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BIE . ppOpen-HPC
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B Download site: http://ppopenhpc.cc.u-tokyo.ac.jp/

User's Program — 0) EE 0) EE EE

=D
oo oo

FEM FDM
Finite Element Method Finite Difference Method Flnlte Volume Method

Optimized Application with
Optimized ppOpen-APPL, ppOpen-MATH
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DEM
Boundary Element Method Discrete Element Method
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Pictures are transcribed from

FDM: de Havilland Aircraft Company, VINAS Co. Ltd

FEM: Prof. Nakazima (Tokyo Univ.)

BEM: u-TEC Co. Ltd




FDM, FEM, BEM |- kA& &1L

-Bi-linear form Ap(x) = f(x)
Jo ¥)AP(x)dx = [, Y(x)p dx
-Green's identity
Jo w()Ad(x)dx =
Jaq ¥ (x) dx — [, Vip(x) - Vp(x)dx U

continuous

For x € Q c R3, find ¢(x) s.t.

discrete
Az =D
AN
N
P \\
Poy,
AN

fﬂ 7p(x) - Vo(x)dx = (v, f)

- Fredholm integral equation ﬁ
oo P y)by () dx = f

-Base function | 17 .

b

o) | Py, (x) dxdy = (o, f)
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BEREREZBEM) D2 aL—avRAITERFAESAITTY
BiEREREDRNLRYD
~glul = f, where g[u](x): = [, x(x,y) u(y)dy
-Degenerate kernel: k(x,y) = 2:=1K¥(x)K¥ () ,for far remote x, y
e.g. k(x,y) o« |x —y|™1
- |H %iiifli%‘ﬁﬁl]’é?&b\b‘“ul\gﬁ STE=0(N?)
BRRESTRICHITT
- ZATHIRLE LR EDEA

AES I ETHE - O(N?) = O(NlogN)
H1T5I, ¥&FIH1T5I, BLRITSI

- DEAEYMFIFTE
-Hybrid MPI+X programming model




HACApK 514731

W7oV TIr— LA
-CPU clusters  -Multi- GPUs (Z{g )

BJOJ53 88

Fortran90+OpenMP

-CUDA, CUDA Fortran, OpenACC (GPUx¥ i)
BLEGNESA4T 3

-MPI

/NGB
-Open source -MIT license

HA5HoO0—K YAk

- https://github.com/Post-Peta-Crest/ppOpenHPC/tree/MATH/HACApK
-http://ppopenhpc.cc.u-tokyo.ac.jp (|IBVersion)
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Ml Static electric field analysis

- Potential operator: V[u|(x) := / 1 u(y)dy, =€l
rdle =y

*Induced surface charge is calculated in half-infinite domain.

Ground

’f//,/ g i Py /’f/
s ”//”x/,»//////// o

Analysis condition Analysis result




HACApK®DE F 5 (CDWM)

M Calculate LLG equation with terms of spin torque effect

B
- M x@_ _M ><— - (u-V)M —VSM x [(u - V)M]J
Y
- Effective fleld Spin torque term
1
H = J V. M
A D e
Demagnetizing field H Other field components H®

B Discretization method
-Time : Explicit Runge—Kutta M|, H|; ——> M|
-Space : Magnetlc materlal is divided into N cubic elements

Fopp o oy

ISy
,,,,,

\\ \\ \\\\\ \\\ \‘ A WO\ VA W W U . U, WA e,
7 —>
Initial position of DW moving direction of DW

P22 T S TA D A A VA VA VL VAW B Y




FHACApK® 5 FA 5l (CDWM)

B Current-induced Domain Wall Motion (CDWM)
B CDWM is induced by a spin-polarized current in magnetic nanowires.

magnetization direction

initial position of Domain Wall
x=0
K

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, magnetization direction

........
'''''''''''

1.0 [lda : IEEE Trans. on Mag. 20201 -1.0



HACApK®D & 15l
[Ida : IEEE Trans. on Mag. 2017 ]

B Micromagnetic simulation of spin torque oscillator

eV x—y|™t-dS

Potentlal operator of demagnetic field : .- )
4 A

10nm~800nm >

-2-nd order singularities
-Vector quantities

..". peliend fedd

5
£
L

$ S layers
10nm

-Mesh size : 2~3nm
- Oscillating frequency spectrum is calculated in magnetic materials.

L, |{.,-r laver (FeCol) e
@ | Anti-parallal

E el Layer (Ci Ii

-H-matrices accuracy of € = 10 ~°
| is required to reproduce oscillation
/X( - processes.

&0
S.0E+33 5. 55+0 FOEDE

Frequency[Hz] 11

Amplitude

B

a2 a =
=1 = — ™ =
| L
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[Tominaga : IEEE Trans. on Applied Superconductivity 2018 ]
B Superconductor Simulation
Lot J (V xn'T')xr-n

-Potential operator: - ds’
4r r

- Current density is calculated in coils wound with coated conductors.

1.5¢10" | | 1x10°
o 11| e Dense matrix |
g 0 :l— H-matrix 1x10 Cross section of coils
“: 510 1x10% 8 Model (N=1,516,060)
Z i o =
§ [Tenaieesessessseers memE & fg_ 16.7 TB =
o i . ® S 16 1.06% 5
3 -x0" 1x10° B op =
+ S 04 -
4.5x10" = 1x10° > 03 181GB ]
0.2 R
2 0 1 2 S 341 _
Lateral position (mm) o 0 : .
= Dense matrix H-matrix
Current distribution Memory usaqge

12
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[Mifune : Superconductor Science and Technology 2019]
B Superconductor Simulation accelerated by AMG

-Governing equation: Faraday’s law and Biot—Savart’s

1 0 [ Uots (WXn'T)YXr-n
V X VXnT | n+— ds" | =0
o,[T] ot \ 4m Jo r3

@ Galerkin and backward finite difference methods

AlTe. 11 -Tr1 +B - (Troo1 — T _41) =0. .
[Tim-11] Tim) (Tm) m-1]) *Previous study

SparSioo . Dlense ‘ | | - Apply HACApK to integral
| | Time step = 10 - Solve by Newton-Raphson
using BiCG-STAB

Nonlinear iteration step = 1

Newton-Raphson method
+ AMG preconditioning
Successive

New approach

- Set A as preconditioning matrix
in the BiCG-STAB

substitution method
Newton-Raphson
method

1

Relative residual
o
i

ILI.L‘ II\IIU.L‘ I\IIILI.L‘ IIIIIIH‘ IHI\LI.L‘ II\IHLIJ |||I\ILIJ L L

10°
147 times
13 > Fn%esl o ﬁl? times | - Apply AMG to the preconditioner

0 200 400 600 800 1000
Number of itreation 13



HACApK D& F 45
M Earthquake Cycle Simulation

[Ohtani : Proc. Comp. Sci. 20714 ]

T G Integral operator with g(x,y) o |x — y| 3
¢ N—
] . G
> : >eq. motion 7, = K, (u, - —g—V l.
:I =g o . . i=1 s
. ﬂ} " | | >friction law -
¥ ] eff _
H | 7. =uc =t,.+A IV, /V.)+ B In(V.6, /L)
do,
I —==exp(-V,/V)=-V.6, /L n(V.6,/ L)
i dt
1 : I 107 T Y - ] ) Origiua_l_— |
e b Ot Prapeseaiethed
strike 600km 102
W 10° |
dW K 7 e
fault surface SUE‘C'UCUHEI =
Irection -g 10% ¢
- 1079

-

T e T e 1072

i WL/ k\,.-&// \.,L// \,k/,;
1079 \of U \# |

~~~~~>""Subdivide
fault surface 0% 1000 2000 3000 4000
Time[year] 1 4




HACApK®D = R (th EFEMEF BIRIRIRSaL—23Y)

2016 REARHZ D -

+ BARAOAXRRE KROBOEHIGZEMEOREZE NFHICHEE
- BRMCGHEBRINESRE

© BHFERMBEOANSALZEMRA: KEASMS LIZELVG DIEA50kmEL EZEEE

MEZmMLRI-ECH

b B T8 D
?‘i‘ ‘Elz ig E n/s)

Be Bl RS

AUREET VAT,

\ |- %T:):.:-
REEE 2D i1 3% 0D
- T

ratel _(m/s)

MBSt REE ML =ECS

B TRIEREL: 18,000
RS RIECS R ERE: 1,200
STE# - XeonV S5 R4
AiF . 2407 x2/—K
STEFFRE  $91 ORFf
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HACApKDERFI (MEREYEF BIRIHIESSaLl—3Y)

« F1)FJLBEM
*ﬁj\#’_' Kijm
. ERfEE S ENE (FDPM) . Ando (2016, GJI)
BOZOEE EORBIRFEEB S EEIRDELEF
Kijm inDomainF  LEFZERKEFE-ASAEES
 FENH K’AG +K/? inDomainl —KREBEZNEEL-KEED
inDomains —FHEEOLZWVEIES

2iXom Kijm Dj n—m
K4 G —l ] iF ’“Ei;m/\ill
AL FATHI RS IL DT ;:f’;
» FDPMIZ&AETEIRDAIR asecos;
© O(M2N) > O0(MZ). . AEY e A
« O(MN3) - O(MNZ) O(MZ‘) EE e al
(M: ERH. N BRIRT 5 TH) =S
F=B LWL\ —H{TA;EEH v3
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B 7{-matrices with ACA reduce memory usage.

1000

Memory[GB]
- o= 3

=
[

= (] (o)

§ (o]

B o

= o Ao

= X

— A>p

= >0

— (m]

- Q

§ (]

- oX

:tllllo L L L L L L
10 100 10 107 108

Number of unknowns N

Memory usage (Log—Log scale)

O Dense matrices

& HACApK
(Static electricjield)

A HACAPK

(Static electric field)

®x HACApK
(Earthquake cycle)

17
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BS217FHE(LRA)YER M ILDEFE

BRIMLDERIXIZI1D1T5]
a, /a1b1 ab, a1b3\

a-, azbl azbz azbg
_ as _ a3b1 a3b2 agbg
a ® b= Ay ® (bl b2 b3) - Cl4b1 Cl4b2 a4b3
as Cl5b1 Cl5b2 a5b3
Ae \a6b1 a6b2 a6b3 /

BEEDTIHEANVNLDER(SUI1175) THEUTS S FREIEESNR)

€11 C12 (13 a
C21 Cy2 (323 a;
C31 C32 (33 as

~ bi b, b
Ci41 Cyp (a3 Ay ® (by 2 3)
Cs1 Cs3  Cs3 as
Cé1 Ce2 Co63 g

BEEDELZLIVIITIEERT EMFU k17511115
BEZDITHESVEITHITIELUTES
kDD INSTNIXIESD T

N
=




BS27tEE1TiiE

RS AR ACENSETIICHT HEMF S
BRAED]  p -

Q
k

Degenerate kernel: g(x,y) = z 1gI (x)g3(y) for far remote x,y
r=

%ﬁ%ﬂuw BS O#EE1TH%
g 12 LRA iminl '

Y
n

g(x,y)u(y)dy

15
10

2
> i :
10 29 W

Permutation 13
Partition 12

" k
Full rank 21751 L] f““‘ll‘;‘“‘; 0 (mn) =0 (k(m + n))
oWl THIERE

- 1T5 2K TIEfull rank JTHIRNS LIS EE

20
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IV IER S 21751 1L

Adaptive Cross Approximation

ACA

k

a ~ &k — ZUV(WV)T

v=1

‘ERYRIIEERYMTEREITER
v EFEDIRIKIL (e.g. 1518)
wh jJHTARIRIL, j1 = argmax;|v?)]

HEESNDIELRE:

k
[V 11 - 1Iw*]]

WERTOINTVMLDORRIZKYER AT &L R EZ HE al 6E.

21




Procedure of ACA with full pivoting (ACA_full)

BmPivoting and updating matrix need computational cost O(N?).

Input: a € RS*L,
Output: v* € RISl w* € Rl
s.t.ad = Yr_q viwo)T,

r=0e¢ =1

For a given error tolerance € < 1,
Do while e, > ¢

r=r+1
(i%,j7):=argmaxg pla; j|, 6= a; j» €—
(Ur)i = ai,j*! I € S,
(Wr)] .= Cli*,j/5, ] et

)i = ||v"||2||w"||2/\/2’,;=1 1] 12] w2 —

ai,j:= Cli’j — (Ur)i(Wr)j,l. S S,j el €

— Pivoting : O(N?)
searching over whole matrix

Estimation of
approximation error

End do

Updating matrix : O(N?)
Subtracting rank 1 matrix

22



Procedure of ACA with partial pivoting (ACA_part)

Input: a € R,
Output: Sequences of vectors v* € RIS, w* € Rl

such that @ = YL_, v* (w*)T,

Set R* =a, j:=Vj €t, i":= argmax;|R; |,
r=1¢6=1 and g = {}.

For a given error tolerance ¢ < 1,

Do while €, > ¢

B Computational cost : O(N)

j':: ;11’g111£1X_fEr|er’._f| (
~ . pr —1rk wr

6= Ry — Lpz1(0F);- - (WF);-

()i == RT; o — TE2I0F), - (W), Q€5

(iwr:)_f = (er'._f o Z.;r:;ll(ik)t ] (:Wk:)_f )/‘5! J € t!_
r=r+1

Partial pivoting : O(N)
searching around a vector

Vector calculations : O(N)
instead of updating matrix

Estimation of

cn ||-w'||2||w*‘||2/Jz;;:1||-wk||§||wk||§ <

approximation error

P=pUuil} €=
{:= argmax;es\p| (V")
End do

Omitting the selected row
from searching space

23




BS28E&ETHIEDELRE

WY')—L, FMM, /\RIILOZRAY G kg ELRLIREIXELC.
MEESMMERR: glul(x) = [, g, y)u@y)dy, Hl:gle,y) =Ix—y|™"

Ritz-Galerkin;x - B : (P , |/|\| 1 1 Q)

h
glu](x) = Ap, A€ R, P eR Q;
EHENT-2 A, y =TI, X
. i ty=[ 0 [ geen oo =
. . B EIT
8 7]

g@xy) = Z PHELHE) k
= 2 ( j g1 ()i (x) dx) ( j 92 () <p,-(y)dy>
s L EEROSRCENTE & U o

EBENT-24B QO 2 x, QF 5y TEZ 5L, 1&7/7?‘?5‘]3&1& Alsxr = VWT HVRTRE
Qh

. Qh
@ dist(Q", Q1) Q t

* X

MALLEFZR - min{diam(QF), diam(Q})}< ndist(QF, QF)

24



BSUO#BETIDERTAER

B ACAPKTIEFFDHEZEZRALTNS

Step 1 Clustering & Construction of a cluster tree
-Method based on geometric information

= ]
-Method based on nested dissection g U [‘

- AMG-like method

Step 2 Construction of a partition
B There're only blocks(frames of sub-matrices).

Step 3 Fill in sub-matrices
Bl ow-rank approximation
-Cross approximation i) ACA ii) ACA+
*Interpolation
-Hybrid method of interpolation and ACA

25



HACApKIZH T BT R ENID A E (EEXHITHDSGE)

WA MERICEDIITIRA) T EFA
Admissible condition : min{diam(Q?), diam(Q!)}< ndist(Q?, o)

26
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B2 78EITHiEE R ZS

= EDIERR

BTHDEIBEEERRTE

Strong Block Weak
& admissi__bility B arcjmissibility
ITHERREFE ——
HMEZERRRE WEXH-1751| BLR-1T5I HODLR
BFH-175
EEANVMVERE | #2-175) HSS
EREREMEGR FMM Tree

BF: HACApKTHRYKRZHFIE

29



B DES VBETIEDLE
B EBEDENEY., —R—5&
HERH-1T B ‘BLR, TLR -HSS, HODLR

Complicated structure | -Simple structure ‘Relatively simple structure

MBENGEE - EIE Illll(,e_block-divid“ed rpatrix -Very high compressibility
INF—2 DIBELNEE ZITHR7 NIV X L% for low dimensional problem
- By,
_ o . F P Re -Worse asymptotic complexity
*High compressibility :Low compressibility for high dimensional problem
Memory : O(NlogN) Memory : O(N1®)

. o -Weak admissible cond.
- Strong admissible cond. - Strong admissible cond. (All off-diagonal : Low-rank)

30



¥FIH1THE [A.lda : IPDPS’18]

BIESVIOBETIEDFFE
-Hybrid of H-matrices and BLR-matrices

- Advantages of lattice H{-matrices
- High compressibility of H'-matrices
- Convenience of matrix arithmetic with BLR-matrices

- BLR-matrix -Lattice H-matrix

Lattice structure

H-submatrices
in blocks on lattice s

S > e




BFHIINDAEI)ERE

Wi FH A XDRDFA KT

L EFHAR l{%/ 7 :
_
1= N ) HERHTS T
] _ @/ _
=1 =) BT |~ T |
k(=1) :H  O:rank1

- | = aN for a constant « ( <a<l): BFHEE

:> BXR#M:f(N)=2yNlogN + NQyloga+2/a —1y)

BFHAX L IFMPIZORRHIZGCTROLONERE
> FATEEAEMPIT O R BULITHIH A XNIZR CTHIR

32




B2 0@EITHDITI I E

-BY R H AT

FER
X 2% |x 23 1 1
21 xal | 21 x 2! = | 1%
X 27 %23
a2 a2
23 ’ » 1 x22 | x12
22 3 4
1 1 1
2
x2% | x22
/—
-BLR175
2% 1 |2 22 23 | 22 =5
X212 |x23 | x22 | x22 x5 | x22 | x22
RN B> %=
X322 |x23 | x2% | x22 X 22 x32% | x22
%3 ’ 2 |2z |2 |22 »:g 22 2
x27 [x23 | x22 | x22 x 27 |x 22 X 22
22 |22 | 22 22 2 |22
X123 |x2%3| x23 | x22 X33 | x 22
/—
F&F HATH
R O e N
x22 |x22 ] x22 | x22 x 22 |x22| x22
22 |22 |22 22 22 |22 | 22
X122 |x22 | x22 | x22 X212 |x2%| x22
%3 ’ 2 |z |2 |22 »:g 2 |22
x2f [x22| x23 | x22 x27 |x2% | x22
R R A e
x22 |x2%| x23 | x22 X223 |x22 | x22

»

1]
=
(Y]
(]

o

o |

» U lix ulx
(X}
oica

(¥
eyt

( Cluster tree of index set:\
J

2

2

J\

3

2

2

7N\
:2

MAREA

IR R A
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BREREZMT TRELHACAPKD 248

EEITES TS EIZESE
B KD OBEITHER
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__
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HACAPKIZEITAHIES U IEETIED A FI1E

BESIBETIDERIZENT
- step 3 (RELEFREINIMNDES) DA i 51t
(step1,2H i FIME L =R IF A BHZEE )
- MPl O BEIXAE.

step1 95 RX2 V) — {ERk ) o
[stepZ HITHHEE 1ERL ) EMPI7AtERATREEHE

\

[stepB BB 1THDETFE(ACA) i 55T &

BESOEEITH-NOMLESTEIZBINT
- EMPITOERBRIR L EEEED (RO IV ERER (LA B )
- MPIZ At ABDBEININE.

BLEECOmADMEFNEFTEIZEINT
HEITADT—AEY L TAHRERFEIZT S,
SRS THEBRAELTTS.

G EOTAZY L TONET—AIEED T DES 15,

36
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HACAPKIZE T A REFXHITH DL FFTEF %
EARMIZHITHETHRIZRSARTBH, BB THI L PIHTLARLY
B MPI7OtRE| Y TEE R(M,)-\
D & IOV OESRM)ETRLRYSME TR S
= BIET—8HAXDER/IME = wg
@ MPI7 O+ RABIDEEAR A EZx/IME

B HEEHITH-RORILE y = Ax
- EMPIZ7OCXTE A ITI-ROMIIVEZ T o RICIHEREE
PO~7

A Xy Bl 1 P p3 [ [ps] 'P6 [B7

R(Mg)-4)

MPI
S || el 2 |2 |-

37



BFHITHIZxT HMPIT O R E 2 TEHRS

B[ O0ERS YR IZEIORTY M) vhEI4T

-ZEMPIZ7ALEAANDEIY T : R TELN-IEF
SIS LB RorAL YR I 5 Tl A EE
FTHRITOBRETILTY X L% AT EE

B :3x2 7a+XJ1)vk (6 MPIl-processes)

B : Process(0,0)

. T
[ :Process(2,1)
m _
Assignment global view Lattice H -matrix

Local view

38



BFHITH-RINILEE, y = Ax

7IL31)X L 1 : “LatticeHMVM_fullVector”
BEMPIZAOEXATEHATI-NIMLEZRITLEBSNIMLERDS
BEJOFRATERNINL y F1F55H=0HIZ,

(1 Obtain a part of the result vector (2 Exchange parts of vector
by MPI_All_reduce by MPI_iSEND and iRECV
in each row in process grid. in each column.
=K & o 2l A
All_reduce § c C CV
v (2,1) (2,3)
E-{Z'S) ¢ (3,1) (3,2) (3,3) W
( r r r A

N N
v&u L 2N

ERIREWIN(3,3)
<€

39



WFHAITI-RIMILEE, y = Ax(RJFL S EAR)

7IL3YX L 2 : “LatticeHMVM _partVector”

MEARTAERT)IRRE: Ny = Ny, = /N,
ZMPITAERAMERYNLEEDBEALL

BRD AxZEETET DO BELGEA NIV DHERIE

(1) MPI_reduce in each row (@ MPI_Broadcast in each column
to diagonal processes from diagonal processes
to other processes

N 00

(1,0) (1,2) (1,0) (1,2)
& C
@
(2,2)

N

40



#EZEES : Current induced Domain Wall Motion(CDWM)

B (1&F) H-1THDELFE

-Tolerance € =1.0e-4 for ||A — A||f < &.

BEtEAYT
- Thin films of magnetic material

magnetization direction . initial position of DW
A o X0
= A\'f\A\ PRt
,A o= //”/
SOV'A A N

5nm¢v/

3000nh 4000nm

uniform mesh (4nm) "”-': ..................
x: -2000~2000 e

gradation mesh (4nm~120nm)
x: 2000~5000

A :Dense matrix,
A: H-matrix

- Single film model

N =20,910
N =31,860
N =116,100

- Double film model

N =232,200

“ Triple film model

N =348,300

BT &4 Fujitsu PRIMERGY CX2550 (dti@EXKZF)
Processor : Intel Xeon™ Gold 6148 (40cores/node)

-Memory : 384GB/node, - Network : 12.5 GB/s, Fat Tree.

41



BFH-ATIDHEA—F —
B iEFHAXIDRHATONIlogN) ~ O(N?)
- l=N ) itk H-175 -1l=1 ) ZE1TH
B MPITIRFHAXZRE (I=N//IN,) : O(NlogN)

-Memory usage of Lattice ' -matrices
- Calculation time of Lattice HMVM when using 400 MPI processes

7 10— 10°
;-3 i / _:
OO /’ ] £
= 4 | B
=107 —P 10" <
S | 1
E - ~ &
< g
— o
e —O0— Memory . 'E
Q ; —0O— Jattice H-mat-vec 3 BB
£ 107} Linear 410° =
= . ~TTSaquare |

10° 10°

Matrix size 42



MPI Ot RARBDEEAFRYE

W E RS EE
U

= - vViemory usage The largest memo
E { - Men ; Hpmax - g ry
.upmapr (entire matrix) (an MPI process)

-HEEHITH : MPI7OEREHDEMIZKYIENZIRITIET

HEFHITH )J¢15T0)J"'AL\75\ ShH
Good I R e R R

A > L O Lattice H (rectangle)] -~ Single film model
= a O Lattice H (square) N =20,910

-g 0.8} A  Normal H-materices]

dm -0

G oD

© 0.6+ 4 o 0 g

en Du (m] (] (m ]

= L o O o B o) & =

S .41 4 o °© % o _ i

S A o

i) "

= A

S 0.2+ -

— . A A

A
Poor O |1 1 1 1|1111|2 1 1 1|1111A3A1
10 10 10
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(8F) HATH-RILILIED:

21E

IR

H L TOMPIZOER#FETH
- EEIHITH
HEFHITH
HFHITH

PSR A _E &R

: #9100 MPI 70+ RXE T
(EXTRIVRE) : $91,600 MPITRERET
(RUMILAERL - D1e<é+H 3,600 MPIZAERET

B MPIZOEX#IN,> 100 TIEAEFHITHIHGERHITII LY EE
B MPIZOEX$IN,> 600 TIEEFHITH (RTMILHE) AR

10_1 | !
— —ﬁ—ilor_mallglzmatricels )— " Single film model”
— —O— Lattice H (rectangle)- —
S —O— Lattice H (square) - N=20,910
i 10.2__ Linear speedup i
< - :
: :
n [ s
S 3 :
o 107F 3
g F -
= - .
10-4 | | ]
10° 10 10° 10°
Number of MPI processes
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HACApKTHEHZARFLTLSEH

BEH—E L FF LT HEASN BB
B & BeEE, QAU

HACAPK _init IRIBESTE RAIEENIHEHY
HACApK_generate KESV1BEITID AR
HACApPK_solve B ARERXDKE
HACApK_adot_pmt_Ifmtx_p 75RO LIEHTE
HACApPK_free leafmtxp KBS OEEITHDAEERR
HACApK_finalize EZLES

BREREAVIAL—VIVICRIEEDEL e A
BRI REZ G EITFERSNSEZ: HACAPK solve
5l : FRE IR

BENEHEZEGGEIZHERINSBEE: HACAPK adot pmt_Ifmtx_p
Bl: 40T R T4 O RETE . BEEMENT. BV AV ILET. SRR



FHACApKFIF

kD15 R A

main

A

Rz 2R

AR

MPI_Init

Pk

HACApK_generate

HAT S 4R

supermatrix_
construction_cog_

—1 chk_leafmtx I

leafmtx
_ . ] set_bndbox_cog
HATSIMEAE AL YU T YRR,
| create_|eafmtx
) —2INMTHIERL
gsort_leafmtx
—2IMTHI)—bk
fill_leafmtx _{: aca_ |\ [Leome_row
FINMTHI DL |

setcutthread

accuracy_|eafmtx

HACApK_solve
BRI
HACApK_free_leafmtxp
1T AT fRIR
HACApK_finalize
il {E g & A AE) iR IR

MPI_Finalize

bicgstab_|fmtx_p
BicgstabvJL/\

acaplus comp_col

— RECURSIVE

create_cluster
_| create_ctree_ssgeom ~
DS AZI)—1ERK RECURSIVE

[: dist=ZcIuster
RECURSIVE

HACApK_element_i j

THIERFE
BRERESET

maxabsval loc_d

\\ HiT51-~NJhILIE

dotp_d
RiE

adot_body_|fmtx

H1T 51 - R J K JLFEDbody
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A—HFEHEAH HACApPK element 17

B2ONERESLEERLOBHRERITRY, THIEREEET

]

real*8 function HACApK entry _ij(i,j,st bemv)
integer :: i,

type(st. HACApK calc_entry) :: st bemv

return HACApK entry _ij

=

end function

BEEREREDICLEGFERZHBMT 2BEAREESLTHS

type(st_ HACApK calc_entry)
integer :: nd,1lp6l
real*8 ,pointer :: ao(:)

integer :: 1nt ex

real*3 :: dbl ex

integer,polnter :: int exl(:),1int ex2(:,:)
real*8,pointer :: dbl exl1(:),dbl ex2(:,:)
end function
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program Example Using HACApPK

use m HACApK uUsSe:

implicit real*8(a-h,o-z)

type (st HACApK lcontrol) :: st ctl
type (s
type (s

real®

€ HACApPK leafmtxp) :: st leafmtxp

t HACApK calc entry) :: st bemv

3,dimension(:,:),allocatable :: coord

real*8,dimension(:),allocatable :: rhs,sol

—

<<< User code part 1 >>>

HACApKDER A%

EUa—-ILEBERZESL.
ROoNTF-IEHRICEERZ
EATLKIZITCERAR &

\

HACApKEY 2—)LIFEH

T~HACApKIERH#EERES

lrtrn=HACApPK init(nd,st ctl,st bemv)

allocate (coord(nd, 3) ,rhs (nd) , sol (nd) ) <%———___________________________

<<< User code part 2 >>>

HACAPKA =S v 54 R
—— BRI D AT FELR

HITHDERFENRTE

ztol=1.0e-5

lrtrn=HACApK generate (st leafmtxp,st bemv, st ctl,coord,ztol)

lrtrn=HACApK solve (st leafmtxp,st bemv,st ctl,rhs,sol,ztol)

\

\

lrtrn=HACApK free leafmtxp (st leafmtxp)
lrtrn=HACApK finalize(st ctl)

<<< User code part 3 >>>

end program

HITH &R

___ HATHIZE®REBITHED
AN RZE/HES

T HATHIAEEERR
T HACAPKI7AF+54 X

Pseudo code 2.4.1: example of the basic usage of the HACApK.
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HACAPK~AD A HiEER

4= »

BiT3|H 4 X:nd
lrtrn=HACApPK init(nd,st ctl,st bemv)
allocate(coord(nd, 3),rhs (nd),sol (nd))

BHATHIANDERFEE : ztol

lrtrn=HACApK generate (st leafmtxp,st bemv,st ctl,coord,ztol)

lrtrn=HACApK solve (st leafmtxp,st bemv,st ctl,rhs,sol,ztol)

BiRTZARXDAELANIML rhs

lrtrn=HACApK solve(st leafmtxp,st bemv,st ctl,rhs,sol,ztol)

BITHIARNIRILEBEDITAIRIL X

lrtrn=HACAkKK adot pmt 1fmtx p(st leafmtxp,st bemv,st ctl, ax,x)
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HACAPKAD A NFH : BEAZ[EERcoord (1, 1)

WOSRR) T I BEITERER
ATHA T YO REEEM TN TS =R T HILEER
BRVBEEMTONTVSERICIEK. BEREDDER

(0,3,0) (6,3,0)

Element 2
¢ (4,2,0)

21,0

Element 1

.........................................................
.............................................

(0,0,0) (6,0,0)

nd=2

o : coord(1,1)=2.0; coord(1,2)
coord(2,1)=4.0; coord(2,2)

............................................

1.0 coord(1,3)
2.0; coord(2,3)

0.0
0.0
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HACApK®O%S

B F{#/ 85 A%st_ctl%param(1)DEA 1L ETH A

*
kkhkkkkkhkhkkkkhkhkkkkk HACApK Start kkhkkkkkhkhkkkkhkkkkkhkikkk g% ﬂ
nd= 21600 nofc= 21600 ntfc= 1 sl
nrank= 1 nth= 1 €= OpenI\/IPZ l/“/l*%‘ﬁl
No. of cluster= 3903
No. of nsmtx 17002 33096 16699 Y %
1:Rk-matrix 2: dense-mat 3:H-matrix M P I 7 H txj&

ncpc= 24306128 ncpc/nrank= 24306128

time_construction_Hmatrix = 87.25789824104868
Memory of the H-matrix= 327.1665954589844 (Mbyte

time_supermatrix = 0.125906486064 1956 17 Al |
time_fill_hmtx = 87.13198765483685 / H 17T 5] O) 1§ FH )(:E )

Memory compression v.s. dense matrix= _

9.191182270233195 (%) < 2T Xt B
(h &) Hﬁﬁﬂ@E%ﬁg

HACAPK time = 98.4935837 [sec] € =T E ]
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HACAPKD —HHE AT FE LS

Wl fEl/ N5 AR st_cti%param(1:100)
H5 WHIE & BA
1 1 AJHAO0:T5—DH, 14ZEEH N, 227/ \TRAEAH)
10 1 KO ETIOEE(1:BEHITH, 10:8FHITSI, 20.BLRTTSI)
11 0 ERITHIDOR/EFVY (0: FzyyLAEL, 1:FIvo95)
21 15 BINISREHAX
51 20 HSREEDIEEELIE/SA—4
61 1 EHATHTHDIERS D VL FIEZEIR(1:ACAE, 2.ACA+E)
63 1000 EBAITHIDRKRSLY

B/ N\NTAZIDEE A E

R EAMEBASHACAPK init LTI E R BASHACADK generateDEITEHE

lrtrn=HACAPK init (nd,st ctl,st bemv)

allocate (coord(nd, 3), rhs (nd), sol (nd))

ztol=1.0e-5; st ctl%param(10)=10; st ctl%param(ll)=1;
lrtrn=HACApK generate (st leafmtxp,st bemv,st ctl,coord,ztol)

53



FI 1 NS5 A% st_ctl%param® 7 E5

WESOBETIEDELIRE

ECBEN =251 O 5 x, QF 3 y?%ié&,1f_€5‘/7ﬁ§|]5ﬁ1u Al = VWT A [ HE

Qh

S . Qh
@ dist(Q?, Q1) Q t

* X

W LLEFZS - min{diam(QF), diam(Q}) }< ndist( Qh Qt)

>

Jﬂu

T } k

| /

VAR,
E_j(ﬁﬁnlfé
param(62)

DS AZED
indve RINITREIFAX e
param(51) param(61)

o4



1 HACApKSATSDIRE
2 BSUOEETHIE

3 (BF)HITIEDMAIE
4 HACApKSATS)D{E
5 SEOEYIEA
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B 0@ET7N oA DHRYIE A

B Y $B A th D 175 57 f#
LU fE = QR% i
BEEISHFA
- ZZITHIETE L YER(Y

- AEYFERAE : O(NlogN) < O(N?)
EEE :0(Nlog? N) « O(N3)

~BFITH DR EENELYERE
SV VB DOREICKYFRELFI{EHATEE 2
BEETHENE

~ A\

—ERE:2)OJE S EMEORILE, BREDELERR

—SEE BITINCLEITENEORE
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BFHATICEDHERB A BDOEE

BT 3R ZHESLUVEERMNEGTEORREIL - EE
=0 (N LDEITHEEZO(NlogP N) LI FIZIER
- Z1THE R ES 1T S5") ( BLAS, LAPACK, ScaLAPACK) DiE =%

BEFHITHAETILIVXLEDRF:

—THEEIEEDILT
R B BFHITHER, 175-RXIILFE, LU 7%
BA% D QR 2 #2(BLRTIEZBHEFE)
-FARFE: 1T7H-175IE, BHEHE, FEESE

&R FHITHEDFEIE
ERZHIEE TUVRATHAD M FRIRIXEEIE B 1T D H ¥ AT EE)
T ILADHLEE

T —AR T ORIEANDERA
R AHREICAHWON AR EHERESFAICE DO(HESEITII~DE B
BRI )YREREESRITT—FERDIENE AR
RAXHRB IV FERFEEACEBEEE LK




BRI E TOEITHER [ E

PRI ES

s |

‘u'..F -
* e "

Gl H1TH0(N3)

75

> | EoERR
| Bt

>

ZEITHO(N?)
| sEa1

FHITH
S

T 1}
-
L
I- 1
" }
|
N .

BFH

VT {ELEE 1T 5

N BTHITS
O(Nlog? N) O(NlogN)
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fE B RME S 2175 D5,

@ MBS ERRDL
@ EEOTRHLON-EEETIIZXL,

~ /H

bL1F

LNAETHNDOREIZELITIRRZFD

1T505T 5 (Mi%, |/X, LUDEE, QRO R E) 21T

Q I ERRH

~ /H

bL1F

LNDEITHIZHL, ELFEITIZEEET S
@ MBS ERARIL/ONDERITIICHL, EULUDREZEHET S

QD E Bk IEE (Bebendorf(2008) &Y) -4
—Au=finQ:=(a,b),u(a) =u(b) =0

{}2m%§¢®§ﬁf%ﬁm

(2 ]
12
—1

—1
2 —1
-1 2 —1
—1 2
—1
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~1 2|

R ERRD
RERIIE 1T A I ZZE L

DHFEERRIIBESDIET
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F—SR B~ OB TFHITIERE
WL EREE,
49— 5175

EEFE
5 877
EATFIRE

HEE 0(N?)

>
ZITHI R

1T V| Z'st 2t —1T5
n
Wi T B p 3
l——*?a.», i“xiﬁ'. y
| R N =
A BT HEEA N
I 0 o o b '

AEY 1 0(NlogN)

B Dimensionality Reduction

- EEAATDRVCRR Y HSBITHOEFE-BEESIMLEGE
- E1TS . AEJO(N?), BEEON?)

-BFHITH . A*E'JO(NlogN), EEE0(Nlog?N)
BT —7=a—FI)LR YT —IDINAIN—INTA—2F |
Ay E{THEVIAETIIOREFZRANOEELGEFEETRO/N\VFH A XZTRIEY
* McCandlishb> DFFE TlExtAIEE = RFHITHEBIZLY FRIFEER L



BFHITIDEH T X TIFr~NDEERESE]

B/N—FOT7DHREZEIETHE ST ILT) X LFHFE

BEHAERT - TIFrEITRFHITIEEI—FEE:
~ Rt CPU [lIFI—FEI %
fANAVTRIOREREEE I TERASNSCPUTAGAFX]
AZ—aTECPU, AOMLETEYMRA, NRESEATVEH
>GPUMRFTa—kB%
*YILFATCPU [ITHEAFAEDER (FH THIEMK, 175-~JhILIE, LU 7f2)
=T ILAT DNEFERERBE
>~FPGA Z AW FHITI DB ERE S UTHI 5 #E
EFH TR BBEDIERIIL—F 2 (FHRIEAZL CPU-GPU [TRFZE)
A FHITH R (RVVER /(TS5 LM E TO I H NI A A fE7EFPGAR &)
~EERERERICKSFTEDRRI
BTN DZ U BIZIECTHIEDRFREZIRE
RENERIOEHNERDOEICHLTEREREZRE
P FEERAVEEERIE(NTADZT ARGV AT LANDX )
-2 24 i 51| § E&(Cilk Plus, Tascel)x R\ =B AR 2 &
SR 4 LS54T S (StarPU, PaRSECH:E) DiE
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Acceleration of H-mat. generation using KNL
[Hoshino : CLUSTER 2078 ]

B Test model of electrostatic field analysis

1
m|lx—yll

= Perfect conducting sphere  P[u](x) := [, u(y)dy,x € Q

= Dielectric sphere Dlu](x) := |, i’jt_llfc’—f(yy")?,)u(y)dy,x €0 v TQ% ‘ 0.25m
* including branch divergence Z

User-defined functions depend on Ground
these integral equations

B Evaluation Environments

Coefficient H-matrix generation
»BDW : Intel Xeon E5-2695 v4, 18 core on BDW and KNL

16
»KNL : Intel Xeon Phi 7250, 68 core
»Compiler : Intel compiler 18.0.1

-
N b

« -gqopenmp -O3 -ipo -align array64byte é 10 1.9x
-XAVX2 (BDW) —xMIC-AVX512 (KNL) £ ; 2 2x 4.1x
o ' 4.3x
B Performance comparison 2 6
m
=BDW : approximately 2x speedup ‘
2
»KNL : over 4x speedup ) l I
* In the case of dense matrix generation, Perfect Dierectric Perfect Dierectric
BDW BDW KNL KNL

new design achieved at most 6.6x speedup
Original = SIMD design
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Acceleration of H-mat.-vec. using GPU, KNL

Elapsed time / 1 BiCGSTAB step [sec]

0.3

0.25

—
RO

0.15
13.5x

o
=

6.78x

0.05

0 I- I-

P100 KNL

B 100ts MW humanilxl

BDW
216h

[Hoshino : ICCS 2018 ]

B Memory bandwidth bounded
B # | P100 | KNL | BDW _

ENERE S
(GHz)

7 H(RKRE
MALYEED)
HimEE e
(GFLOPS)
FIRER=E
(GB)
B EVAWVIN =
(GB/sec.,
Stream Triad)

1.480 1.40 2.10
3,584  68(272) 18 (18)

5,304 3,046.4 604.8

16 16 128

534 490 65.5

N>

7.48x
8.15x
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