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Abstract: Lattice QCD is first principle calculation to solve the dynamics between quarks and gluons based
on strong interaction. The calculation is performed on four dimensional space-time which is discretized to
lattice, and requires a huge amount of inversion of the sparse matrix derived from Wilson-Dirac equation. In
this study, Lattice QCD code, LDDHMC uses domain decomposition HMC algorithm with mixed precision
BiCGStab solver for the linear equation. This scheme is nested, consists of inner solver and outer solver. The
outer solver is calculation of BiCGStab with double precision. The inner solver is preconditioning calculation
of BiCGStab with single precision and is preconditioned by the Liischer’s SAP. Furthermore, the calculation
for the small block of SAP is improved with SSOR. To improve the performance we extracted three kernel
codes from the SSOR routine in the application codes, and analyzed bottlenecks for the kernels by profiler.
Based on the profiling we obtained the problems for following points: a) SIMD instruction rate, b) integer
L1D cache misses, ¢) floating-point L1D cache misses, d) instruction scheduling, e) barrier synchronization.
As a result, the tuning improves the peak performance a core from 23.2% to 38.1% in the kernel-1, from
24.3% to 38.0% in the kernel-2, from 23.6% to 44.9% in the kernel-3. The peak performance a chip is 29.5%
in the kernel-1, 30.9% in the kernel-2, 37.8% in the kernel-3. The results show effectiveness for improvement
of the compiler by profiling and tuning.
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Fig. 1 Parallel decomposition in the temporal-spatial lattice
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subroutine kernell
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do ibt=NBT,1,-1

1$0MP BARRIER
yt = (0.0€0,0.000)

if (ibt < NBT) then ‘0. 10Ut in
M call s_mult_forw @ , u)
endif 2

if (iobz < NOBZY then
@ call s_multforw_z(yd, yt)\ u)
endif

if (iobz =£ 1) then
if (ibz >/1) then

€] call s/mult_back_z(yd, yt, \u)
endif
endif
if (igby < NOBY) then

@ call s_mult_forw_y(yd, yt, u
endi

if (fioby == 1) then

if [iby > 1) then

11 s_mult_back_y(yd, yt, u
endif

endlif

ifl (iobx < NOBX) then
© call s_mult_forw_x(yd, yt, M)

epdif

if (iobx == 1) then
iff (ibx > 1) then
™ call s_mult_back_x(yd, yt, u)
ndif
ndif
dall s_mult_fclinv(yt

end do
end do
end do
end do
end do
end subroutine kernell
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Fig. 2 An overview of the kernel-1.
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Fig. 3 Dependency in the kernel-2 and the kernel-3.
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Fig. 4 The condition for compiler options.
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Fig. 5 Results of waiting for floating-point operations.
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(1) NOSIMD in Fortran version

Re(a) = Re(b) x Re(c) - Im(b) x Im(c) fmuld

fmuld
Im(a) = Re(b) x Im(c) + Im(b) x Re(c) fmuld
fmuld
fsubd
faddd

(2) SIMD in Fortran version
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(3) SIMD-FMA in C-SIMD version
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Re(a) = [Re(b) x Re(c) | Im(b) x Im(c) - Re(a)

Im(a) = |Re(b) x Im(c) # Im(b) x Re(c) - Im(a)

fmsubd, snc(=_fjsp_msub_cp |neg_sr2_v2r8)
fmaddd, sc(=_fjsp_madd_cp_sri_v2r8)

B 6 MM OMAREEA~O®E X AP, (1) SIMD % L,
(2) Fortran 2 > 784 712k % SIMD & 1), (3) fliAA B
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Fig. 6 An example of tuning for multiply-add operations by
C-SIMD intrinsic. (1) NOSIMD, (2) SIMD by Fortran
compiler, (3) multiply-add operation by C-SIMD intrin-

sic.
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8 3 THHEOIE I & 0 FE) /N s B RS 8 1I2HE
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Dy 1.33 FEIZIE R TV 5.

VL, fmovd FIC L AARERL VA MIE—IIRT

TV = aryPAcBnThEEIRE W, Hikoa v
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13 Fortran
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original code in C-SIMD

// definition

//

typedef struct { float c[2]; } scmplx;
typedef struct { scmplx u[6]; } ssu3mat;
typedef struct { scmplx y[12]; } ssu3vec;

typedef struct {
scmplx c[_CLSPH+1];
} s_cchlmatf;

// single to double conversion
//
_fjsp_v2r8 conv stod(const scmplx *c){
return (_fjsp_stod_v2r8(*((_fjsp_v2rd *)c)));
¥

// double to single conversion

//

scmplx conv_dtos (const scmplx *c){
_fjsp_v2rd c = _fjsp_dtos_v2ra(r);
return *(scmplx *)(&c);

¥

B 8 Z—WEHBoMGEfEE (BEEH)
Fig. 8 An overview of user-defined typedef struct.
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tuned code in C-SIMD

// definition

//

typedef struct { _fjsp_v2r4 u[6]; } ssu3mat;
typedef struct { _fjsp_v2r4d y[12]; }
ssu3vec;

typedef struct {
_fjsp_v2r4 c[_CLSPH+1];
} s_cchlmatf;

// single to double conversion

//

_fjsp_v2r8 conv stod(const _fjsp_v2rd *c){
return (_fjsp_stod_v2r8(*c));

}

// double to single conversion

//

_fjsp_v2r8 conv_dtos (const _fjsp_v2r8 *c){
_fjsp_v2rd ¢ = _fjsp_dtos_v2ra(r);
return *(&c);

¥

9 MAHBHSREOMERTE (Fa -2 TK)
Fig. 9 An overview of intrinsic-defined typedef struct (tuned).
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Fig. 10 Results of waiting for integer L1D cache misses.
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K1 T)7 v FERICEWERYE (A—-FL 1)
Table 1 Results for software prefetch tuning (kernel-1).

TFENE R L1D £ R L1ID £ R
PAPESE
BEE—U dm = swpf %
BHE
[%] [%] [%]

original 33.2 8.65E+06 46.9 18.7
noprefetch 327 2.03E+03 452 0.01
option-1 33.9 1.51E+07 184 51.5
option-2 34.0 1.51E+07 17.0 56.2

option-1: -Kprefetch_cache_level=1,prefetch_seq=soft

option-2: -Kprefetch_cache_level=1,prefetch_seq=soft,prefetch_strong

%) 7 4V ERED, 128byte DT A Y HALTT 7 & AHAT
bbb, LIDFvyviald/ v7ayF sy 7y yiaT
HHD, LIDF vy a2t 12F vy aTET— ik
MLOLA T I 6 BEREDESHBHDT, L2 F vy
YadbLID ¥ v anDT—YEREGFELICL o TS
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HHO—F*¥y v a7 7vAfF5] LIER, i

WKHoEDPLO) T4 NTAEAIEET) 7oy T LIFA.
SPARC64™ VIIIfx 1Z, B—F - A M THADF v v a
T 7 RRMOER AT, kLT 7 L A TH D LI
L& 7)) 72y F 2479 N — K = TH (hwpt:
hardware prefetch) Z#p>., TR EIIBICHAICL 57
7 = v F (swpf: software prefetch) Z#gfitd9 4. Zhida
YOS IHEET B, hwpf IZHBIMIZITDNS LD TH
L%, BT 7 ARFERT AT MU BIC LR S,
T, kv vy aTA UHEE TR VYRS hwpf IXFET S
Nz, swpf # s 2 & CHREN EAEFS N5,
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(1) original (An example from the kernel-1)

if (ibt < _NBT-1) {
_s_mult_forw_t_hpc_((ut_ptr), (yd_ptr+l),yy);

¥
ut_ptr--;

if (iobz < _NOBZ-1) {
__s_mult_forw_z_hpc_((uz_ptr), (yd_ptr+_NBT),yy);
}

(2) tuned (An example from the kernel-1)

if ((ibt < _NBT-1) && (iobz < _NOBZ-1)) {
_s_mult_forw_t_hpc_((ut_ptr), (yd_ptr+l),yy);
_s_mult_forw_z_hpc_((uz_ptr), (yd_ptr+_NBT),yy);

else if (ibt < _NBT-1) {
_s_mult_forw_t_hpc_((ut_ptr), (yd_ptr+l),yy);

¥

else if (iobz < _NOBZ-1) {
_s_mult_forw_z_hpc_((uz_ptr),(yd_ptr+_NBT),yy);

}

ut_ptr--;

K11 4% VL—3a YHOGIGES (B—3)V 1), (1) ) I,
(2) st 4
Fig. 11 Tuning by branch fusion in an iteration (kernel-1).

(1) original, (2) tuned for branch fusion.
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TRT7VT) RLHETH DI L, 2) 122V TIFHEY 1
RIMKAF L-FHHETHY, $/2a— M= OS5 AT
Va—) Y IOUBIIBES TRV, T2 TiRa -7+
YK BB A PILIBET 21T o 7.

=N 1BILU2

PEREPHESERIE, #—F M1k 2122w TiE, A ¥ L —
Ya vl T Y KER B LD, RAZ L= a3 vy Day
BEPN ARG EDNTELNWIEIZH A, F0720, 11
DI, A7 V=2 a YNORIEEFETHET S &
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xR 2 GG (AN 1BL02)
Table 2 Results for branch fusion tuning (kernel-1 and

kernel-2).
H—xI1 h—xI 2
BER[s) WEHs] BEA[s] WEH]
4HB/IAIY b 0.055 0.043 0.049 0.048
2-3/H/AIY b 0.077 0.100 0.085 0.090
1HSIAIY b 0.079 0.064 0.082 0.061
FENHREERSS 0.048 0.025 0.069 0.061
Z Ot 0.041 0.042 0.035 0.042
30N 0.300 0.274 0.320 0.302

(1) kernel-1 (2) kernel-2

if (ibt < _NBT-1) { if (ibt > @) {
__s_mult_forw_t_hpc_(); __s_mult_back_t_hpc_();
t
} }
ut_ptr--; ut_ptr++;

if (iobz < _NOBz-1) { [83.3 %
__s_mult_forw_z_hpc_();

}
z | [if (iobz == @) {
%

if (ibz > @) { 0.0 %
__s_mult_back_z_hpc_();

if (iobz == _NOBZ-1) { 16.7 %
if (ibz < _NBZ-1) { 0.0 %
__s_mult_forw_z_hpc_();

¥

£l

}

if (iobz > @) {

83.3 %
} __s_mult_back_z_hpc_();
} }
uz_ptr--; uz_ptr++;
if (ioby < _NOBY-1) { |83.3 %] if (ioby == _NOBY-1) { 16.7 %
__s_mult_forw_y_hpc_(); if (iby < _NBY-1) { 0.0 %
} I __s_mult_forw_y_hpc_();
¥
if (ioby == @) { [16.7 % }
y if (iby > @) {
__s_mult_back_y_hpc_(); X if (ioby > @) { 83.3 %
} __s_mult_back_y_hpc_();
} }
uy_ptr--3 Uy_ptr++;

if (iobx == _NOBX-1) { 16.7 %

"

if (iobx < _NOBX-1) { 83.3ﬁ|

__s_mult_forw_x_hpc_(); if (ibx < _NBX-1) { 0.0 %
} 7 __s_mult_forw_x_hpc_();
¥
X if (iobx == @) { -—16.7 % }

if (ibx > @) { [6.0 %]

__s_mult_back_x_hpc_(); \ if (iobx > @) { 83.3 %
} __s_mult_back_x_hpc_();
} }

ux_ptr--; ux_ptr++;

i

X 12 ZIEEFRO A2 (IF STOAMEHFFHNICER, LB T
RS i)

Fig. 12 Tuning by interchange for branch ordering.
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original (An example from the kernel-3)

for (int ibt = @; ibt < _NBT; ibt++){

if (ibt < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+1),yy);

}
ut_ptr++;

y_ptr++;
}

13 19 L—2a YBogiiEs (=203 F1)TF))
Fig. 13 An example of branch fusion between iterations

(kernel-3 original).

(1) loop unrolling

for (int ibt = @; ibt < _NBT; ibt=ibt+3){

if (ibt < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+l),yy);
}

if (ibt+l < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr+1), (y_ptr+2),y2);

}

if (ibt+2 < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr+2), (y_ptr+3),y3);

}

ut_ptr++; ut_ptr++; ut_ptr++;

y_ptr++; y_ptr++; y_ptr++;

(2) branch fusion

for (int ibt = @; ibt < _NBT; ibt=ibt+3){

if ((ibt < _NBT-1) 8& (ibt+l < _NBT-1) && (ibt+2 < _NBT-1)) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+l),yy);
__s_mult_forw_t_hpc_((ut_ptr+1),(y_ptr+2),y2); // nextiteration
__s_mult_forw_t_hpc_((ut_ptr+2), (y_ptr+3),y3); // next-nextinteration

}

else if ((ibt < _NBT-1) && (ibt+1l < _NBT-1)) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+l),yy); // next iteration
__s_mult_forw_t_hpc_((ut_ptr+1), (y_ptr+2),y2); // next-nextiteration

}

else if ((ibt < _NBT-1) && (ibt+2 < _NBT-1)) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+l),yy);
__s_mult_forw_t_hpc_((ut_ptr+2),(y_ptr+3),y3); // next-nextiteration

}

else if ((ibt+l < _NBT-1) 8&& (ibt+2 < _NBT-1)) {
_s_mult_forw_t_hpc_((ut_ptr+1), (y_ptr+2),y2); // next-iteration
__s_mult_forw_t_hpc_((ut_ptr+2), (y_ptr+3),y3); // next-nextiteration

}
else if (ibt < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr), (y_ptr+l),yy);

}
else if (ibt+1l < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr+1), (y_ptr+2),y2); // next-iteration

}
else if (ibt+2 < _NBT-1) {
__s_mult_forw_t_hpc_((ut_ptr+2),(y_ptr+3),y3); // next-nextiteration

ut_ptr++; ut_ptr++; ut_ptr++;

y_ptr++; y_ptr++; y_ptr++;
}

X 14 457l/~“/3/f"10) s A
=) 7, (2) A
Fig. 14 Tuning for the kernel-3. (1) loop unrolling, (2) branch

(=N 3). )y V=T7>

fusion.
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KB V=TT ru—) 7RIS (B—F N 3)
Table 3 The loop unrolling and branch fusion (kernel-3).

A—FI3
BER[S] WER(S]
4®HHAI Y b 0.075 0.065
2-3®,HaAIV b 0.107 0.148
1&#H3AIv b 0.110 0.059
FENBREERSS 0.091 0.032
Z DAt 0.026 0.054
S 0.409 0.358

[
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w
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15 FO/NEUTEER D OUEE
Fig. 15 Results of waiting for floating-point operation.
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Fig. 16 Results of waiting for barrier synchronization between
threads (kernel-1 and kernel-2).
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(2) barrier code
by inline assembler

(1) barrier code
by standard libarary

#pragma omp parallel #pragma omp parallel

{ {
for(int j=0; j<217217; j++) {

for(int j=0; j<217217; j++) {

#pragma omp barrier asm("set 0x00,%11") ;
} asm("ldxa [%11]exef,%12") ;
} asm("and %12,1,%12")
asm("not %12") ;
asm("and %12,1,%12") ;
asm("stxa %12, [%11]oxef") ;

asm("membar #StoreLoad") ;

asm("loopl :") ;

asm("ldxa [%11]exef,%13") ;
asm("and %13,1,%13") ;
asm("subcc %13, %12, %ge") ;
asm("bne,a loopl") ;
/*asm("nop") ;*/

asm("sleep") ;

}
}

17 ALy FEXNY ZRAMPOF2—=> 7, (1) EET 175
Rz, (2) fiis/N) 73— Fht
Fig. 17 Tuning for barrier synchronization between threads.
(1) standard library, (2) tuned barrier code.

(1) barrier code (2) barrier code

by standard library by inline assembler
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Fig. 18 Results of profiling for barrier synchronization.
(1) standard library, (2) tuned barrier code.
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Table 4 Results of waiting for barrier synchronization

(kernel-1).
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DO R—=FOWMEICOVWTERLT S.
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x4 % SIMD (% % Vector-Scalar Extension (VSX) [16]
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