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Electrolyte Transistor-Based Reservoir Computing System for
High-Efficiency Differential Equation Solving
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(School of Electronic Science and Engineering, Nanjing University, Nanjing, Jiangsu 210023, China)

Abstract:  Physical reservoir computing (PRC), characterized by its low training cost and high parallel efficiency, has
emerged as a promising paradigm for temporal signal processing and complex dynamical system modeling. By leveraging
the intrinsic nonlinearity and short-term memory dynamics of physical devices, PRC maps temporal inputs into a high-di-
mensional state space, generating rich reservoir states that enable accurate solving and prediction of complex state equa-
tions. With advantages such as readout-layer-only training, low inference power consumption, and few-shot data driven,
PRC offers a novel pathway for real-time solving of chaotic differential and partial differential equations on edge hardware.
However, effectively co-designing high-order temporal processing algorithms with the intrinsic modulation mechanisms of
physical devices remains a key bottleneck hindering practical deployment. Here, we report a highly efficient PRC system
based on indium gallium zinc oxide (IGZO) electrolyte transistors, achieving the solving and prediction of time-dependent
chaotic differential equations and partial differential equations. Leveraging the low-power characteristics and continuous
nonlinear mapping capability of IGZO devices, we designed a lightweight algorithm co-optimizing reservoir training, infer-

ence, and equation solving. The electrical response and ion migration dynamics of the IGZO transistors were accurately
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modeled and characterized, followed by system-level validation on the field programmable gate array (FPGA). Resource
evaluation demonstrates that, compared to a conventional fourth-order Runge-Kutta (RK4) implementation, our approach re-
duces digital signal processor (DSP) and flip-flop utilization by approximately 64% and 50%, respectively, while maintain-
ing equivalent accuracy. In performance benchmarks using the Mackey-Glass equation, Lorenz chaotic sequence, and one-
dimensional heat diffusion equation, our system achieves an inference latency of 11 s and reduces power consumption by
15%, with a normalized root mean square error (NRMSE~0.04) comparable to the Runge-Kutta method. For the partial dif-
ferential equation (PDE) task, computation time is reduced to 1/400 of that required by the second-order Runge-Kutta
(RK2) method, while maintaining a comparable NRMSE=~0.008. This work not only validates the efficiency and accuracy
of IGZO-based PRC in solving general differential equations, but also provides a scalable architectural foundation and prac-

tical engineering reference for next-generation lightweight, low-power edge scientific computing and neuromorphic hard-
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ware platforms.
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Figure 1  The electrolyte transistor-based PRC system and device
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KT R —2 3 T ROR A i A5t T B ik

FATIE T B0 Bb 5 R4S R AT 45 T SR Tl AT
PR ) BRAK A T 52 0 IR A T Wl R A A0
P - (1) XF B i A S B0 h 25 3 A s 5 (2) X AN [H]
By N B P A T X R A 3 R B 4 i 2 i 8
P A AE L B I 53 B & m R s ], FRATTAR 4
SEBR I S B0 () AT, B 2 (D) JE R TR
] —HE P50 R L g s UE B AS [R) Bk o R RE RS 7= A
ASTA) 9 6 8 Tt bR 2, 0 IE T AL % % b B R A A AL
o B 2(e) R T & it Xt 5-bit 7 51 (6 i i Ak
SRR AL S 5 R R S e T . A5 R
SR B X ASTR] S-bit 7 50 L g 5 AR A A% Tt B S
b Z RS A 25 Pt A R A BB SIS N A
fitg £ 1B R
3.2 ZWEIEBSKRMERIE

A TAE B 76 3 — A 00 R sl ) AC B Y T
SR fg AT H O R (ODE) o 44 5E — A4 IR
IE H IR ODE R 58 x' () =1 (x. 15 0), A x(0) F18 — 5%
PRS2 B A 0 . FRATTIA SRy O SR Ao 2 < AU
B A A i A R R A A R R A TR X B
PR Sk A7 7 R SR Al TR T 2R G 02 F 3, w0 (B o] ARy
T BATNE ARSI x'(0), B2 > 5 RS
JEx()o FATHI S Iy B R = G2 o 7% o =X 08 8
Tl o AR TR g, R T 2 A o SO0 1 sk
BF G {x@)} (= 1.2, k), B R SRR 2t ))e
TiAN  TEAE A AT B A S R R X B
Wil 28 48 % 2 F1 S AR A T 3R B8 Ty o X el R B O
T A A B AR S ) 51 L R AR B RS T
[ MRS58 2 o it FRATT 4 H —Fh ZE R ik A (De-
lay Embedding ) 5 W , % 5038 i ODE {5 & 4iE 3R A [v] A

LSTIRE v <) = N 1= N N S e = = R o1 B i
e BARMIE , 4@ — 4B 55 s e R, AT E 68
i B A 2% B %X (Auto Correlation Function , ACF) 5% 31
HiZH (Average Mutual Information, AMI)fiti 31 3 & 4
FEIR 7 5 K AT ACF , U ECE > 3 5 00 I A i 5
K AML, A3t 1(x,s x,, VCEFAEAF ) 3 — 1R
PR IMEAE R 70 B Az BUAE IR IR [R]85 20« 25 29 85K
At={0,7,27, -, (d— e} 8 — B i 9 KB A=
{0,2.20,47, -, 2/ ¢}, HLUNFE Mackey-Glass J¥ 51l 1 , ik
P o=123 WERT TIFE SR . 2 AME Wi
NS ESTIBTER TN S v @ oL t513 =9 VIR E - A =Bl VR /N
YR . S RCOTIE TP i A B [ HHE R A
x() VA EG A D 3 n TS E T R, R T T
XF 55 IRE L 2 MR A5 A A B ) 2 oy Heee ) L {H 2
AN i G b Al R T I 22 [R) RS (4 TU AR, AT I 1]
PDE 4 Z2 3l 3 AT 55 R BUNE, samidg i 1 i+ & .

Xof T P SR A BT f 5 AR, FRAT T 5 B A% 3 ok
B E A A % g R N BB R a0 T B e AR T AR M
A A () B {xt)f(i= 1.2, k) X E—A
HELE ] P 51, R T FPGA B4 Ab B R IR AT
26 2 5k H A R 0 2 B [E]F 81 Ax(n). FRATTSR T AY
FPGA =M % Ry i FD 2, X F 4 K6 4315 55 0l 2
REWFERFECH, A ES A RE, L,
FATE S R oK BE O B e A - 85 125 (fourth-order
Runge-Kutta, RK4) 2E i 2 1~ B0 % ODE & 4t i 1| 2k 4L
B L I TE) 20 A AR 7 IR o VR TR E 1 DR (A
WA REME . TR R Ge 34 H IR A R FE S R [R]
G, 4 11 Hel ) o3 g 5 k4 o Al ab 3
WAL 3 (a) FroR o BATRAIEY FPGA T %2 A 1 71
5 A AX7020(ZYNQ7000) , Z 48 15 S Xt 7 f i A B s
AT R AL 0 — AL F) 1~2 Vb R S
BRI 4 B 5T 36 B AR BUE B R TR (2) 1
B o8B LR K o Ar 22 B [E] 2R 200 ms , ik i ) B
20 mso fiff Y SN ERIR S S B e s oc AR
EANLNME TR 2 i 0 [ 3 I 2R A AR RO T
LA N A7 A% B B b T LS BB o 5K A I A B
H R S YA ASE T[] A A B o A A8 1 R it e 5 R
gy 1) B ~1 > F g 5 300, hoAT 29 150 AR B 3R vk
(Lorenz ¢ 5 3K fift th fifg £ b 352 Y 23180 #ERT =11 s
I Ja FRATTA T i 3 3 9 1 HH R OF- £, FPGA AT L)
PS5 B A R, FE s A A T b S s (i
Tl A s S AE SR o R A T L S AR AR T AR
AN E 2% [ FPGA 5 3% 14 SO A% i 0 28R |, LA
Lo AD/DA )i 22 TH0, ARSI FA 15 T30 (2) %
AR ) O AT S AREARL L5 UE ) P A O A
ALY A M R G A Y R AT
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2R 5k ¢ TR ME ODE Y 1 00 55K it , 3 7 26 B
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Mackey-Glass J5 & (B i o 7 ) Ry
XO=p fi’(:)r) (1) (4)
Hp, =02,9y=0.1,7=17,n=10, K H /& 4 I T F1 0f
FERFPERE 2 F T RCYERETEI

Lorenz 2 4t ( = 4EFE L2 1R A

x'=0(y—x),y'=x(p—2)~y.z'=xy—fz (5)

Hh,0=10.p=28,=8/3, J T4l R G 7 5l 5]
T E AR

HERAT 55 it A i AR LR L S RE T R e,
I, FRA PR TR 55T Ak R — N B T - DA
Shed TN LA LR x, = [ x(t—k+ 1), x(t=k), -, x(2) ]
PE R i A, U125 it 4 b i3 o 22 F00 T — B 2R A
D5 FE SR A X' @) 7 A A B AR SR LG x() )P .
FE T A b T G JRUER B A S Bl B T s
] 22 v, Jr DR 25 5 S IO v 9 R AR AR B B v
1) [T A2 B, BT 52 B o A 11%) 00 % SR fie

F AT 53 H Mackey-Glass J7 1] 2 52 81K i 4T 45,
Lorenz 7512 5 (L TUNAT: 55 . MRG58 A S BrRillit , 3k
T Mackey-Glass 72 Gt i fifi 25 1 17 555 N=100, ML=10,
JLE ] =20 000, i [a] (8] B# 0.005 s X} F Lorenz & 4t ,
FATHLN=120,ML=10, ELHF[E]=20 000, i [] (] fE 0.01 s
Mackey-Glass %E 3R J5 F v i 35 (Y ZER 5| & 1T WP F Y
M, 77 A TEAIRIRSIER R4, 450 ARG
i anE 3R .
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(a) PDE 3R fifJ5i81
(a) Schematic of the PDE

(b) PO B SR A4
(b) Ground truth versus the solved
solving principle
3 Mackey-Glass J¥ 513K i
Figure 3 Solving the Mackey-Glass sequence

results of the sequence

P 3 (b)) AH P S 7 SR At 5 T 58 AR 7 X0 B Al 1) L
& b, [l w34 )5 A % 2% (Root Mean Square Error,
RMSE)=0.043 3K 2| T R4 YRR o XF T Lorensz J5 2
G M = LS AR L R G, WY Lorenz J5 72 1] LA
JREBRAS 22 G0 % T I 18] 25 [A)AH AR 19 75 72 A4 5K A g
N PDE SR ik P . F Gekim i 151 4 s
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(a) Projections along the x,

(b) Lorenz EL{E 5 TN 25 5 1 41 &
(b) Phase portraits of the Lorenz

y and z axes system
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Figure 4 results of the Lorenz equations

A R B, T LA A ot B AR SR IR 1 Oy AR b
RS BB, BB TR 4F AR M4 & e
J1, 13— 4k R 1% 22 (Normalized Root Mean Square
Error, NRMSE )=0.04 .
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I ) 3 470 A, I g 1 R 5B 98 17 AT T T
PRt : PDE fiff J2 I 25 ok 5, 75 [] I Ah 3 25 6] # 5 15
[EREEL

FATT A e 5 B 1) — A AR AL T 07 T R A1), AL — 2
FF AR

S ey (6)

Horp w2 Y. SR R E L= 24
JEIR AR B, e iR A R AT BT LUK i
TS AE AR oy E S Dy R AT ox (5[] 1, 51
MO o i ARl TC VR B AR AL PR SR ox, BT LA
W AR FH 1 2R 7 (Method of Lines , MOL) X 4% [i] i 47
B, FRATTFEAS E) N AN A, R A K
o M FHAPE A w, @), B R S B EGE
FH2E 53 )

O'u  u,,—2utu,
o’ Ax? (7)
7 A HL A X 25 [A] f 3 B e 44, PDE 3728 B T
NA>ODE iy 5 4, Ko 25 i A~y
%:aui+l_i:l;'+ui—l (8)
T B, EA R — M IALH ODE, B i
BT T u M, o XEWRE SRR T
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BTE T ODE 2w, X A5 3 By Ui . 5 B i
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(a) Schematic of the PDE solving process
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(b) Ground truth and the solved results
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Figure 5 One-dimensional heat diffusion equation
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B % PDE & 245 19 4k 1 PDE % %5 4 4 #% 18] . PDE
Sy Ja Ab PR ODE 5 R 44K TH ] LA FH 2 00 A9 4t &5 1t
R R TERESR ) TG B K VA H o DR B — i
k1 PDE 4 52 SR i 45 1

PDE (0 45 AT R 2 e o ), 47T

PLAHE ux, o) V8 0 1358 2R i 10 )3 20 of T — B 220 1) S
e BT RGN, LRWIR A BT 5 X LR
TR T B A o g i A R Tk 0 M I A S TS )
A A ux,, ) PR 248 R P 5, H A A 28
[] 5 o, X B — A A T o AR Tt A RS Y
W — A28 [ B 5 5 15 45 TR Ltk iy 5 45 14
Z5M, A E B R A S EE . BHEN
22 5 N YE A 5 7S B — i 2 4 3 ulx, ¢+ A Y R
B B—AEE TR S N, XN PDE [ — 4
HNHERE o X GLor Jr RR AGSR AR, FRATKS BUE B
R 327 WA, W 70% FH T I SR AR SRS, JR 30%

HF M a2 . FRATHES S 8N = 50, ML = 4, G}
£.=100, B[] [H] % 0.001 s

RYCRAEEFWE S (b) s, i TAEAEE L
[ ODE %2 M 8] 5. (B % 1K 5 (a) I ER I 0 i 45 SR 7
), SE3 T 4K aff i A 45 2R (NRMSE=0.008 58) .
L G 3K 7 75 A0 H . - Runge-Kutta 71 5 1 8] 7F
4.41x107 s, 15 2 29 7E 107 5] 107 Z [ 7 A X T
RK2, A SCHIH PRC J7 7 764G FE AR 215 &0 B 11530 B 1]
/N T 1/400,
3.5 WHKBHEREHNEED T

TATH RS AL 2 WU 5 h 1 RIS T AF R A4
Jth S B Ty RE R AR BT B TN A EL AR B 2 SR B 1
F1h,

F1 HRRBFANEE L

Table 1 ~ Comparison of equation solving and prediction errors

1155 Tt NiRIES
J7 AR R A Z AR T R NMSE=3.61x10""
TR R BRI A NMSE=0.02
TR we Mackey-Glass 77 Fi NRMSE=0.17/0.03
Jr AR ! Lorenz 5| NRMSE>1.35%107
J5 RE ! Mackey-Glass 75 F RMSE=0.12
Ty R Hénon Wit NRMSE>0.046
Dy R SR (A 30) Mackey-Glass J7 2 RMSE=0.043
Dy BT (A% 30) Lorenz J7 7% NRMSE=0.04
FIEFINAS) | —2E heat ¥ BT R NRMSE=0.008 58

R 1T LUEEL, AT R B R G te £
THUAT: 45 v BB R B0 M 1 R Ko 430 A v A 2R, K Bl A e R
{H A RS BE B AT — 2 45 3, (B 7E Mackey-Glass J7 F2 K
fit I A0 b PRC & 45 (RMSE = 0.12) Fl1 544 #5548 7Y RC
Z 5 (BT S T NRMSE = 0.17) E 4 U8 7K 2
HEE 5 R i) 2% 18 3 5 T FPGA B9 AL BE 65 1Y
int8 8 Ak A H AR By =X A K 7R BUHE A% i A b oAS ]
E G R AR AR SO RSB 2R T —FR A T
& G BUE SR i 1 i AL I T o SR g R AR O . W&
PR ARFC T WO 25 (0 352 H AR, 366 T R B AR 1)
TR G0 LASE L s G AR A, X 2 H At A% G 5l
SR AT ME LR A

AT AE FPGA A I 88 1E T 4% SCF) F Aif &5 w31
BRE G BT B R, ik 2 R .

LE 2 AT Runge-Kutta 325 41 H , 40 0F 50(E 1150 2 3
SUNRA SIS A W RO - & = R RV 8= g W
fife, Jy A 2 A 2y, VR R T AR AL BRI ] D AR MR 4
B AR, RC L BT 0 5 380 i 4k | T AR
F IRy FR IS LA DR AR 9% R T AR A 1 P
T AE b 2 i G T 5535 6 b A0 K SR Y ] R 2 —
AT AT BB FE s, BT RUE 2 Y AR 5 BL
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Table 2 Comparison between the proposed scheme and the traditional numerical method (fourth-order Runge-Kutta)
il S| HESEREY ST Ak i A 2% TIFE/wW T ]
RK4 47 9 096 6273 1.854 0.5~10 s (CPU/GPU)!!
LSS 17 9077 3121 1.583 11x10° s
B, SR TR I RE R DA ~pl R T 4 S

ARG AR R ) SR i R FPGA AR BRI FE L 7E~1 W 4,
R TG T o THEEITR) J5 18, AR 3CZR Gl FH il
YR FLE AT 29 11 s 58 71 58 A Lorenz J3 51 1) 3K
fi# , T CPU/GPU 3§ #E B A B {E 1% S00~10° % . ik
Hb, FATHE FPGA AH [A) 25 144 T iz 47 A 115 552 (auto
regression ) , VERFLWEMA SCHFEXT I, g5 Rk 3
Js o

£3 AXFENEE TR Mackey-Glass 77 T2 K% NRMSE %7 £t
Table 3 Comparison of NRMSE for solving the Mackey-Glass equation

between the proposed scheme and the autoregressive model

GRS A Fl 1A

RGN A+ 2R | aiR R
NRMSE/H 500 45 0.04 0.1
NRMSE/HI 1 000 s 0.04 0.3

FEAD BRI 7 B SR MR X AT 55 L BT A
PRC Z 3 >k iy 5 2 p UL 3, i B At 48t 2 482
> B T Mackey-Glass & i J3* 51 19 Be i 455 =X, fr LA
NRMSE A 7E H 1] 5 83 1/4~1/10, £ 1 000 DL |
SRR SR AR AT AR B T A e

AR BT AR — LR R . H— & PDE 1943
HESRPR] « oK % B2 Y o AE B N A4S ODE, N A R /ZNRR il T
SKRAERSE . RN K/, S RE GRS ER.
] B} 1% 22 B2 9 A 2 A% G 1 L 1 B 4w 3K 8l 18 B 1R 1o
7 FER A R G AT i A TT B IE X A 5 i A A
AT DAAS B J7 R A, O 5 T BCE IR S Y 4R T X
A 22 BB 1 2% 2 (L AnFE ODE SR fig J7 i , 2% > R
H50%) .

Ji0 R T ARG ORE TR S ARDIFE W RC
FURH— N1 5 W 2ot 132 11 2, (E 2 T 1 S 4 1k 45
B 5 R A, T B U B B A A S S RN S
PN BE ML 17 RC 1 23R X i 4 3t 45 4 - o3 B0k
HESHOEFEAGIEWEILT , FRIE IR BEA 250 gl
S5 s ), T BOR M AE R RARAG . WA AR TR
) 7 B, it £ 1 2 500V, ML f% 398 B3R A4 i T 22 56 i 3
I 6% 38 77 77 5 (grid search) , 3 FR il T 1 28 45 1 X A%
24y T R R g () L Tz R o T B R Al ARO T
A E P D R 3 A i At B 3t TG 7 52 RO T e £
O3 R B A 2 R A B
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SRS, R R S AR ) e i A2 S st R
PR, ST BT A T R B oy SR 5 TR, FRATT
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