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Fig. 1. Three types of RC frameworks: (a) Conventional

4; (b) BLAT AR RC

RC; (b) RC using a single nonlinear node reservoir with
time-delayed feedback; (¢) NGRC, which is equivalent to

nonlinear vector autoregression.

155t RC FEAFEH JaegerM $21HAY ESN #
i (echo state network) Fll Maass %¢ 13 2 Hi 1
LSM(liquid state machine )£ %1, b {7 () 45 ¥4 47
UAE 1(a) B, A EHIA L ffTdRTEG =784 ESN
BN (%) i b A LSM AR AR A it it R o 2 T RNN AE
2, WA TTREDL S T LA AL . BT AN )
&, ESN BRI Hh [y fif 28 0 02 B B [E) N TR 28T,
1M LSM A i i i 28 70 2 EAT 24 ar PR R il 14 1)
ok ifpf 2850, fif iSRRI ZERY (DL ESN S fil) Al
DY 1Y /N B0y
z(n)=f(Wiu(n)+Wz(n-1)), (1)
y (n) = Wou (1), (2)
Horb ) w(n) AT A&, n A BB, fFRR
fitt )25 BATT A A L MRS PREL, Wia Rt A G H5 4
AR, @ (n) /2 B A B E RN T h 28T
A I AR T 5, WO B 2 TT A] B, Wow
St % e S B AE R, v (n) ot e i Al
5 HFF EEYI SRk R R W, HPERE
DTt 28 T ) (AR PR W Y WS4

INT LB (BIVRRAEAR A 28 XY e AT ), AT i
KR RT LIAG 3065 1 1 0] P bR 2 A 7). 45 A [l
PR RMESERCT 1 R B RIS 1. AT
P FAERT T, Hy B ] < B0 T R L
1) RC PIZKAESR AA ARG DL T B sh )27
ITRES) 19,

X2 RC Y AE 4 52 3 J7 125 ] R Ear by w5 b -
— iy R 3 o 5 R I 2 R A B R 2B AR
RSB, WAL B PO FPGA(field-
programmable gate array) 2122 K KL £ AR
% 23 NZREL A 124200 S5 AL i e 2D BE R I
LR ZETT. X R 125 ] R G PR R 28 T ] Y
PSS LA PERE, (HJR A 205 2 i A
M2, T HitE A —A i AR 2 T KT
AU SAAE R B TTHPIRAS. T — I R
Hag g iRigA2 iy B s AR B AL A S A 42
I, MU A B ) R G, AR L R 4% 2728
TG AR P28 29 e VA BE s ) 4% 1301 46 S
T3 A TS A <Rl R TR At
W AYAF- 5 37 T 5 R 2 R [ AT SR b BE L i
FER YIS M R Bl ) 2 R GETC I R T
FERY AN AE AL | X 7 kA TR AN R AT 55 1
RC MPERERA — & AT ENE.

h T g RC APERE, AR5 A X RC 454 i
177 ZFsut (nZfit 5 B dEffigi a5 B2
85), PLACKE RC 5 HABAFHESLIBOT % (A2
P2 1531 il Ay ) B TR A ) ) 48 Mg A, B
A, %58 RC MHBGH 7 vk C 4 ) M i 1 T A
ZAU, AR | AR | O AR B SR,
H TR A P 2 oTiR 2, MaoTiRaESTF 6 L e
ST SR B BB, O HLh TR 2o e
FNERHELL R AR TR S A AL IR X

RC 270y s AR BAE ™ A i 455
AT LA i SE R B 2 RGOk SE . HARAS Dy R A A
j‘j [37)

dz

E:F(t,x(t),x(t—T)), (3)

Hp ¢ hESEMEES, o () NREWRE, FN
ZGREL, T MAERTETE]. 2011 4, Appeltant 55 B8]
P& T HE B 3h ) A R G R BLAE Y A RC 4544
(WL 1(b)). $ AL T E i HERS PR %KL (masking) HE
T, AR5 i A B SR P B e I [ 2
b JRTF LT S . AT AE AR AR T Y

140701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 140701

N ASBFTR] S FRBEE. P BRI 5 2 (] A sk a) [
b o=7/N. i BT S alt— (N—i)f],i=
1.+, NIERWES ¢ 20155 s0RES, JF sk b2
REN RS,

BATT SRR RC P4, 75 RC HYRE RS0 30
AR EE, YE—EREE e T A5 Gt i
SEEH, TR TR 2T S U R TTIR A AT
it RN TR A B YR )AL SR BT SE i B
LT B FPG AU iS5 B RF 5288, T
W RS RS ZORR I TN ST 45 . AT
HOH TAES ) RSB LS (FTJ) HolE gk d
JE AR AR RN 77 A B L S SRR SR T ALY
JERE i A I RE WY, R T R BB S E R RC
ige, FATRM T 24 B4 B 45 5 it o1 55 i o7
=, 18 TR LR, SEBL T X sh BRI
PUNTRE W, SR, T A0 SR A B (R 1)
AT, BT LA B+ D25 R 2 4 s B T 51 7
TR A 3K I i b [ A7 A S8 AR TR X
1) ] .

lt, Gauthier 55 12 21 T —Fh A RC, K
2 F— Uit (NGRC). NGRC & — ik
AIAELR P ) 1 D AR, AT HAT e
WA S — R 2 LS E, WE 1(c)
fli7s. NGRC AR N

Oini = [X (i), X (i —5),-+, X (i — (k= 1) )],

()
Ohoniin,i = Ohin,; [®] Ol (5)
Ouali = ¢ ® Ohin,i ® Ononlin,i (6)
Y (4) = WoutOrotal,i (7)

Horf i BB E], O, LR PERFAE ) B, X (4)
SR i I 2 e AT s IR TRI R, & R ek
PEFFIE ] S A1, Ononiin,i N3 i B ZIHELE HEARAE
i, (@ IRE A AT 5 B S HEA T AN IF Il
HMELEE A o — BT 5 138 BT S, O, NS
i B Z SRR ] 6, e AR EUB IETR, Y (i) i
{8, Wou Mt ek i AR A FE. NGRC H A
I S 5 e ) S 25 TN | < B TR e T D
Bl F12% RG] WA S5 = Ay A AR 4 (A 1 BE.
X T4E48 RC FIZER) RC, NGRC fdi FH /M %
PEEIATIN LR, R T RC IS UL Ak R XE )
SR, AEZE ) B R S R AR B AT R B R

BRI R SR Tk R A

TCRRAR R AF ) 32 R — B B A A2 I g
R 13, A AZ A e R i 52 SR 14 AT L
A 3 DB MR AR R e 1, DI INTAR AT X
JEAE | FFAT B S8 PSR ) s B A A
TS R R R R RiE , TR DIRRAR .
JEPREIPE A 047, AR SORE NGRC s A i A e 16
TR, 2 T —F NGRC M7 N IHE
B SEBTT i, FEA AL B AR 51 e R e i) e
LR, B BT ARSI DT SE M T Lorenz63
I 1) P B FRNATE: 55, Bk 707 ik i al A5, Jf-wF
FT T ACREAS 1 F BEDRG BE FI S X NGRC TS
BEMR . X —45 RO R ERL RC Sl T —FiBriY

wiz.

2 NGRC #y#& N £ T7 %

B4t RC i #E, A — WA PR 2R
B AA RGO R R 2T RIS, SRTTHAT
“TEIRICAL Rtk MR 2 e 4R i e 5 ik
RN Z AL, ey AT — R R AR
et it [ AR, NGRC J& %X ke ik i 3E
etk A HE R AL 12 NGRC 372 5%
Gt AR R A A ) A T A I g
PUEE, B A AR B e FILRE g A 14T
i ) AE LA 1 T 2 A AN [

o AKE 5, A G e AR — B 2 i
I 2 FRHE, 11T NGRC B A b, BR T R
Z R, 3 L3 22 A 220 BT Xk O A . e s
] AE L PR 07 251, P et i e 4k 2 1] 42k
RS STROR pIIL RSN = SIS (REVA (ESPIMILE |2
P PRAIGK B, NGRC 2546 it 1t 1) w25 24 25 ] 4E
LeER ] 730 3 R (WA 1(c)): 1) A
[F] i} 2 iy A K R A A ) 2 Onin 5 2) A
FHOE ) B A AR LR RRAE [5) B Ononiin ; 3) HIZRIERR
ik 1) 5 AR e R AR 1] B4 B BV RRAIE 1] HE Oorar
3R, LRAERFE Onin 6] 2 B £ A S AL
i ELHEDFHE AL SVRFAE 1) 5 Ooran 52 HH T3] 5E 2
¢ ZRPERHIE 18] 5 Onin 15 ARZRIERFILE 8] 1 Ononiin FLIE
PREEMIRG; T 2 PERFAE 18] 2 O MRS AR ZRAERRE
[ it Onontin WIFF E LS — MR NGRC
o (18 Sl e A 4 AR 2 R ARFALE ) 5 O 38 228 511
FRERVEMSS B — A i =S ) v, £ e 42 ] 2%

140701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022)

140701

IS0 1 e S v 94 B A 40, AR B HE AR AR ] £
Ohrontin -

NGRC WAL 4 72 ARk 1 (6 S it
Tt TP BB 2 00 P BE AN S 1 T L R I S 2
AP TCIRAS IS ek, (B L) 5 (R] A MR B 5
I 2% e 24 1) i o 5 0 AR AT R T B K R
FEES Sy FATE = R AR ] ) ] ) S R ]
DI 4 B ) 323 3% (matrix vector multiplication,
MVM) K7, 2 5 5 52 WS ) & (9 #E 7T L
AR R AMRE e AL B TR E (TR TR BRAE)
RSP A b, AR AR RS 3T MVM #24E,
S HMIZBEAF R 5] B e 2 L B A T O B T R A

2.1  ZMEHFEEERINE

&l 2(a) S =4k2s B P AHE BT 55 1) NGRC
MBI AF N S IREE . b, 6 =i x At At R

BEIRL B, i b 5 T 1) &, s Ay ESF i) 1) B x<t>‘,

Glin,i 3
Glini,3
Glin,i 3

[ Gini1  Giini2
0 Glini 2
0 0
Glin,i = 0 0
0 0

HAr, Glingi,a F Onin,s TS a 4> T0F X N A 5 1k
HL SRR OB L 91 {88 FH 25 23 At A7 B BH A 1
G FR LR P8 Vi, 83 Bitline %5 A 212 BH.
Mg BARGS R ANE 2(b) B, T 245 A2, B
JE K s L bt T 2 80— U 4 2% (DAC).
DAC WHRERE S5 T BEARAS B IR BE R0 A HE ARG JEE

L MFHEMERNIE
Fa A L M REAE 1) 1 5 R R A R AT ) 2
FIOMRERAE S IR B TR ARAE. ACHAR RS,
i —A~H RPN 8] 5 Viinia, BEMFESIEG H 6 (SL)
153 —A FL YL 1] B iin, i, , S FEL JE 6 P FH IRRCAR) S 7
R R R e AT RIR
Liini = Viin,i - Glin i

2.2

_[qT T T T T T T
- [Ilin,i,lv Ilin,i,Zv I]in,i,37 Ilin,i,4’ Ilin,'i,57 Ilin,i,ﬁ] . (11)

PR B Lin FEFEFR BIAEETC R, Linyi o PR B U R RAE

y(t), 2() 53 5 F7m I G 7 ¢ 200 o %l y %l
2 =GR AS T AR AR, K O A SRR 1] e BT R
P ZEL . > 0 ¢ I 200 B 2 T I 20 5 5 A
B, BRI €541 55 21 53 AR FRES, B & = 2, B4t
A 22 F1 ¢ o B 2028 [B) A0 = R AR BRAR 56 & A2k
FHIEA) 1 Opin i, A

Ohin;i = [Tiy Yis 2y Ty g Yimss Zims) (8)
Hodr ) (@i, yi, 2] 5 [r, i zims) N G215
IF 2] Y = AR AR AR ) ZE MR AR 1] B Oin s
FHESE P L JoK v s {1 2 ) R L S 2, S (%) LR
N RE Vi, N
Vini = [Mini.15 Vini.2 Viini.35 Vin.i.45 Vin,i.55 th,m]T,

9)

HA H0 TV i 0 U5 a TTIE, ERPERFIE 0] 5
Orin,i 155 o DITE X 1Y f Ak L A, %1 0] £ v
AR R . 2R AR 1] & Onin,; 25 19 FEL 220
M

Glin,i 4
Gliin,i,4
Glin,i 4
Glin,i 4

Glin,i 5
Glini 5
Glini 5
Glin,i 5

Giini6
Giin,i6
Giin,i6

Giinie |’ (10)

0 Glin,i 5
0 0

Giin,i 6
Giini6 |

\
JE A 28K Diin i ap , PR BA TR ARAE AT E A HEHUIZ
REL 25 B4 51) R 38 i 14 v X6 Ry A7 8 s S, S AR A
& 2(a) HERHERR 23 Tz, 205 45 1 By g 11 P 3
2H AR MERFAE 191 3 Ohontin,i, P 26180

Onontin,i = [Liin,i,1p> Liin, i 2p> Liin,i 3
(12)

Lini.aps Liini 5> Liin,i,6p)

EAFEmERNME R HH
ts I 20 R SRR AR 1) 12 Oorani A2 1122 5 Bl
AR 0] 5 Ohin,i 5 AELAEAFE 9] 5 Onontin,i ELI%
PHEML, 2R h
Oytal;i = [¢, Ohin,i, Ononlin, i) - (13)
i1 B 220 1) T A7 AT PR SRR AR ) 2R LA
iy HR AR AR M

[Tit1, Yit1, Zit1] = Orotal,i - Wout,

2.3

(14)

140701-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 140701

(a) = | l 1 Oonlin,i
STn Ou.  ERUERES LS4 i
/\/\I\\:_)/I Py = R T : 1
! i l_y (I I U S L !

v ST o ST |\
R T PR s sencmeas P!
A ! P 0 0y ]

l_ l— L-h-’_\-r_\_—m !

\\/\Lﬂ\r (-f o ) Lt o
: SIS S o
R 1) (g e : 1

1 i =, = [ ]
Mml t_y Ly [ s
._I 33 Ononlin,i/

(b)

WV(Oin i)

Giti G
Olmzl—gll 91, "
e /

1——F-BL,,
Oiini,1 | Olinyi2 Oiinin ?/@/ g/@/
| T WL,,
Oiini )/

" SLL SLT ! SL+ SL;

K2 FETAIZH S NGRC 2t (a) T B =4k 51545 19 NGRC it 2544 . i A = 2E 05455 33 ¢, i 2] (40
EHE) At (SR AHE) B ZIME 5 1 (E AR R R ] 5 Oy, 456 ¢ A ZRMEAFRAE 0] 5 4w 5 O B e SRR e, B9 W AR S AZ B 2%
FEF RS, FL A WA B 12 B4 B 51 B AR A TR ; AR MR AE 1] 7 Oponiin FIAZ B3 FE 51 5 BT (SR (U7 HE) (Y 0 F B; B
fE 18] 47 B Oy 5 Ooniin ELEEPFHEITAL. (b) [ (a) o AL FFAE ) 5 Oy, WSS BB &2 FE 5N 19 77 3. O ¢ T AU — S EHR 1 P
ML B 2248 g, g R

Fig. 2. Structure of the NGRC based on memristor-based crossbar. (a) Structure of the NGRC reservoir for three dimensional (3D)
timing signals predicting. The input is a 3D timing signal. The linear feature vector Oy, is formed by extracting the signal values of
t; time (red box) and ¢;, time (purple box). The ith linear feature vector is encoded as timing voltage and conductance, and the tim-
ing voltage is the input of the memristor array, and the conductance is mapped to the memristor array as weight. The nonlinear
feature vector O, consists of the outputs of specific elements of the memristor array (green boxes). The total feature vector is
directly spliced by O, and Oy, (b) The way the linear feature vector Oy, ; in panel (a) mapping to the memristor array. The g*
and g represent the device conductance values for the positive and negative weights in the differential pair, respectively.
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Fig. 3. Simulation platform of memristor array (including
positive and negative arrays) as analog dot-product engine.
The memristor conductance corresponds to g, and the tran-

sistor conductance corresponds to gr.
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Fig. 4. The XZ cross sections of 800 time steps with different weight precision, when input precision of integer is 32 bit and output
precision of integer is 64 bit: (a) 64 bit; (b) 32 bit; (c) 16 bit; (d) 8 bit; (e) 6 bit; (f) 4 bit.
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Abstract

As a kind of brain-inspired computing, reservoir computing (RC) has great potential applications in time
sequence signal processing and chaotic dynamics system prediction due to its simple structure and few training
parameters. Since in the RC randomly initialized network weights are used, it requires abundant data and
calculation time for warm-up and parameter optimization. Recent research results show that an RC with linear
activation nodes, combined with a feature vector, is mathematically equivalent to a mnonlinear vector
autoregression (NVAR) machine, which is named next-generation reservoir computing (NGRC). Although the
NGRC can effectively alleviate the problems which traditional RC has, it still needs vast computing resources
for multiplication operations. In the present work, a hardware implementation method of using computing-in
memory paradigm for NGRC is proposed for the first time. We use memristor array to perform the matrix
vector multiplication involved in the nonlinear vector autoregressive process for the improvement of the energy
efficiency. The Lorenz63 time series prediction task is performed by simulation experiments with the memristor
array, demonstrating the feasibility and robustness of this method, and the influence of the weight precision of
the memristor devices on the prediction results is discussed. These results provide a promising way of
implementing the hardware NGRC.

Keywords: reservoir computing, memristor, in-memory computing, nonlinear vector autoregression
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