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Implementation and Evaluation of NAS Parallel Benchmarks
with HPF on the Earth Simulator

HitosHlI MURATIH® and YASUO OKABE(t

High Performance Fortran (HPF) is provided for parallelizing your programs on the Earth
Simulator (ES). We developed an optimal implementation of NAS Parallel Benchmarks (NPB)
with HPF and evaluated it on the ES. The result showed that the HPF implementation could
achieve performance comparable to the MPI (NPB2.4) for the programs of CG and MG, and
nearly close for LU. It can be said that a good HPF program written by fully exploiting
the HPF features could be equal to the MPI in performance. We also studied the language
specifications and features of HPF required for easier and more efficient parallelization from

the detailed comparison of the HPF implementation with the MPI.
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Fig.2 Overlapped Execution of Shadow Region
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Fig.3 Implementation with GEN_BLOCK distribution

O00000000oU0ooOooO GENBLOCK O
0000000000 colidxOd aa 0000000
O GENBLOCKOOOOOOODOOOO 3O0OOOO
aa(4) 0O00O0OOODOO 200000000C000OO
aa(4) O0rowstr(2) DOODODOOOOOO P OO
0000oog GEN.BLOCKOOOOOOOODODDO
oooogd

integer :: map(NP) = (/9, .../)
'HPF$ distribute (block) :: c, rowstr
I HPF$ distribute (gen_bl ock(map)) :: aa, colidx

0000000000000 0000000ong
000000000000

2.2.2 002 00000
MPIOONPB24000000000000000
090000000000 00000000noo
0000000000000 00000000000
0000000000000 CRSOODODOOO00
0000000 bO cO0000000DO00OO0OOO
00000D000000D000000CRSODOO
0000 aalrowstrOcolidx O 300000000
0000000000000 00000000000
00000000000 0000000000000
0000000 00000000

I'HPF$ tenplate t(N, N)

'HPF$ distribute t(block, bl ock)
'HPF$ align b(j) with t(* i)
'HPF$ align c(i) with t(i,*)

gooooooob cObO0O0OO0OOoooooDboD
goooboooooooooobooboooooooon
oono

23 000000 MG

MGOOOOOOOOOoOoOoooooooooo
Oooo0ooooooooooooooMGOOO

|3:3: |3:3:| 3:|: 01:6 |:3:3| :3|3: || |:3: |3:3:3| nil'o |3:3:| 3:3:| 3:| b
04 DOOD0OODDOOO CGOOO

Fig.4 Implementation with 2-dimensional distribution

000000000000000000Y0
e 000D DODONODDOOODODO
e DDOOODDO
231 0000
e MPIOONPB240 000
000000000000 0000000000
0000000000000 D000D000000
0000000000000 000DO00DO00
0000000000000 000HPFOOO
0000000000000000000000
0000000000000000000000
oooo
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end
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Fig.6 Alignment of Hierarchical Data in MG
(For simplicity, 1-dimensional arrays are used.)

2.3.2.2 00000000000
00000 (000 mg3p 00000000 ud0O
Or00)00060000000000000000
000000000000 (000D000000)0
0000000000000 00000000000
0000000000000 00000000000
0D0000000D000D0000000000
000 mg3P 0000000000 D0O0DOOO0O
Ox0000000000000000 w000 O
0o0o00o0o0oOooon 2 t*noooooon
000000000000000000000000

IHPF$ tenplate t(N)
I HPF$ distribute (block) :: t

doubl e precision u(n),

'HPF$ align (i) with *t(i*(2 *’[(It K))-m ::ou,

doubl e preC|S|on allocatable :: u2(:), r2(:)
'HPF$ align (1) with t(i*(2**(lt-k+1))-nR) :: u2, r2

00000000000000000 k—10 ng3P
000000000000 k—-1000000 (OO0
0w 000 r2)000000000000000
-l NOopOoo0OO0O0on

000000000000 mg3P00kO k—10 2
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000000NPB3.0
000000000000000000000000
oooo

00000000000000000000000
O0O0OHPFOOOOOOOOOOOOOO0OOO0O000O
0OHPFOODOOODOOOOOOOOO000O0000O
0O HPF/ESOODHPFOO00000000
000000000000000000000000
ooooo

3. O O

3.1 0000
0000 300000000000ESOOOOO

-393 -



0ooooooooooooo coooo
HPF/ES0O 00O00O0O0O0OOOOO
MPIO NPB240000

NPB3.0-HPF O NPB3.0alpha OOESOODO
gboobooboooboboooboobooobobooo
gooooo

3.2 0D O0ODO
ESODOO0O0O0O0O064000000000000O
00000 123GB/s00000000DOOOOOO
goooobooobooboobobooboooo
16GBOOO0OOOO0OO8OOOOODOODOOOO
000000000 8GFLOPSOOOOOODOOOO
000000000 40TFLOPSOOOOY0
gobbooobbooooooobooooboooboo
e HPF/ES

Rev.1.9.4(776) 2003/02/21

e FORTRAN90/ES Version 2.0

Rev.269 ES 13 2003/05/14

e MPI/ES: command Version 7.0.0 (13,

February 2003)

e MPI/ES: daemon Version 7.0.0 (18,

February 2003)

e ESOS Release 1.1
HPF/ESOUHPFOOOOOOOMPIOOOOO
0000000000 FortranOOOOODODODOODO
O00000000gESOOOOO FortranOOO
gooO MPIOODODOOOOOODOOOOOODO
O0O0OUOOHPF/ESOOO0OOODOOOOOOOO
goobooooooooobobobobobooog
e -C hopt

e -Wf"-pvctl vwork=stack"

e -Mnomapnew

e -Mscalarnew

e -Mnoerrline

e -Mnoentry

000oooog ESO0OoooLooooooon
good0oo0obOOo0O0ooCO0bDOoUODOoUOOHPEDO
g00o0DOOo0ooOOo0ooOoODOoOOOoESODOOO
gbooooobooboobooobobooooobooo
goooooooRpPFOOOOOOOO1<Nn<8
goobo0oooobOo0oo0bbO00 nOO HPF O
000000000 >800000 /80000
oooog8bOUun0HPFOOOOODOOODODO
ooooOoooOoooOOoHPFOODOODOO 8O
gboooobobooobobooboobooboooboo
gooooogoogoon

T

HPF/ES [}
HPF/ES-mod ~O~
NPB3.0-HPF —A--

MPI @

i
=Y
T

=1)

©
\
\

Speedup (serial:

8 16 32 64
Number of Processors

07 LUODOOOO
Fig.7 Evaluation Result of LU

3.3 LU

212000000000000000D00O0CO
gobobooooooooboooooobocooooon
OO0 REFLECTOOOOOOOOOOOO

070000000 LUOCOODODOOOOOO
OHPF/ESOO0000000O0O0O0OOODOOUOO
0OOHPF/ES-mod0 0000000000 OOODO
0000 REFLECTOOOOOOOODOODOOO
000000000000 (NPB2.3-serial) D000
100000000000

HPF/ESOOOU0O0O0OO0OOOODOOOO0OOOOO
MpPIODOOOOOOOOOOOOOOOOODDOO
000000000 REFLECT OUOOUO HPF/ES-
mod 000000000 OCODOOOOODO MPIODO
goboboooooooobooooocooooooon
0000000000 (REFLECT)OOOUOOOO
goboooooooboooooooo

OOONPB3.O-HPFODOUOOOODOOODOOODO
goboooobooooooooooooboo

34 CG

080000000 cGUOOOOOOOoOoOOo
OHPF/ES-gen0 000 10GENBLOCKOOOODO
OHPF/ES-2DO000 20000000000000
O00UO0oDoooOoO (NPB2.3-serial) OO0 10
gbooooboooocobooooobooobooboooo
HPF/ES-2D0 MPIOOOOOO0OODOUOOOOO
gooooooo

HPF/ES-2D0 MPIO 000000000000
goooooooooooooobooooooon
goooooooooooooooobooooooon
goooooooooobboobo 200000000
goboboboboooooooooooobocooooon
goboodouoboooooboo

NPB/ES-gen 0 NPB3.0-HPF 00 0104CPU [

-394 —



16 T

HPF/ES-gen O
HPF/ES-2D { -
NPB3.0-HPF —&—
MPI -@-

©
T

=1)

IN

Speedup (serial

N

4@2) 824 1644 3248 6488
Number of Processors

08 CcGUOoooo
Fig.8 Evaluation Result of CG

T

32| vprES -
MPI ‘J

.
1=y

=1)
\
3

©

Speedup (serial
\
\

I

1 2 4 8 16 32 64
Number of Processors

09 MGUOOOOO
Fig.9 Evaluation Result of MG

O0OHPF/ES-2D0 MPIOOOOOOOOOOOO
oogcpuOOODOOOOOOODOOODOODOOO
gooooooooooooooboooooooon
goboboooooooooooooooooooon
gobooooooooooooobooooooooon
gooooooooooooobobooooooon
goboooooooooooo
3.5 MG
09000d0OOOMGUOOODODOOOOOO
O00oO0UoOooouo (NPB2.3-seria) DO OO 1
O00U00OO0O0OO0O0OO00OHPE/ESO MPIOOOOO
gobooooooooon
000032064CPUODOOOHPF/ESOOOODO
goboooooooooooooboooboooooon
gobobooooooooooobooboooooboon
0oooo0o000DD interpd000000O0DOO
goboooooooooooobobooooooon
gobobooboooooooooooooooooon
ooOoOeOoMPIOOOOOOODOODDOOOOOO
gobooooooooooo
g00230000000000NPB3.000O0ODO

gooooooooooboooooobooDbDODbDOOoo
4. O a

4.1 0OOOO

20000000000000000000000
00 BLOCK 000000O000DDDODOOOO
0000000000000 O000DoDoo0oon
00000000000000000D0000000
00000000000000000000 BLOCK
00000000000000O00ooooooonO

000O0ESOOO000O000D0000000O000
000000000 MGUOOOO0OO0O0000000
000000000000 00000D0000000
00000000000 00000D0D0D00000
00000D0000000O0O0OooCcGooOooon
GENBLOCKOODODOOOOOOODODODOOOOO
0000000000000 00000000000
0000000000BTO SPOODOOODOOO
00000000000000000000 BLOCK
000000000000000000Yo

000000000000000 BLOCKOOOO
00000000000000000000HPF/ES
000000000000 00000D0D000000
oooooooo

4.2 HPF/JAOOOO

O0O0OO0OHPF/JAODODOOOODOOOOOOO
000000000000000000D0000000
000000 DOLOCALO O REFLECTO DO OO OO0
0 HPF/JAODODOOOODOOODOOOOHPF/JA
00000000000 HPFOOOOOOOOO0O
000000000000000000000000
00000000000000000 INDEPENDENT
0000000000000000000 LOCAL O
0000000000000000 REFLECTO OO
00000000000 00000D0DDO00000
ooooooo

4.3 HPF/ESOOO

00000000 LUO000000ooooooon
000000 HPF/ESOODDOOOODODOOOOD
ooooo

(a) DOACROSS DO ODOODOODOOO
(b)DOOODODDOOODOEXTHOME OO

(c) 000 REFLECT

000 HPF/ESOODOACROSSOOOODOOO
O00O0OO0O0D0O00INDEPENDENT OOO00O0OO
0000000000000 0000DO0O HPF/ES

-395 -



0000000000000000000000000
000000()00000HPF/ESOOO0DOOO0O
000000000000000000000000
0000000000(b)0 (¢)00000000000
LUOO000000200000000000000
00D000(b) 000 (EXT-HOME O ) O OHPF/JA O
00000000000000000000000

5. 0 Oooano

HPF/ES 00O NAS Parallel Benchmarks 0 0 0
O0000o00ESODOOOOOOOODOOOOCG
OMGOOMPIOOOOODODOOOOOODOD
O000OO0OLUOOOHPF/ESOOO0OOOOOOO
oooooooMPIOOOOOODOOOOOOOO
00000000000 O0OHPFOOOOOOOODO
O0o0ooO0ooO0oo0o0o00oooooooooon
O0O0OO0OO00OHPFO MPIOOOOOOOOOOO
0000000000000 0000HPF/ESOO
o0ooooooooooooooo

0000000004000000000 HPF/ES
O0ooooooopCOOOOODDO ESOOOO
go0oo00oo0o0obO0o0obOobOOoOobOoHPFOOO
O00oo00ooO0oo0ooO0o00o0ooOooOoooon
00000 HPFOOOOOOOOOOOOOOOO
O000000o000o0O0O0o0o0oOOOooOoOooOoon

0000000000 HPFOOOOOHPFOODO
00000000 (http://www.hpfpc.org/) 000
oooooono

00 0000000 1Looooooooooo
000000000000 00 HPF O High Perfor-
mance Fortran0 00 0000000000000OO
ggoboooobobooobboobbooo

o o 0O O

1) High Performance Fortran Forum: High
Performance Fortran Language Specification
(1997).

2) Murai, H. et al.: Implementation and Evalua-
tion of HPF/SX V2, Concurrency and Compu-
tation — Practice € Ezxperience, Vol.14, No.8-9,
Wiley, pp. 603-629 (2002).

3) Habata, S., Yokokawa, M. and Kitawaki, S.:
The Earth Simulator System, NEC Research &
Development, Vol. 44, No. 1, pp. 21-26 (2003).

4) JAHPF (Japan Association for High Perfor-
mance Fortran), HPF/JAOOOO0O (1999).

5 00000: 00000000 HPF/ESOO
Jooooooo,0o0ooooooog 2002-

- 396 —

HPC-90, pp. 61-66 (2002).

6) Sakagami, H., Murai, H., Seo, Y. and
Yokokawa, M.: 14.9 TFLOPS
Three-dimensional Fluid Simulation for Fusion
Science with HPF on the Earth Simulator,
Proc. SC2002 (2002).

7) Bailey, D. et al.. THE NAS PARALLEL
BENCHMARKS, Technical Report NAS-94-
007, Nasa Ames Research Center (1994).

8) Agarwal, R.C. et al.: High-performance paral-
lel implementations of the NAS kernel bench-
marks on the IBM SP2, IBM Systems Journal,
Vol. 34, No. 2, pp. 263-272 (1995).

9) 00000OO0:000000 CP-PACSOODO
O NPBKernelCGOOO, 000000000,
Vol. 39, No. 06, pp. 1757-1765 (1998).

10) Chamberlain, B.L., Deits, S.J. and Snyder, L.:
A Comparative Study of the NAS MG Bench-
mark across Parallel Languages and Architec-
tures, In proc. of SC2000 (2000).

11) Frumkin, M., Jin, H. and Yan, J.: Implemen-
tation of NAS parallel benchmarks in high per-
oformance fortran, Technical Report NAS-98-
009, Nasa Ames Research Center (1998).

12) Nishitani, Y. et al.: Techiniques for compil-
ing and implementing all NAS parallel bench-
marks in HPF, Concurrency and Computation
— Practice & Ezxperience, Vol. 14, No. 8-9, Wi-
ley, pp. 769-787 (2002).

13) Asaoka, K., Hirano, A. and Kanazawa, M.:
Evaluation of the HPF/JA Extensions on Fu-
jitsu VPP Using the NAS Parallel Benchmarks,
Proc. 4th International Symposium on HPC
(ISHPC2002), LNCS2327, Springer, pp. 503-
514 (2002).

14) Brandes, T.: ADAPTOR HPF Language Ref-
erence Manual Version 9.0, The Fraunhofer In-
stitute for Algorithms and Scientific Comput-
ing (2003).

15) Chavarria-Miranda, D. and Mellor-Crummey,
J.: An Evaluation of Data-Parallel Compiler
Support for Line-Sweep Applications, Journal
of Instruction Level Parallelism, Vol. 5, (2003).

16) Barrett, R. et al.: Templates for the Solution
of Linear Systems: Building Blocks for Itera-
tive Methods, SIAM, Philadelphia, 2nd Edition
(1994).

17) Lewis, J.G. and van de Geijn, R.A.: Dis-
tributed Memory Matrix-Vector Multiplica-
tion and Conjugate Gradient Algorithm, Proc.
SC’93, pp. 484-492 (1993).



