HERFRAR T — X b - BUEETR Y — 2> 3w 7201642 H 11 H

ARG NVIRIZ LB E3EBUEEE T 1 7oV

AR FE— (EKRHE - HR)

E-mail: ishioka®@gfd-dennou.org



1T U DI

HIBRFRAR DRI D 72 DIZERE D AR Y NIVt % § o L fFOEE T T & 72 B6%
T, T HEREREFRAMNBEBELD - DEMEZ 1 75V (ISPACK) D
e 7 2 A NI 4 & B IRET ISR T TS £ U 2.

SHIE, INETORFAEDORHEL, miEOREFIRI (ISPACK2) IZDWT
fHIZHEEL £ 7.




ISPACK OERIE FHFIBEMZE I —F > DB ko Hi X TOCHANGELOG

stpack(19954) ¥ £ ARFELE

smpack(19984E) X7 MLk % B3R
snpack(19994) X7 MLfkzERLDDE AT VAL
sjpack(20094) IA-327% CPU TO & # Al
sjpack-cuda(20104F) GPU ETOEHHE




A brief review of the spherical spectral method

Dependent variables are expanded in spherical harmonics.

F p,t) = Z 5 an ()Y, "(A, ).

n=0m=—n
A longitude, p = sin@, 6: latitude, t: time,
M: truncation wavenumber.

Y, ) = Piml(u)e™,

P™(u) is the associated Legendre function.

- B (n—m)! 1
Py = \(zn—l_l)(n—l—m)'an!
X(l—uz)m/zd;n;(u —1)" (0<m <n).

dps



Expansion in the associated Legendre functions

In SHT, most computational time is spent in the following

transforms with the associated Legendre functions.

Backward transform:
Forward transform:
J
]:
J: the number of Gaussian latitudes, p;: Gaussian Latitude,

w;: Gaussian weight.



Computational cost

Considering that both real and imaginary parts must be com-
puted for m > 1 and that the loop length for the suffix 3 can
be reduced to J/2 because of the symmetry of P/"(u) on pu,
the number of ADDs and MULSs required by each transform is

estimated as,

J

NZE-(M—I—l)Q-QzJ(M—I—l)Q.

Furthermore, we must set as J > %M to eliminate the alias

error in the forward transform. Then,

3
N ~ M3,
2

When M is large, we must tune up the transform subroutines

to speed up the global spectral model.



Optimization for IA-32 CPUs

Nowadays, IA-32 CPUs are ubiquitous. It is advantageous to
optimize the code for IA-32 CPUSs.

IA-32 CPUs have relatively narrow memory bandwidth. Then,

It iIs important to use the cache memory efficiently.

However, efficient use of the cache memory is difficult in a
simple coding of SHT because the transform is matrix-times-

vector type.

— breakthrough: compute the associated Legendre functions

on the fly with the transform.



However, the cost for computing the Legendre functions is of

the same order as that for the transform itself.

Then, any effort should be done to reduce the cost for com-

puting the Legendre functions if possible.

Normally, the Legendre functions are computed using the fol-
lowing recurrence formula.

P 1(u) = (uPy () — e Pl 1(1)) /entn-

€Nt = \/(n2 —m?2)/(4n? —1).

O compute the recurrence formula one step, 3 MULs and 1

ADD are required (e and 1/e* are computed in advance).



It is possible to reduce 1 MUL with a trick. If we introduce o

and ppt(p) as

P (pn) = ag'pp (),

and set «a]* properly, we can obtain the following recurrence

formula for p™(w).

Pra-1 () = By upy' (1) + ppt1(1).

This recurrence formula requires 2 MULs and 1 ADD for one

step.



Furthermore, for optimization on IA-32 CPUs, it is important

to make the best use of AVX instructions.

Although compilers have become smarter these days, hot spots
in computing SHT should be coded in an assembly language

to make the best use of AV X instructions.



Optimization with AV X

Main advantage of AVX:

e 256Dbit-length SIMD instructions are available. Then, four
DP data can be treated at once. This yields double speed
compared to SSE2 instructions theoretically.

e [ hree-operand instructions are available. Using them, oper-

ations like C = A + B can be simply coded.



Let us consider the same example of a hot spot.

SUBROUTINE LJLSWG(JH,S,R,Y,QA,QB,W)
REAL*8 W(JH,2),Y(JH),QA(JH) ,QB(JH),S(2),R

DO J=1,JH
W(I,)=W(J,1)+S(1)*QA(J) ! coeff. to grid (real part)
W(J,2)=W(J,2)+S(2)*QA(J) ! coeff. to grid (imag. part)
QB(J)=QB(J)+R*Y(J)*QA(J) ! recurrence formula

END DO

END



The corresponding assembly code with AV X instructions.

.globl 1jlswg_
ljlswg_:
movl (%rdi), Yedi
vbroadcastsd (Yrsi),’%ymmO
vbroadcastsd 8(/rsi),’ymmb5
vbroadcastsd (Yrdx),’%ymml
movq 8(%rsp),%rl0
shlq $3,%rdi
xorq Ardx,hrdx
subq %rdi,%rdx
movq %r10,7%rill
addq %rdi,%ril
subq %rdx,%r8
subq %rdx,%r9
subq %rdx,%rl0
subq %rdx,%ril
subq %rdx,%rcx

.LO:

vmulpd (%rcx,’%rdx),%ymml,’ymméd
vmovapd (%r8,%rdx) ,’%ymm2
vmulpd %ymm2,7%ymm4,’%ymmé
vmulpd %ymmO,%ymm2,7%ymmn3
vmulpd %ymmb5,%ymm2,7%ymm2
vaddpd (%r9,%rdx) ,%ymmé4, ,ymméd
vaddpd (%r10,%rdx) ,’%ymm3,ymm3
vaddpd (%ril1l,%rdx),%ymm2,ymm?2
vmovapd %ymmé4, (%r9,%rdx)
vmovapd %ymm3, (%r10,%rdx)
vmovapd %ymm2, (%ril,’%rdx)

addq $32,%rdx

jnz .LO

ret
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NYFIX—T

Platform:
CPU: Haswell Xeon E5-2699v3 (2.3GHz Turbo boostlkfld 3.6GHZz)
(1827 )2

Compiler: ifort 16.0.0, option -xHost -openmp

L1023 D#FEE (2048 1024 7'V v R)

AR NV Sl 1B H 72D OB H5 KR (sec)

1AL W R 36 AL W R
Wi (sec) | IEE# (sec) | WiZ i (sec) | IEZ# (sec)
SHTns 0.0636 0.0618 0.00351 0.00354
Svpack 0.0530 0.0433 0.00224 0.00180




F) BB LUZEEDEE. 36 ALY RDGEDAZRT.

AR NMIVeWFSE 1

B 7= ) DEWIZ 3 H B I (sec)

TL1023 TL2047 TL4095
WIS | IR WA | EAHR | WIS | EA
SHTns | 0.00351  0.00354 | 0.0214 |0.0218/0.167 | 0.169
svpack | 0.00224 | 0.00180|0.0165/0.0131|0.107 | 0.087
TL8191 TL16383
WIZSHth | EZSHR | WiZhHh | (EZ8#E
SHTns|1.187|1.245| 9.25| 9.79
svpack | 0.825]10.581| 5.76| 4.49




F V) RIRREIZ U 72356 DR KGR (B AND MVEFATREND AR & RE A
I (—1,1) DFPFHDO —1KELE = 5 2 T, ¥E# 4 EEHM TR U 256 Dik
2 DR EDORKME).  ZAUTELROMIZKFET LD TEHL S 508, &
DO TOREE).

TL1023| TL2047 | TL4095| TL8191 | TL16333
SHTns | 1.79E-12 | 5.97E-12 | 1.07E-11 |3.77E-11 | 7.35E-11
svpack | 6.82E-13 | 1.19E-12 | 56.54E-12|1.61E-11 | 3.92E-11




svpack TOERMZE GFlopsfE(36 ALY RDIGEDH %= :T).

TL1023 TL2047 TL4095
WA | [EA R S| IEA R | AR | EA
svpack 505 630 536 672 655 303
TL8191 TL16383
WIZS R | [EZ5HR | Wi 2SR | 2N
svpack 672 055 767 9383

LARARIZ, 2OV DO —7WEEIT (AVX @ F RO EK 1.9GHZ T
DEREE Y TlE), 1.094TFlops
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