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Efficient C+H Data-parallel Library Utilizing C++ Templates

MOTOHIKO MATSUDA,! YUTAKA ISHIKAWAt and MITSUHISA SATO?

This paper describes a C++ template library which implements data-parallel extended C
language C* efficiently using the CH template and type-dispatch features. In general, pro-
grams written in low level array library tend to be inefficient compared to code generated by
compilers. The proposed library deals with this problem from two efficiency issues: elimina-
tion of temporaries in expression evaluation, and detection of regular communication patterns
such as cshift in communication expressions. Temporaries are eliminated by evaluating an
expression as a whole by creating a tree-like structure representing it. We propose a C++
template technique which enables this evaluation being expanded at compile time. Regular
communication patterns are detected by assigning particular types to expressions of poten-
tially regular patterns. We implemented the library that imitates C* syntax/semantics and
compared the performance to the C* compiler on three examples. The library performance
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is improved to about the same or 1.5 times slower than the C* compiler on the CM-5.
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BT 7L bbEHTHY, M1 D addl id&
DEIRFZATOREIILTH 1 2 MET A%
BHELTVD, BT T L—rDA 25 2 21D
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/x BHEOI AT R ATERET BRI F L
double A % WHRIFHONI FDUFH */
template <class T>
class vec {
T v[10];
¥

vec<double> x;
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/x B AL T L e MR ABBT > T L— L
double BT HEET L —F DEH */

template <class T>

T addl (T x> {
return x + 1;

}

double v = 3.0;

v = addi<double>(v);

H1 75A-F>7V—beE#EFTL- 0
Fig.1 Examples of class template and function template.
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/* EBEMRBEPAT V2o +/

class op_add_n {
int N;
op.add_n(int n) {N=n;} // 2>AMF V¥
int operator()(int x) { return x + N; }

};

/% ATV =7 P OB */
op_add_n op = op_add_n(3);
x = op(10); // x1310 + 3X% B

H2 BEA7Yxs b0l
Fig.2 Example of function object.
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/¥ AT TDEFEFOT VA - 77 ADEHK */
template <class T>
class PARRAY {

T *storage;

T& operator[](int i)

{ return storage[il; }

/! BFE~DOBR
};

/+ MEEHFOA—/O—F */
template <class T>
PARRAY<T>&
operator+(PARRAY<T>& X, PARRAY<T>& Y) {
PARRAY<T> t; // —F¥%&Hk
for ( “as i e )
t[i]l = X[i] + Y[il;
return t;

}

/% RAHEFOA—/50~F #/
template <class T>
PARRAY<T>Y
PARRAY<T>: :operator=(PARRAY<T>& X) {
for ( ver g e )
(xthis) [1] = X[i];
return *this;

B3 —MWETLA 7T ADEH
Fig.3 Ordinary definition of an array class.

/% INEICH CARAMEE +/
PARRAY<double> X, A, B, C;
X=A+ (B+0);

/* ERAOEKXMLNE «/
PARRAY<double> t1, t2; // —H¥&HK
for ( eve g e )

t1[i] = B[i] + C[il;
for ( s i e )

t2[i] = A[L] + t1[i];
for ( +v i )

X[i] = t2[i];

B4 —HOETLA - 7FAE5MEDLE
Fig.4 Addition of arrays by an ordinary array class.
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/x WHERETZ 70— % %/
template <class EXPR1, class EXPR2>
class expr_add {
EXPR1& L; // AT UK
EXPR2k R; // #iARF U
typedef EXPR1::T T;
T operator[](int i)
{return L[i] + R[il;}
}

/* MEBFWETOA—NU—F */
template <class EXPR1, class EXPR2>
expr_add<EXPR1, EXPR2>
operator+(EXPR1 el, EXPR2 e2) {

expr_add<EXPR1, EXPR2> e;

e.LL = el; e.R = e2;

return e;

}

/x RABEHFOF— 80 —F +/
template <class T> template <class EXPR1>
PARRAY<T>&
PARRAY<T>: :operator=(EXPR1 E) {
for ( -+ i )
(xthis) [i] = E[i];
return *this;

}

H5 WHEEETZFYTL—F - r0-Yrowk
Fig.5 Definition of a template closure for addition.

ERENDLT T V—b - yO—TUx
expr.add(L=,, R=\)

expr_ad:ly s R=l) - Eo
+ (B + c);

E0, E1D)—FD¥ 47

E0: expr_add<PARRAY<double>,
PARRAY<double>>
E1: expr_add<PARRAY<double>,
expr_add<PARRAY<double>,
PARRAY<double>>>

e MEICHLTERShEI DDy
Fig.6 Template closures generated by an expression.
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fOI‘ ( i )

(*this) [i] = E[il;
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for ( i )

(*this) [i] = E.L[i] + E.R[i];

X 5|2 E.R[i] X7 0—YYEOTHY), DA
B TWAEDTIHRITTRESNS. ¥R, X~
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for ( cee g eee )

(*this) [i] = E.L[i] + ((E.R).L[i]

+ (E.R).R[i1);

CITHROREMRL EFUFBIZZ TSI E
Bohbh, CORBIPODDE L) IC—HERDRE
ENprEbi, WEIIHTAIN-TH1DELD
V=T - 7a—=VarOmELHELNTVE., ZOR
By A7 BIHRE D a8 VRIS TS D TET
A =3~y Fidiwn,

3.4 —BTHREEOBR

£1 —HBEHEBREOELTRT. ZITIE200
—HERIIOWTRBERO Ty —va v kI —
FEY BEARTVE, Ty aNRAFTERL/-&H
La—F 4y THLH, KREISHWET 0Ly
IR IMEAORES Oy E Iz~ arTh
BARMEELL. SHERRORXEMHL, ThEEX
OCHI-FELTa—-F 47 LTHREL::
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Table 1 Effect of temporary elimination.
a—F FATREH
-WER R BR 0.60sec (1.09)
—HEHED Y 1.04 sec (1.89)
B#fbL7za—F | 0.55sec (1.00)
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PARRAY<double> X, A, B, C;
X=4+(B+C);

Z O SPARC Station 20/71 (SunOS) LTHF

WV, CHI Y81 T GNU g++ (22340 - F

Fav-0) BEHLL.
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X = [I14;
ORI CHIZIRZWOT, 477 VERICH
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X = A.at(I);
T dint 7L AORTLER S int HOKXTH &
WV, odint BT LAZEBA Ty 7 ADGEIITE
F— Y BRTHY, int BIZL ATy 7 ADOBE
BREZ~NOBBRTH 5.
RKIZZOBEROEREHBETS. X, I, 43T~
THHIF— 4T, BIZI 3 int Blo7 L A TH B L
Th IDELE ITAYFy 7 AEND A ODEED
FICRASNG., ZoRXOERIIERXIITRO LD
W25

for ( 1 oo )

X[i] = A[I[i1];
ZITXEIRT7LVADOEDSREL (Y2472 FHL)
THELEND L, THIRAD get-BETH 5. get-
BEIEAOEZRITLIZY —AMBIRE SN LEE
Thb. get-BETIIREYEDOREIZIAMF2HD,
LIS MBIETEA VT Yy I AREL AT LAY
BEANTWLEOTEBOF — ¥ BELUIMIE Y EIEHR
RO DODOBEILEILS.

4.2 RARBED /NG — >

HEIAEE/ 87 — ¥ & L TEEL D cshift, eoshift
T&HA. cshift, eoshift T Xy 2 T5T 7 ME
BDHrb, 2y TamBALTwAEbDERVTNS
LDIHI5H.

C* Tl cshift 21393 pcoord(azis) & - Titah
EN%. pcoord(azis) MBSOy HFDA Ty o
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A%, 0L (RO A X) -1 FTO int BT
VAELTEY. AZ1RETVATEOREZR N
&EF 5 &, cshift, eoshift IZRD & IR ENS ;
X = A.at((pcoord(0) + 1) % N); //cshift
X = A.at(pcoord(0) + 1); // eoshift
COEFETI-VFVERLAZOTRERZ LI - A%
ETDHDTHENTNE get-BETH L. LHL Cra
Y2134 Fid peoord() ZEUROMHEL Y — % R
DU}, FFD RV cshift, eoshift (ST Ha—F %
ERTAIENTEA,
4.3 BEE/NZ—OREH
C*2 734 F[EKE D cshift, eoshift /3% — U %
CHODOZREZFENERT %, pcoord() I int BT
LVATRRLEN R AT 25252 LT, pcoord()
ERONY = ELTRHEIZLETRICTS. DF D,
WEILZ D peoord() EELRDY A T IHE-TH 4
T T4 ANy FTH I ETHAIN R BE LIRS
ZEHMEEC R B, 72 peoord() DR S AT Il
FYAPEZERLTVDEDT, 7L ML LTOEIY
BIZ2A%E1003 int BI7 LA ICEREINS,. DT
TRHFABPL—RKTLT L A DBELIET 505, LR
DHEAEGIHIRTES.
HBELLTRDITBRENY — VL, peoord() %
FolZROETH 5 :
pcoord(0) + M
(pcoord(0) + M) % N
ZITM N (BH7F—5Th\v) e+, M
BV 7 POREST, NEIv7 - 797V FOKRE
3TH5.
pcoord() B LU EELD pcoord() &L IIxF L
T, MX® NOEREF-BHDOr 5 A% 525
class expr_pcoordl { int M; };

class expr_pcoord2 { int M, N; };
2F Y cshift 2R T35 — U TH BRI expr_
pcoordl HENRIZFHO X H ILHEFEEHT S
B7ICERDY AT T S at() DA —"T—F
BN EBRIC cshift FHMER 223 M X N OfEIC
EASND. ZOF oy ZIZETRITY, &FCE
DEVHERNAD get-BREEZFUCH LTV

5. Z177UDEBX

WEEIIIOWTL 4B TR, TOBETIR#
NEANDELTAT IOV F 9 7 AZDWTEHE
5.

5.1 EREELMBELRA

C*TREFI 7T LADF A X (oF WRET XY
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/* cshift DRI */
X = A.at((pcoord(0) + 1) % N);

/% cshift [SMIET BEDOEHR */
template <class T>
PARRAY<T>&
PARRAY<T>: :at (expr_pcoord2 & e) {
if ( cshift PMERX B hHEHF zv 7 )
return _cshift(*this, e.M);
else
return _get(*this, (PARRAY<int>) e);

7 cshift ICHIET 2 @EFEOF— N F
Fig.7 Overloading for cshift communication.

DY AX) %22 AT LY, shape £V ¥ 47T
EETAH. C*TH Nx N OBF|7 LA DEELRD
IHRBT S
shape [N][N]sO;
double:s0 X;
ZHITHLERTIAT I T CHIZ b > TRD LD
IZFCR Y5
shape_t *s0 = new shape_t(N, N);
PARRAY<double> X(s0);
HEFIRA - T - F 2Ly, CHREIRO BI85k
2% 5
PARRAY<double> X(s0), A(s0), B(s0), C(s0);
=A +B * C;
5.2 where &3
C*TRT 77 17 BT Oy DA % RN
WWETSHE L7002 vhere EOBIMPHESINTW
5. INSHRT 7T AT RBERT Ok B DARIES
BT ENCTB720ODTAT RERT B, 728 213,
where ITRKD L HICREN B ©
where (X >0 ) { - }
COBITIE X DENFETHEH2ERT 0Ly FOAT,
where L OREPETENS.
where N Y ¥ v 7 AF CHTREHRTER VD
T, C-FYTaky oo CRMT RS
7z. where(---) & for JICER SN S, for LIZE
a2 &icdh, 70y ZBREBIIY A7 2 TTICR
TUELTIZEVTELLLTHD., D for X
BV—TT27200bDTIIRVDOT, —FETHTS
WEHEZREBLTH S

6. CM-5 _tTOHE

MRERHE D728, CM-5 LT C*a /345 & g
L7z, CHIaY /4913 CM-5 D7 F2.=y | 24f
HATERVDT, CHIBWTERIZ ¥y 2=y M Ld
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CHT YT V=t 2fEolaF— 0T 175 OFTFE: 1787

1475 EFE-0~F
#define CR 0.320
#define CI 0.043
PARRAY<double> zr(s), zi(s);
PARRAY<double> zrs(s), zis(s);
PARRAY<unsigned char> ittr(s);

int i;
for (i =0 ; i < RES ; i++ ) {
where ( zrs + zis <= 4.0 ) {
2rs = zZr * zr;
zis = zi * zi;

zi =zr * 2.0 *» zi + CI;
zr = zrs - zis + CR;
ittr = i;

M8 Yal7- -tvbhoitl
Fig.8 Calculation of Julia set.

£2 Va7 -ty bEEETER
Table 2 Execution time of calculation of Julia set.
ALER R EATHE
KIALT5Y 22.285sec (1.59)
—HEHIRE S L | 50.726sec (3.63)
C*a 31435 13.977sec (1.00)
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ATV EFE-TO-F
shape_t *NN = new shape_t *-*;
PARRAY<double> A (NN), B (NN), C (NN);

C=0;

for (i=0;1i<0N;
C=C+ (A=*B);
A = A.at(pcoord(NN,0), ((pcoord(NN,1)+1)%N));
B = A.at(((pcoord(NN,0)+1)%N), pcoord(NN,1));

i++ ) {

C*IZ&30—-F
shape [N][N]NN;
double:NN A, B, C;

C=0;

for (i=0; i <N ;
C=C+ (A=*B);
A = [pcoord(0)] [(pcoord(1)+1)%%dimof (NN,1)]A;
B = [(pcoord(0)+1)%%dimof (NN,0)] [pcoord(1)]B;

i+ ) {

B9 YAMIvrhvbhI v AR
Fig.9 Systoric matrix multiply.
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Table 3 Execution time of systoric matrix multiply.
WLFER EXhd
A5 1475 3.869sec (1.07)
WEEEBR IR L | 5.314sec (1.47)
C*¥ar A5 3.623sec (1.00)
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AT 7Y efEozO—F
PARRAY<int> is_candidate (s);

PARRAY<int> pcoord0 = pcoord(s, 0);
do {
where ( is_candidate ) {
int p0 = reduce(min<int>(), pcoord0);
where ( ! (pcoord0 % p0) )
is_candidate = FALSE;
(*is_prime_p) .at(p0) = TRUE;
}
} while (reduce(bitior<int>(), is_candidate));

C*lZ&kd3—-FK

bool:s is_candidate;

do {
where ( is_candidate ) {
int p0 = <?= pcoord(0);
where ( ! (pcoord(0) % p0) )
is_candidate = FALSE;
[p0]l*is_prime_p = TRUE;
}
} while ( |= is_candidate );

E10 TJbMAFRADM
Fig.10 Sieve of Eratosthenes.
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Table 4 Execution time of seive.
SLFEF FEAT IR
KIAT T 58.332sec (0.67)
C*arv¥4% | 87.295sec (1.00)
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