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Implementation and Performance Evaluation of
XcalableMP: A Parallel Programming Language
for Distributed Memory System

JinpiL Leg, ! Taisuke Bokutl:2
and MITSUHISA SATOT!T2

Although MPI is a de-facto standard for parallel programming on distributed
memory systems, writing MPI programs is often a time-consuming and compli-
cated process. XcalableMP is a language extension of C and Frotran for parallel
programming on distributed memory systems that helps users to reduce those
programming efforts. XcalableMP provides two programming models. The
first one is the global view model, which supports typical parallelization based
on the data and task parallel paradigm, and enables parallelizing the original
sequential code using minimal modification with simple, OpenMP-like direc-
tives. The other one is the local view model, which allows to use CAF-like
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expression to describe internode communications. Users can even use MPI and
OpenMP explicitly in our language to optimize the performance explicitly. In
this paper, we introduce XcalableMP, the implementation of the compiler, and
the performance evaluation result by global view parallelization in XcalableMP.
For the performance evaluation, we parallelized HPC Challenge Benchmark in
XcalableMP. It shows that users can describe the parallelization for distributed
memory system with a small modification to the original sequential code.
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int MAX][XMAX];
int array[¥ I ] #pragma xmp nodes p(4)

#pragma xmp nodes p(4) #pragma xmp template t(0:YMAX-1)

#pragma xmp template t(0:YMAX-1) l
#pragma xmp distribute {(BLOCK) onto p
#pragma xmp align array[i][*] with t(i)

template t |

#pragma xmp distribute t(BLOCK) onto p

main() { | node 1 | node 2 | node 3 | node 4 l
inti,j,res = 0;
#pragma xmp loop on {(i)
for(i = 0; i < YMAX; i++) {
for(j = 0; j < XMAX; j++) { node 1| node 2 | node 3 | node 4
array[i][i] = func(i,j); | ! ! ! !
res += array/[il[jl;

} EEVA node 1 fnode 2 node 4

#pragma xmp loop on {(i)
for(i=0;i < YMAX; i++){ ... }

#pragma xmp align array[i][*] with t(i)

}

#pragma xmp reduction (+:res)

01 template 0O0OOOOOOO
Fig.1 Data parallelization using template.

0000000000000 0#pragmaxmp0 00000

4.1.1 template 0000 indexOO OO0

nodes 0000000000000 O0OO0O0O0O0DODOOOOOOOO00OO 1000
04000000000000000000000 p0O0O0O00DOOOO0OOOtemplate
00 indexO0O0O0OOO0O0O00DO0O0O00D0DDO0OO000D0 indexOOODDOOOOOOO
O00000000000000Otemplate 0000000000000 0O000OO0OO
oooooooo

XMPOOOOOOOOOOOOOOOOODOO0O0O0OO template 0000000000
000 index 00000 template O distribute 000000000000 OODOalign O
O00 loop0 0000000000000 0OO0OOO0OOOOOOtemplate 000000
0000000 100000000 indexOOOO0OO template 100000000000
O000ooooooooooo

distribute 0000 template 00 0000000000000 O00O00OOOOOO0OO
O00o00000000o00o0o00000o0bO0oooooO0oooooooUoOoooo

© 2010 Information Processing Society of Japan



157 00000000000 XcalableMPOOOOOOOOOOOOO

O00align00000000000000000O00Otemplate000000 indexOOO
0000D000000D00000000000 100000000 afi0]0 afi] [XMAX-1]
000000000 indexO0OO0OOOODO array section 0000 ali][0:XMAX-1] 000
o00oo0tt(0oo0ooo0obo0ooooUo0ooooLDoOoOooDoOOoUoOOoooOOooO
O0000 array OO0 00O O0ODOCOO0ODOOCOODODNIgnOO0OOOOOOOODOOO
gbobooooooooobobobobobobooboo

4.1.2 J0O000O0O0OOOO

godoooboooD leopOODDbOOOOlcopOOODDODOOOOOOOOOOOO
JdooooooooooboboobboboOoOCO0O00000ooooooooOon template
oooob0obooobobouoobobuobobo100bobo0ooboOonDg arrayoog
O0OOarray 0 align 0000 template t 0000000000 D0OOCOCOOOOOODOOO
00000000000000000COC0O0000 loopO000O templatet 0O0O0DODO
index0OOODO0OO0OO0ODO0OO0O0O010000¢¢i)0000000000O00O0OOOO
iddoooooboobooooboboboooooooooobooboboboboo

000000Odistribute 0 loop 0000000000 OOOCOOO0O0O00O000O0OO
0000000000 template 00000000000 O0O0O0OO

4.1.3 0OO0000O0O0OOODOOOO

XMpPOOOOOOOOOOOOOODOOOOOOOOOOODOOOOXMPOOOOO
ocoooooooooobooOoobOobOoOoOooobooOoOobOOoOobOoOoOoOoboOoooooboobooO
oooooooooooobooobOoOoOooOoOoOobOOoOooobobooooooooooboon
gboooboooobobooboobobooobooboobooooboobboobobo
gbobooooooobobo

gobobooobobooboobooooobooboooobobobooboooboboboooo
gboobooooooboobbobooooboobooboobobboobooboobobo
goooboobooboobooobooboobobooobobobobbobooboo
O0O00oXMPOODOOOOOUOUOOODDODOOOUOOOO shadow O reflect D000
J000o0oboo0oOooobo 20000shadow J000000O0OOODOOOOOODOO
gooobdobdoboooboboobobobooobo 200b00oboooOobOoboOoo
00 1000000000000 0D0C0Od0 shadow OO M shadow O 00 index 00O
gobooooooooobooooboogboooboooogbobooboLoDUub o
goooooooooooboboooooooooobobobobDooooooboo

000000000 0O0oDOoooOoooooog Vol 3 No.3 153-165 (Sep. 2010)

9 10 11 12 13 14 15

0 1 2 3 4 5 6 7 8
el

#tpragma xmp shadow array[1:1] // declare shadow

#pragma xmp reflect array // sync shadow

nodel NN
1 1 shadow reflect —
node2 s T T
node3 R
[ 3
node4 shadow area e

0 2 shadow O00O00O0O00ODO

Fig.2 Shadow declaration and synchronization.
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#pragma xmp distribute t(block) onto p
#pragma xmp align A[*][i] with t(i)
H#pragma xmp gmove

L[0:N-1] = A[0][0:N-1];

L[N]
S L[N] is a local array

AIN][N]

03 gmove OOOOOODOOOOO
Fig.3 Global data movement using gmove directive.
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<Fortran version>
real dimension A(N)[*]
B(1:N) = A(1:N)[1]

<C version>

double A[N];

#pragma xmp coarray A[N]:(*)
B[O:N-1] = A[0:N-1]:(1);

I declare co-array
I get A(1:N) from nodeT

04 Co-Array J0D0OO0OOODO
Fig.4 Co-Array declaration and notation.
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00000000000 40000 Co-Array00000O0O00OOO ADOOODOOODO
BOOOOODOUOODOODOOCo-Array0 00 1000000000O000DOODODOOO B
00000 100000 AQ0O0O0O0COOOOOOO
CAFO0O0O00O0000DO0000OMPIOOOOOOOOOOOOOOOOOMPIOO
goooboooooooooooobobooobooooooooooooooooooboa
goooboooooooobooboooooooooboobooooooooooooooonoa
goboooobooooooooo
gboboobooboobobo10b0boo0ooo0obooobOobOooOoOoboOoOobOoOoDo
coooooooDoOOO0OO0OOOO0OO0OO0oO0O0ocoooOMPIODOOOOOOOODOOODD
gobooooboooboooooooooboo
goboobooooooooboooboobOooobooboOobooboooboOobobooOooboboooo
0000000000000 indexOODOOOOOOODOODOOOOOODOODOOOOO
goooooooooooooooboooOooobOobo0ooooooboooOoooobooboDboo
Oo0O0O000000D0000 indexOOODOOOOOOOOCOODODODOOOODBDOO
goboooobOoooooooobooobOoooobooOoobocoooo
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00000000 p(2) 0000000000 a0000 aB|0a[40aBl0000000
OO0 1000 shadowOOO0OO0Olocallalias 0000000000 p(2)0 ad000OO0
0 a[2:6]0shadow 000000 bOOOOOOO0OO0O0OO0OOOCOOOOO0O XMPOOO
00000 index0OOOOOOOObO OODO 4000 indexO0O0O0OFortran 0000
XMPOOO indexD0000000O0O00O0OOIocalalias0000000O00O00OO b
O000O00O00000000o0O0o00o0o0o0ooO0oo0oooooooooooona
O0o00O000000000000o00000o00oo0ooooo0ooooooooooonao
O0o0o0oo0ooooooooooooooo

000000000000000000ooo0o00o0ooOo0o0O00oo0oo0oo0ooo0ooooo
0000000000 00000000000000000000000

double a[12];

#pragma xmp nodes p(4)

#pragma xmp template t(0:MAX-1)
#pragma xmp align a[i] with t(i)
#pragma xmp shadow a[1:1]
double *b;

#pragma xmp local_aliasb => a

0 3 6 9 12

a p(2)
0 1 4 5

T

05 localaliasO0OO0OOO0O
Fig.5 Example of local_alias directive.
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5. XcalableMP OOOOOOOO

XMPOOOOOO COOO FortranOOOOOODO XMPOOOOODOOOOODOO
ocooooooobooOOoooooooooobooOoOoXMPOOOOODOOOOOODDOOOOO
goooooooooooooooboooooboboooooboooOoooboOoooooboo
gobodobooooooooboooboooooooboocoooo

gobooboooooooooobobocooobobo1bbo00obobobo0ooobOo0odedonoy
000000000 indexO0OOOOOOOOOOODOOOOOOOOODOOOOOOOO
Oo00o00o0o0oooooOOooOobo000ooooooO0Ob0b000000O0lecop0dnnnO
goooooooooooboobooooooboOOoOobOOoOOoOoOooOoOoOoOoooODboOno
goooooooooOoOoOoOooObObOOooDoOOOOOOOO0OO0O0O0O barrierd reduction
gobooooobooooooooboooooboooooOooboooooooboooooboo

int**__array_addr;
__xmp_array_handle_t *__array_handle; /I array descriptor

__xmp_main() {
inti,j,res =0, local i lower, local i upper;

__local_i_lower=__xmp_get _lower(__array_handle, ...); // calc lower bound
__local_i_upper =__xmp_get_upper(__array_handle, ...); // calc upper bound
for(i=__local i lower;i< __local i upper;it++){ /I work—sharing
for(j = 0; j < XMAX; j++) {
* XMP_GET_ADDR_2(__array_addr, i, j, ...) = func(i, j);

res +=*__ XMP_GET_ADDR_2(__array_addr, i, j, ...);

}
}

__xmp_allreduce(&res, ...); /I reduction

}

__attribute__ ((constuctor)) static void __ xmp_consturtor() {
/I consturctor functions (nodes, templates, arrays, ...)

}

06 OD0OOOOOOOOOOOOOOOOODOOO
Fig.6 Example of translated code.
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Table 1 Evaluation environment.

CPU AMD Opteron Quad-core 8000 series
2.3 Ghz x 4 socketsO 16 coresO

Memory 32GB

Network Infiniband DDRUO 4 rails0
(O] Linux kernel 2.6.18 x86_64
MPI MVAPICH2 1.2
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OOO0O0OLmpack OO0 LUDDOOOOOOOOODODODOOOOOOOODOOOODOOOOO
gooooooboooobooooboooooobbooboobbooobOoobboooDoOO
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#pragma xmp nodes p(*)

#pragma xmp template t(0:N-1)
#tpragma xmp distribute t(CYCLIC) onto p
double a[N][N], pvt_v[N];

#pragma xmp align a[*][i] with t(i)

void dgefa(doublea[N][N], int n, intipvt[N]) {
#pragma xmp align a[*][i] with t(i)

for (k = 0; k < nm1; k++) {

#pragma xmp gmove
pvt_v[k:n-1] = a[k:n-1][l];
if (I 1=k) {

#pragma xmp gmove

alk:n-1][1] = alk:n-1][k];

#pragma xmp gmove

alk:n-1][k] = pvt_v[k:n-1];
}

for (j =kpl;j<n;j++) {
t=pvt_v[j];
A_daxpy(k+1, n-(k+1), t, a[k], a[j]);
}

}
void A_daxpy(int b, intn, double da, double dx [N], double dy[N]) {
#tpragma xmp align [i] with t(i) :: dx, dy

#pragma xmp loop on t(i)
for (i =b; i<b+n;i++)
dy[i] = dy[i] + da*dx[i];

}

07 Linpack DOOO0OOOO
Fig.7 Source code of Linpack.
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#pragma xmp nodes p(*)

#pragma xmp template t0(0:(N1*N2)-1)

#pragma xmp template t1(0:N1-1)

#pragma xmp template t2(0:N2-1)

#pragma xmp distribute (BLOCK) onto p :: t0, t1, t2
fftw_complex in[N1*N2], out[N1*N2], a_work[N2][N1];
#pragma xmp align [i] with tO(i) :: in, out

#pragma xmp align a_work[*][i] with t1(i)

int zfftld (fftw_complex a[N], fftw_complex b[N], ...) {
#pragma xmp align [i] with t0(i) :: a, b

... zfft1dO((fftw_complex **)a, (fftw_complex **)b, ...); ...
1

void zfft1dO(fftw_complex a[N2][N1], fftw_complex b[N1][N2], ...) {
#pragma xmp align a[i][*] with t2(i)
#pragma xmp align b[i][*] with t1(i)

#pragma xmp gmove

a_work[:][:] = al:][:];
#pragma xmp loop on t1(i)

for (i=0;i<N1;i++)

for (j=0;j<N2; j++)
c_assgn(b[il[j], a_work[jl[i]);

#pragma xmp loop on t1(i)

for(i = 0; i < N1; i++) HPCC_fft235(b[i], work, w2, N2, ip2);

09 FFTOOOO
Fig.9 Source code of FFT.
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Fig.10 Performance of FFT.
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Pattern 1)
#pragma xmp loop on t(i) xmp_sched(&lb, &ub, &s, ...);
for(i=0;i<N;i++){...} —> #pragma omp parallel for

for(i=1Ib;i<ub;i+=s){...}

Pattern 2)

#pragma xmp loop on t(j) noOMP

for(j = 0; j < N; j++)

#pragma omp parallel for (USER)
for(i=0;i<N;i++){...}

xmp_sched(&lb, &ub, &s, ...);

for(j = lb; j<ub;j+=5)

#pragma omp parallel for (USER)
for(i=0;i<N;i++){...}

0 11 XcalableMP O OpenMP 00 00O000O0O0O0OO
Fig.11 Hybrid parallelization using XcalableMP and OpenMP.
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