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V.o=0, V-u=0. (1)

TRBEND. u ZHES, 0 FIEIT VY NVT, I p LESHET VY Ve BT o = —pl+2¢
THALGNG. TREEFT VYV THL. YRICEH e bV o, UMK TIEE D GV O AL
DIL->TW5. HOOMRZEML, Mh&EZ S &3,

/Sa-ndS—/S(x—xg)xa-ndS—O 2)

LEFD. xg BEMPICEE SN EOEETH S, ZNE2EER 00 TOMEERSE&M (Dirichlet
BRSEM) OIETRL 22T, WARH TORMNIMEDET R0 5. —#IZIE, WERORIRIZREZE
b35. Znik, BEYO XS IZACER L Tk 2 #EE S 2 Wi ing .

22T, UkofE s E X, ERICEES N EERE, Pke LB ICBEIT 2 EERDMDOE
#igecSEB) THA5NS. SE3) & 3k —2 Y v RET, Witte miEhSERINs. [F
w1 &, YiREkm S 2o, ZoREREEOHBEZRW-2bDTHS. kb DEIR] ORHE
BALZBHBEBE LTCIbEon6525,, ud S TOEREtEu=vBPESNS. /7L, v i
RREORE T, MdEEE, FEEE, ZREED 3 DHEEDORII L >TW5.

A =2 ZHRBRSEORMS HERT, BRTOMEIEZ 5ND LRHB—RITE £ 2 HFER
Bz > TWw5b. R (1)-(2) 2L 2 LT, WKOUMEEE & AEEEARD S50 5. 155 N7
Rl AN EEOEB HERNTHIELTE D, HRADOIROADEBTH 28T VIV EHWT
RIZRRT DI ENTES 2] BEHR S ODIRERT NI A K% s LT 2L, MKRERERTD

Wi & MR D v, = g~ 1 1,
vy = A(s)s (3)

D TEZOND. A(s) 3ET7 7 AN K ELOEROMEEZGLTED, LIFUIXA F—27 28
LIFIENS [3]. AP =2 ZAWNTHRLTHR (3) LI UM EMFENRTRDITRER B AN H 5.
EBE, BAEMIZRRINDMPIA T — IV DEKIZIR ST, WD OEE)X, BEEOKERERET
DETRHITE Vo 7z, BMOEGRRAR T LD Z EBERIICH ST WS [4]. i, HACHEE)E
PEDLNDRTIIK 72T, - Bl - B2 Vo ESYORAR OB - I IFER T E 720,
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YA DRI IGE 2 F BT 2 HE11, BRIZKRHBERTH b, WKL YAEROE DL ML Dgh
BVEEZT IO ICRARICED D BENDH D, 2, WEROBEARANBEL LD, 512, Pk
BN G L720DONT (DWW BBy, —fICIEARONFRER 5.
ARWZETIE, ZOXIRT 7T 4 TR RDTRNRHEE HE I EZ IR T 572012, =L
F—RAFRZ D & 5 2IEIGE ORI L UT, FEHER AR K 2HMARGIEEZ#E Z 5, 6], NA2D
Z50E E(x) EREVES f(x) DBIERD,

fla) = - /B K(z,2') - €(a') do’ (4)

DEIIZHEZONTWE LTS, BRIWKEEZET. 22T, K(z, o) IWFEZEL L. K
2, K(z,2') DA TRV, AHE (odd elasticity) &Y, RFF TRHAB TS W& 574
WHERRTZZeNTES.

HHTIE, EEROMILERD T — & 2T, I OAMIEREIRRIZ & o TR E 6 ek o
ARAHRETH D I EHMT I TETH .
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RN TITHIIEENC L VBN HBE SN AT, ERNOBBREEIIREF &L T
<, KA - ZEMMICH 2T 5. 20X 9 RAERNO R — 72 BRIRE ML, ka7
AEPRBIGOE BRI 2 MR REO BB I AL 5 X 508, ZOFEMIC OV IR EANS
SFEESNTWD. HIAMERE O —FEToH D Dictyostelium Discoideum X8 FH D EEE 2 8% L
TilEETHEMEEZA L, BEEMROET VAN E L TASMRICHWGNTE . B4,
FatRE B X, (CEHCE O MREEIC L > THCAKR LIEBRREABRIZIS T, BEO LD &
BRI [ ) o TR OZEMICY » TR E TR L e GEMMICEEST 5 Z &0
R[], 2O &9 72 MRatERE O EXME O 2 /3 51%, £ - ffafEik] o &
SMEOEENE &R ERMEEZ ML L, MISEORE OIS/ 5 Z ERHFFEND. K
MR TIE, BREEGIE~ A 7 afifhkT A 22O CERIEE AR Z AR L, MRS E
DEXMEZBET DL L BT, TOEHEET VOGOV THRET L.

2 Ak

ARG THWIZBEFRIRERIE~ A 7 a ik T A R20%, I - BESE 0 5 4 A
IZATA D L9, MBEEEZ1T 9 3ARD AT ¢ 7 s (I 2 mm, 2 mm [FR) ZEEICEE L,
FOE EHFOIEmmDD 0.5 mm ONLEIZ 2 ARKOH AFE (F 2 mm, 1 mm [EE) Z2EZT 5
Lo M), AL ZADH A RL30 m MU, HE4mm THY, VTFROHRKDOE
Xt 150 ym ThH D, HAREEICIERIRE 2P LTZIRE T A2 MG L, KM T A% %
ITH9Z2&I2XY, AT 4 TIRENOMRERIERTOMBRELZHE CTE 5. KT AL ZADE
T, KU AFALaXH L (PDMS) [T/ NZ — 2 ZERE L, D=7 A%HES
52 ETHREEK LZ. 2 ZC, PMS I A A E@aMENE <, FHOBREE )5 HIRYAHNZ
EVMAT DEEENT S A ANOBFEREDOHIEMEREZIK T ST 52 20, T AE
WHEDIRWARY H—Rp— K~ 7 LA (25 mmX20 mmX 0.5 mm) ZEEDS 1 mm O EIZH
WERT. EAEOT AT ENEIRFIRE 0% L O 21%DIRA T A 24tk Licha, A
T TN > THRZRIREE 0. 4% 5 21% DR FEEE AR A AT 5 2 LN TE = [2].
FTOA AND AT ¢ T2, HLS 55HLZ FI\WCEERE U= Dictyostel ium Discoideum (AX2
¥R OF7 A— NHifd g 2 X 10° fE#/mL (400 fE/mm®) O CTRERE L, 156 /oMLl E#E L K
MIZHEE SH 2. 0%, BRAREARZAER L, MROZEEBOX A LT T ABELIT- T2
[2]. FEBRIL 22 COERNIZ T To T, TAMBITIRE T A ZMFG L, 30 s MIZHUS L7Aitd
FEPAMREE 26t L, EHEMAT Y 7 b7 =7 Image] % FHVN T EIE T O AOr E A 1
L, MATLAB % F\\ 7z “RENFH/MET VTV XA X0 MO EZBH LZ. 512,
JaMERS I O ERME 2Rl T 2 HERE T V2 MEE L7 (1, 3], GO KISIEEE T VI L 0
N L BRI ORI A L2 T E et LU, A E o XU T O R 2 k4 5
HAAHG L, BERREORUTITMIIC X 2EFEEE & L ERMEIC L 20EE 2 N 5 5 % {1
L7 ZnooRcBiT 5K /37 A =2 Dff, EBRT—XIZESOHTIRE L.
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HERR MRS B VLR R YR 2% D BRIE CilifE 215 R b S8, BB A RO ClEET 2 KL
RLZ (M 1(a)). ZoEKMEE, FEESEE RN, EEERED L5, EiEEOfEEIC LY 4
ChZENbnoT-[2]. &BIT, FERREARIZIR O J5 M OWEEHE %z iifd 0O S TR LT
KD ELMEAREE AT DAL &, BBFRRENRY c ZEEERE c O T L TRO MRl
Ve/e DEITHELLTEY, WEOBRENREESNZ (K1b). £2T, FTEHET LI
BT, BRI 204 O BREE T RN BRI O ABLIZ S U CmfgsailiciiEE7 5
ZEERTHEEMNEG Uiz, MIRMRSE OBEIHIC I N—H T 2245 2 LT, KRFARSE
ZHOARSEDLHACIAD ARy b7 viA ZEMICHRET 2T 2R, BEETLICkD
TR T B RE BAFICHEB T2 e n T (K1) [3].

=l (b) 0.4

i Aerotactic index:
Al = (dx/dl)

2 ol P e s o

s : e = X [mm] Radius [mm]

B 1 AR PERGEE D B ¢ (a) ERIRIESIEE~ A 7 v jitiRT /A R 2 T BRI B R,
(b) R MEAGAE & AR EABLOEL, () PACIAD AR Y b7 v A OFEERER L BT T
JAZ X% AT G SR D L.

4 %
MEPERGEE O E XM SV T, BREREHE~ A 7 0tk T A 22 O TBZRZIT,
ARG B (TR SR BE 20701 D BREE TSR IR EE ARG U Tl RN e & % 2 L 3o
ofc. Eo, MIREE & RREREORMZZ X T RISIEORITERT —Z ITES<HE

MELEHEHEET NV EZRHEL, EXMEICL OMREEDOEEZHFET L LN TEL.

il

HEE AWFZEIE, JST & X 23 F JPMJPR2208 DX IEAZT71-H D Th S.
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1 WA ET ST —

ZOMFETIE. V7Y v YRR EROEFEBICE T B ILEOERE TV R MET U, IEEUREDSBE
HTH 2 EREL T, HHRED & WIRECE PSR T 2 2 L ICBRAE ST 5, EFIKEBOILHCE
T T 7 4 —TlE. HOBMIIIEBCELUC X b EFUbE . DTOREMD 5EX (PDE) Rickb
xKxhz fHzF [NWO1] BH) -

a(2)Onu(z) + i.U(:v) =0, ze€dQ, (1)

T, >0, O0p 1300 EOANE EEFRENIANZ ML n (IZBS 250D, o BIEEUREL. e &
WANREL, f > 01Xy —RIEZRT,

2 RINBREBDIETT
SRR T 27010, URORERFTS:

e QCRY de{2,3} 3752 CH OFRERTHD, fe HY(Q),

e QZlX, PDE RDOFRBDOERY ¥ > S X o> TRHAS T SN 2B S REDHE w € Q 2 E
TN, Q\TIBEETH S,

o Ai={p e LY(Q) | phmin < 4t < pmax} EETRU. A3 po = pio + paxe = “p° >0 LRET
%, ZZT. po, 1 €CHQ) THD, Fizow x, 1F w OFEREEERT,

INLDIREDRT, Fpuec ARKHLT, (1) OMET 2ZEpENMUSEYITH 2, T2, B
F:A—V Aspur—Fp)=uecV) & pBELTERE»OMDTHETH 5, LIETIE. p i
B2, BEBL, BAT 200 0FMELNS. T4V VIEME L =ulpo 2 L. u: Q=R
X (1) 233 %,

{ div (a(z)Vu(z)) + pe(@)u(z) = f(z), zcQcR? (de{2,3)),

8 2.1 (TINRBDETT). o, e RT BEXL fHRGER0NLLE, ne ABXUIN ETu="~h
2325 (1) Offu:Q — REZRD X,

IRE 2172 < 722, FFAINRE D 7 7 2V —ZHIR L, UFOERNLE AR/ MEMEZZ
Z %o

& 2.2. % BC AITHLT. p,= ig% {Jp(,u) =J(p) + g ||“||i2(9)} Ziit 725 p, ZRKD Ko
n

g 2.3. BH A DFRIKITTEAMTATERETDH D, p > po (22T po := po(Q, fmin, [) WFIEDEL)
THoHLT b, TOLE, HE 22T —EDM pu, € BBFEL. p, 3ETDT — I L TERIC
WFET 5, 61T pp BROAFERICEDFEDS T NS (—up+ ppp, dpp— pp)o = 0 (Vo € B).
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22 p=plz;p,) € VIZLIRD PDE R%Eiii/3 .
— div (a(@)Vp(e)) + pp(@p(@) =0, =€,

a(2)9p(z) + ép(x) —u(x) — hz), =€ 0.

F72 up, =up(z) =ulzspp) = Fpy) € VIE pe %2 p, KEE#Z7 (1) DFTDH 5,
Ty :=Ty(0) =id+10,0 € © := {§ € CH(RY) | supp(d) C Qo} & F 3. T2, Qo :={z € Q|
d(x,090) > 36, > 0} 1 t € 1 C R I2oWT CHLBAAME&RY T 5,

A 2.4. @8 23DUENMIN2 T2, ¥/ o, €RT ¥ Q€ Oug = {T1(6)(Q) C D |
Q=D\wel'', wCQ,teclfcO) BXULIcOZRETZ, ZOLE, JIFQTHMOIWK
B LTI ARETH D, ZDIIRAFIEIRRTEZ 51 % :

4 ()] = — / o6, do. (3)
ow
72Uy p=plz;p,) € VI (2) Ziitizzd,

3 BUEFTEER

VL 7 W Rk [RA20] % M U ORI R T 720 ” 1, JEEBRME A > 2= = —
2L BRAEICBT 3R B ) 4 XL~ OLOBEOBMEETRT, B—HlE sV REFEOH
MERRL T3,

5x10° ;’/*?Fgﬂe e = —— y=0.00
—— y=0.15
101 —=— y=0.30
410 10-2
o) 2
@
8 =0
103
3x10° — exact
-4
—— y=0.00 10 .
—— y=0.15 \*\\\&
—=— y=0.30 T
105
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
iteration iteration

1. ¥—=F o VYBROERA VX2 =T 2% d 20, u = po + pi1xw, (o 1) = (0,5), f =1, 74 XL R
v =10,0.05,0.10 DHEETT. TNTOHEAET, p=0.0001.
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Mathematical Modeling and Computation. STAM, 2001.

[RA20] J. F. T. Rabago and H. Azegami. A second-order shape optimization algorithm for
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Abstract
We provide high-speed implementations for simulating reservoirs described by N-coupled
spin-torque oscillators. Here NN also corresponds to the number of reservoir nodes. We
benchmark a variety of implementations based on CPU and GPU. Our new methods are
at least 2.6 times quicker than the baseline for N in range 1 to 10%.

1 Problem setting

With the recent advancements in machine learning, such as deep learning and generative
models, the computational demands and associated energy costs have rapidly escalated [SGM19,
TGLM20]. Consequently, there is an increasing emphasis on the development of more efficient
computers to perform machine learning tasks. Computers that emulate neural networks in
hardware are referred to as neuromorphic devices and have garnered attention as next-generation
efficient computers. Physical reservoir computing is one of the major frameworks implemented in
neuromorphic devices, which exploits the dynamics of optic, quantum, and spintronics systems
[Nak20]. Their evolution is represented as a coupled network with a massive amount of nonlinear
nodes called the reservoir. Only the readout part has to be trained for the learning task which
makes it extremely computationally efficient. However, finding optimal physical parameters or
number of nodes for the reservoir can be a time-consuming effort. In addition, the information
processing capabilities of the reservoir increase generically with the size [DVSM12, KTN21].
Hence, to aid in this endeavour simulations of the reservoir are performed. But even in a virtual
environment where we consider large number of nodes over a parameter space it becomes again
a time-consuming effort. Although high speed implementations for toy reservoirs such as ESN
exist [Sch18], we think that speeding up current simulators of physical reservoirs described by
ODEs and PDEs would significantly contribute to the research community.

This study is done by example. Here we consider coupled spintronic devices. Spintronic
devices exhibit excellent characteristics, making them promising candidates for neuromorphic
computers, including high-speed dynamics, minute size, high energy efficiency, and durability
against radiations [PW96, GP10, KK17, RTT*18, GQC™20]. A type of spintronic device known
as a Spin-Torque Oscillator (STO) shows diverse dynamics, including periodic oscillation, and
transitions between fixed points and chaos [TANT19, AYT+20, KKT*21]. It has been reported
that these dynamics can be directly harnessed as computational resources using physical reservoir
computing schemes [TRAAT17, FENT18, TTM ™18, Nak20].

2 Results

In this talk we consider CPU and GPU implementations for simulating reservoirs given by N-
coupled STOs [dJAT+23]. The GPU implementation is motivated by the fact that the coupling
terms are of complexity O(N?) which can run quickly on GPUs due to their high performing
parallelization ability. Each implementation is optimal in some N range. We show that the
N used in the literature is sufficiently large that GPUs are quicker than CPUs. The methods
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considered here are general and can be applied to any reservoir which can be approximated

using an explicit method. This work is accompanied by a github repository with the benchmark
code [Jon23].

#E# This research was supported by JST CREST Grant Number JPMJCR2014.
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