
using namespace std;
const int n = 10000000;

int main(int, char*x) {
int *as = new int[n];
double ave = 0;
for (int i = 0; i < n; ++i) {
as[i] = ixixi*ixi % 100;
ave += as[il;
} ave /= n;

double var = 0;
for (int i = 0; i < n; ++i) {

var += (as[i]l-ave) * (as[i]-ave);
} var /= n;

cout << var << endl;
delete [] as;
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#include <iostream>

#include <sketo/sketo.h>

#include <sketo/list_skeletons.h>
const int n = 10000000;

using namespace std;
using namespace sketo;
using namespace sketo::list_skeletons;

struct gen
: public functions::base<int (int)> {
int operator() (int i) comst {

¥
I

int sketo::main(int, charx*) {
dist_list<int> as;
as = generate(n, gen());
double ave
= reduce(plus<double>(), as) / n;

double var
= reduce (plus<double>(),
map (functions: :square<double>(),
map (bind2nd (minus<double>(), ave),
as))) / n;

sketo::cout << var << endl;

}
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1 dist_list<int> as(n), bs(n);
2 {

3. dist_list<int> cs = as;

4 as = bs;

5 }
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#include <iostream>
#include <vector>
#include <functional>
#include <algorithm>
#include <numeric>
using namespace std;

const int n = 10000000;

struct gen {
mutable int index;
gen() : index(0) {};
double operator() () const {
const int i = index++;
¥
};

struct sqr {
double operator() (double x) const {
return x * X;
}
}

int main(int, char*x) {
vector<double> as(n);

generate(as.begin(), as.end(), gen());
double ave
= accumulate(as.begin(), as.end(),
0.0, plus<double>()) / n;

transform(as.begin() ,as.end() ,as.begin(),
bind2nd (minus<double>(), ave));
transform(as.begin() ,as.end(),as.begin(),
sqr());
double var
= accumulate(as.begin(), as.end(),
0.0, plus<double>()) / n;

cout << var << endl;
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double var
= reduce(plus<double>(),
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map (functions: :square<double>(),
map (bind2nd (minus<double>(), ave),

as))) / n;
T, reudee D5 E LT

Map0bj<G,MapObj<F,dist_list> >
(F 1% bind2nd (minus<double>() ,ave) D,
G I¥ functions: :square<double>() DOHIEFKT)
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DHT, 250 map DFHHE & 7 —A /L0 reduce
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dist_list.h: In member function ‘typename F::
result_type sketo::impl::dist_list_mapobj_loc
al_iterator<F, B>::operator*() const [with F

= sketo::functions::square<double>, BIT = ske
to::impl::dist_list_mapobj_local_iterator<std
: :binder2nd<sketo::functions::square<double>

>, sketo::impl::dist_list_local_iterator<int>
>]7:

LW IEFICRE LIZ< Wb D e T LE»
TW5. WEREEZ ISR TE, Zox 7 =2
IR Z > 7= O HBNIEEETH 5.
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L7l oT, 2OX D 7= T —n3 384 L2k
REDTEDIT, KT v 7T L— R &b/ Eil
RATN K TAT TV LU0 X &I
THZENTEA L I Lz, BEMTix, 7V
Z'u& v C__SKETO_NO_FUSION__t\W 9~
nEEXLTBTERY. X771 —&ff
DRWIEEITIE, =7 —OE T LR fE I
ROTJAZ LN TED.

4 EE

Bl TBho Al OFREDOHEREFEAR & L T,
%] 3, 4, 5 (TR L7z OFHHE & N-Queens
DRz HHE &2 AW T, EREITo 7.

P, VR ATV OEREO BN RR
A3y RERRD 720, R OFEZ A
THEREZIT-72. FBRCIE, B35 % 200,000,000
Lz FRERICAVEHAERIL, CPU I
Xeon E5430 (2.66GHz, 4 =27) % 25, A%
U % 8GByte ffoHDTH Y, 2341 F 21X
GCC 4.4.0 DR A=Y a > MPI 7475V
& LT mpich 1.2.7pl Z AWz, ZOEERORE
Ra, £ 1 LK 6IRT. ALBFNE, Loop 1FX 3
@ for LI K B Bfli7e v —7"% OpenMP IZ L -
TiAEFHE L7z H @D, SkeTo 1ZXK 4 DBh-> Az X
% b ?, SkeTo NO (X8> A CRIGZEHEZITD
eholeyf, STLIEM 5 O STLIZ K57 e s
7 L% GCC @ libstde++ parallel mode [18] (2
THIHE L= D TH S,

ORIy, XTF T L— M XA E
HZ LT for V=712 k BT e s T LR
BEE CHRILEND ZENDND. —J7, e
T EATOR N> N L D57 15 48 STL
DT T T AT, AMEL Y X MBS A AT
LA ==y RRREL WREOR V22D
0277 AIHAT2~3EREE< > TLES
TW3. 128, ZOERICBWTHEEIES 47
ICHTOWARWERR, AE VT 7 EARNE N
DIZAEY T 7 B ADOHF AR TH->TLES
TVWEINLTHDHEEZD.

WIZ, VARATZ VRV DA —FE )T 4
MR D729, 18-Queens MEZ AV THEBR %
1To7=. FEBIE, TBhoAN] OURRRT LR
e L= e T AL, Kise 1T L5 MPI
LCItkBTrs T a 12] (ng24) & &M
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% 1. SO 5 EREEE (E0IE)

a7 1 2 4 8
Loop 1.10 | 1.11 | 0.614 | 0.505
SkeTo 2.38 | 1.25 | 0.676 | 0.495
SkeTo NO | 3.93 | 2.25 | 1.43 | 1.26
STL 3.65 | 3.18 | 2.47 | 245
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6: SR DFRICKT 2 FERAER

FBRIC AV 3RS IE, Xeon 2.4GHz @ CPU
2oL AF Y % 2GByte £o4% / — KM, F
Ay b =Py NTERISNZY TAHZT
HH. A FEGCC 412, MPI 5475
V¥ mpich 1.2.7p1 TH 5. EROFEREE 2
X TR

B 7O/EIVNTIOTr T Al ERN
BEEEZS TS, SkeTo W=7/
LIBEFEDFEN Kise HICL D707 T AL~
THLUEL o TV 508, 2, SkeTo 23§#RY
2T —Z S EIT > TWA 72, 1CPU Oé
12X 0#EL ) Wi 32CPU OFA AT R
T3 o TNDHTIZDTH A 5. OpenMP <t
DIFNFHRET A 7T VDX, B ARy
B LOEBOT -2 nRIEERIET 228 b
WhEREBERT D ECIIEEE D EEZD.
PlbED 2 o0ERICEY, [Bho ) OV R
MR N ATF— =y RN E L, ET2
BB RNEEEIRER/GDL LR TETVD L
Sx25.
5 PBEEBTR
INETICY, A RWIIATI NV N TA4T T
UNEHINTETCWD, HBNHLVLOD

% &F % &, Muskel [1], eSkel [3], Muesli [13]
2 ENDHD. Muskel X eSkel 1T, FIZFZ A2 1f
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# 2: 18-Queens M3 2 FZBRAESR (AL
137)
CPU %k 1 4 16 32
SkeTo 554 | 157 | 39.9 | 20.9
nq24 596 | 149 | 37.3 | 18.7

20 24 28 32

0 4 8 12

16
fHERACPUS

7: 18-Queens FRAD R x5 EEAE R

SIFHEDO =D A v b o i 535
AN N TAT TV THD. Muesli 1E, [Bio
AN ORFIZH Tz > TIERIZBEBIZ LIz ATV

coF4 770 CTHD. Mueslild TBho A [A]
B, U A b (—oeES), 175 (ZkoThiA) 1T
R BMWFNA )V b o BRI DAEHER 7 C++
WCEBT7A4T7 7V THY, SHIZH A7 WFG
HERBTHAT LB L TS, I,
Muesli & Hie LT 8o A i, 178127V R
DER [7), RAZ v b [14], BEEHRIZE D
IEALHAE [16] 72 E ORI R, T4, Intel
{Z & o T Intel Thread Building Blocks [17] 23
A STz, TnERMATLZ L ThAERAEY
FHEBE I L CIRAIRHR & Ll Y28 5 L2 BRZE 3
TEALIT»TETWA.

— 5, HLWI A7 EFEESTHOTITRL,
BEFOEWET T L — ~F 47 F Y STL %5
FIREICHE Ll b DICE & x5 2 LT, STL
ERWETa ST AEGIICHETE A LI
THEVWIFHOMELHD. ZDOLIRHD
I21%, DatTel [5] = MCSTL [18] 8% 5. HEi,
t#%#& ® MCSTL 1% libstde++ parallel mode &
WIOARTT GCCIZIMVIAER TV S,

(8> N1 O LWEETIE, BlE A HEE
AT UL =M EoTHEBLE X5
L— M, FRITHIRON T S vie E OB
ERRE EEFTHFIEE LTURFAENT

ElCiAsE A /4
SRV T L 2009.1

B, REH22 D DIZIL Blitz++ [20] X Boost
D uBLAS 74 77 V4 b b, 2, X7
V7 Lb— MZ L BRNEN e 5 FE 51T o T
BYATHELTNT2 9] R ENDLB.

6 FLHELESERDRE

AL T, XH AN TATFY [Bo
AN IZBIFDIVANATZIV N T4 T T Y OH
LWERFHE EEEZ R L. WAL N DOE
FIZOWTE, TIN5 OEREA L ERIC
MM T, WHFHED-DDEHRE 52, TDOESH
b LICRE A AT O HiBH A 7 e I
SELTmu— bR EE ED T FEREICBE LT
X, DYV A NOEREY 77 L AT UH
WCE->THEBL, AT 7L — ML DAL
Bz I U7, EERIZE Y WAL R
EMABDETELNDWH T 0 ST ME+5y
WHEORNHDTHDZ L xR LT

At ORI, WHIA 7V s a2 RS LR
NEmMETEHZ L L, MAEEEMED S L5
RETHL. BIED [BioAN] DY R RRA L
R THRZRD, VA RNDEINREDD L D72
FHESC Y — MM EoREmIIT E R E R LR T
ETCWRWAEMN LEERBELZIRY AT Z &
DETHA D . Fiz, AEEHREED RIS
WL, Emoto & [8] IZ &k » TIRES 1T, ¥fF
BREFHT D L5 iR Z — x4 o5&
I DOWTHEET 2 Z LI ERETH
5EEZBEZ TS,

S Xk

[1] M. Aldinucci, M. Danelutto, and P. Dazzi.
Muskel: an expandable skeleton environment.
Scalable Computing: Practice and Ezperience,
8(4):325-341, 2007.

[2] M. Aldinucci, S. Gorlatch, C. Lengauer, and
S. Pelagatti. Towards parallel programming
by transformation: the FAN skeleton frame-

work. Parallel Algroithms and Applications,
16(2-3):87-121, 2001.

[3] A. Benoit, M. Cole, S. Gilmore, and J. Hill-
ston. Flexible skeletal programming with eS-
kel. In FEuro-Par 2005, Parallel Processing,
11th International Euro-Par Conference, Pro-
ceedings, Vol. 3648 of LNCS, pp. 761-770.
Springer, 2005.

4http ://wuw.crystalclearsoftware.com/cgi-bin/
boost_wiki/wiki.pl?Effective UBLAS

49



(4]

5

(6]

[7]

(8]

(9]

(10]

(11]

(12]

(13]

50

R. S. Bird. An introduction to the theory of
lists. In Logic of Programming and Calculi of
Discrete Design, Vol. 36 of NATO ASI Series
F, pp. 5-42. Springer, 1987.

H. Bischof, S. Gorlatch, and R. Leshchin-
skiy. Generic parallel programming using
C++ templates and skeletons. In Domain-
Specific Program Generation, International
Seminar, Revised Papers., Vol. 3016 of LNCS,
pp. 107-126. Springer, 2004.

M. Cole.  Algorithmic Skeletons: Struc-
tural Management of Parallel Computation.
Research Monographs in Parallel and Dis-
tributed Computing. MIT Press, 1989.

K. Emoto, Z. Hu, K. Kakehi, and M. Take-
ichi. A compositional framework for devel-
oping parallel programs on two-dimensional
arrays. International Journal of Parallel Pro-
gramming, 35(6):615-658, 2007.

K. Emoto, K. Matsuzaki, Z. Hu, and M. Take-
ichi. Domain-specific optimization strategy
for skeleton programs. In FEuro-Par 2007,
Parallel Processing, 13th International Euro-
Par Conference, Proceedings, Vol. 4641 of
LNCS, pp. 705-714. Springer, 2007.

J. Falcou, J. Sérot, L. Pech, and J.-T.
Lapresté. Meta-programming applied to au-
tomatic smp parallelization of linear algebra
code. In Furo-Par 2008 - Parallel Process-
ing, 14th International Euro-Par Conference,
Proceedings, Vol. 5168 of LNCS, pp. 729-738.
Springer, 2008.

Z. Hu, H. Iwasaki, and M. Takeichi. An ac-
cumulative parallel skeleton for all. In Pro-
gramming Languages and Systems, 11th Fu-
ropean Symposium on Programming, ESOP
2002, Proceedings, Vol. 2305 of LNCS, pp. 83—
97. Springer, 2002.

Z. Hu, M. Takeichi, and H. Iwasaki. Dif-
fusion: Calculating efficient parallel pro-
grams. In Proceedings of the 1999 ACM SIG-
PLAN Workshop on Partial Evaluation and
Semantics-Based Program Manipulation, pp.
85-94. University of Aarhus, 1999. Technical
report BRICS-NS-99-1.

K. Kise, T. Katagiri, H. Honda, and T. Yuba.
Solving the 24-queens problem using MPI on
a PC cluster. Technical Report UEC-1S-2004-
6, Graduate School of Information Systems,

The University of Electro-Communications,
2004.

H. Kuchen. A skeleton library. In Euro-Par
2002, Parallel Processing, 8th International
Euro-Par Conference Paderborn, Proceedings,
Vol. 2400 of LNCS, pp. 620-629. Springer,
2002.

(14]

(15]

(16]

(17]

18]

(19]

20]

K. Matsuzaki. Efficient implementation of
tree accumulations on distributed-memory
parallel computers. In ICCS 2007: 7th In-
ternational Conference, Proceedings, Part II,
Vol. 4488 of LNCS, pp. 609-616. Springer,
2007.

K. Matsuzaki, H. Iwasaki, K. Emoto, and
Z. Hu. A library of constructive skeletons for
sequential style of parallel programming. In
InfoScale ’06: Proceedings of the 1st interna-
tional conference on Scalable information sys-
tems, Vol. 152 of ACM International Confer-
ence Proceeding Series. ACM Press, 2006.

K. Matsuzaki, K. Kakehi, H. Iwasaki, Z. Hu,
and Y. Akashi. A fusion-embedded skeleton
library. In Euro-Par 2004 Parallel Process-
ing, 10th International Euro-Par Conference,
Proceedings, Vol. 3149 of LNCS, pp. 644-653.
Springer, 2004.

J. Reinders. Intel Threading Building Blocks:
Outfitting C++ for Multi-core Processor Par-
allelism. O’Reilly Media, Inc, 2007.

J. Singler, P. Sanders, and F. Putze. The
multi-core standard template library. In Euro-
Par 2007, Parallel Processing, 13th Interna-
tional Euro-Par Conference, Proceedings, Vol.
4641 of LNCS, pp. 682-694. Springer, 2007.

T. L. Veldhuizen. Expression templates. C++
Report, 7(5):26-31, 1995. Reprinted in C++
Gems edited by Stanley Lippman.

T. L. Veldhuizen. Arrays in Blitz++. In
Proceedings of the 2nd International Scientific
Computing in Object-Oriented Parallel Envi-
ronments (ISCOPE’98), Vol. 1505 of LNCS,
pp- 223-230. Springer, 1998.

E I An /A e/
SRV T L 2009. 1





