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Design of incremental regularized echo state network

WANG Leit23t, SU Zhong', QIAO Jun-fei®, ZHAO Jing4
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100124, China; 4. China National Institute of Standardization, Beijing 100191, China)

Abstract: Aiming at the structure design of an echo state network (ESN), an incremental regularized echo state
network (IRESN) is proposed in this paper. The reservoir of the IRESN is composed of independent sub-reservoir
modular networks. Firstly, the sub-reservoirs are obtained using the singular value decomposition method, and the
singular values of the weight matrix of each sub-reservoir can be guaranteed to be less than one. Then, depending on the
problem, complexity or residual error, the sub-reservoirs are added to the network one after another until the preset
termination conditions are met. In the process of generating the IRESN, the echo state property can be guaranteed
without scaling the reservoir weight matrix. Furthermore, in order to tackle the ill-posed problem, in the process of
incremental learning, the output weights are trained using the regularization method, and the leave-one-out
cross-validation method is used to select the regularization parameter. The simulation results show that the IRESN has
compact structure and high prediction accuracy compared with other ESNs.

Keywords: echo state network; incremental learning; singular value decomposition; regularization; leave-one-out
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30 34 38 42 46 50

w2, T [—0.01,0.015].

N T HE— 5 B IRESN AR A () 1 g, 3E4T 100 1%
PRST S0G, VEYH 45 B AN 3R 2 At . B 38 2 W] %0, IRESN
() I /0 NRMSE {8 8/, 1t B B A IR & (132 4k
A8 7, AE 2 VI IR TR) AN 2 g5 5 1), £ 8 VB AR 22 e R

n/10°

6 Lorenz RN iRE

285, R WY HE H AR R B s R T S5 A T 1)
B KT S E ARG G REDS GG NS 2.

2 Lorenz R SLIGLERITEE

Mg fEgil ENML TN gk A NRMSE A NRMSE
ke f5 Figi &

=Rivl] I A K = oEl . — i . L— v

il AR Z¥lc 2 E I 1a] /s SEH) b SEH) b
IRESN 285 107%  0.9536 0.9920 0.0155 36239 1.28 x 1072 2.79x 107% 8.12x 1073 8.29 x 107*

OESN 600 — 0.9000 0.9771 0.0300 221.45 9.21x107° 9.55x107% 9.29x 1072 3.49 x 1073

RESN 600 10°*  0.9000 0.9641 0.0300 41128 4.29x 102 5.49x107* 6.11 x 1072 5.78 x 1073

GESN 350 — 0.9250 0.9910 0.0250 325.76 1.65x 107° 1.95x 107% 3.59 x 1072 6.32 x 10™*
ESN-LAR 700 - 0.8000 0.9486 0.0400 369.53 3.31x107% 7.12x107% 486 x 1072 5.79x 107*
ESN-DE 500 — 0.8000 0.9795 0.0400 852.35 3.75x 1073 7.89x107* 5.12x1072 3.81x 1073

33 Sk IERE K B BEREFUN

5 7K AL BRI AR H K S Rt K BT VTN 1) B 4R A,
SR AR 2 5 KR E B IR, KA K B AR, i
BRI 5 Y2230 LR SRy K AL ER I R v, S Y
B DA B, AT B S A DU AT AE A% B B s 44
e FH v 5 v L, () ) X DA SR 2R ARG 24 A A S5
H I TRESN 455 2 TR0 35 7K Ak 3 3k 72 HH 7K R i ik
FEE AR, SE B0 K0 RVR T A6 3 17 S5 /K AL 38T 2018-06-
01 ~2019-05-31 H &) ) F 4k, e I AR B T RE 4
I R HLA Vi AR R B A pHAE 64> 2 Dl

R AR N B AR . 20 R Bk R R
1331 333 ZHAE A B4R AT A — A AR B, 17 270 2 FF
AEHE TIPS b £ 7 SRR &
20, J5 63 L FE A FH T 18000

&7 A1 8 43 45 i 7 IRESN ATOESN [ Hi 7K i
e 0 X 2 R iR 22 M 2R, v LU Y IRESN 2 A
v R BB, G T 6 A T % 45 ) OESN, IRESN
f I3 % 22 O [—0.02,0.02], OESN 1 3l ik, 1% 25 Ay
[—0.08,0.08].
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-0.051
— IRESN
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270 280 290 300 310 320 330 340 270 280 290 300 310 320 330 340
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I 4% g IENL BA IES 2 NRMSE WA NRMSE
N PR L TR )
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IRESN 280 1073 0.9382  0.9900 0.0125  453.31  0.0086  9.15x 10~*  0.0245  2.56 x 1073
OESN 500 - 0.8500 1.8732  0.0250  256.36  0.0695 6.52 x 1072  0.1235  2.02 x 102
RESN 500 107* 0.8500 1.6798 0.0250  581.21  0.0453 4.61 x 10~®  0.0898  8.67 x 102
GESN 300 - 0.9452  0.9900 0.0165  412.56  0.0116 2.78 x 10°®  0.0318  3.35 x 1072
ESN-LAR 700 — 0.8500 0.9875 0.0250  587.56  0.0421 4.31 x 10~®  0.0856  8.62 x 1073
ESN-DE 500 - 0.8500 0.9265 0.0250 1125.31 0.0486 5.01 x 10~2  0.0812 8.45 x 10~°
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/IN B i 4 I RIS, Il 5 / DX NRMISE [ ~F 34 15 Al b
1 22 72X EEASE A rp iz /)8, 1 B IRSEN LA 8 B 1) A5
R B2 AR e )2 A fE 7, A I IRESN ) 56 K #F 57
/T 1, 15 B IRESN B A 1R 47 1o Fa 5 1
4 & ®

N T B b ko [ IR A R 48 AT 5 M B, AR ST
FIFH B3 S A il 7 7 3 i 5% S i e )
[ 7R 25 9 2% IRESN, HAJ A2 R 545 31 5 BAR(T
25 UGG e [ AR AS 0 4%, ELBENS 138 I e i b
R HAR RS H AE G FE v, BEAS TN I TR B
Z 5 ) X 4 e, IR BGE A VE S ) i B, TR
1 A S EOR I B — 28 XIS UE VA AT I B A
gE R, Fri 7R A S B AR S5 A VT RC R Y
2 AR RS I 12 AL BE /7. R e Z AL 7E T, IRESN 1)
TR e R R A IR e, IE LS H ik
B iR — 2 IR AR YR, N — 25, v DO [E] R
AL AT 25 1) SIS B ASTE 28 R B, S i %7t 1 40
GUAE R VT, B IR it 45 Tth (1 5 & 30 70 2R M ARS8 2
BT 7 F 2 R

(1]

(2]

(3]

(4]

(5]

(6]

Jaeger H. Harnessing nonlinearity: Predicting chaotic
systems and saving energy in wireless communication[J].
Science, 2004, 304(5667): 78-80.

Jaeger H. The echo state approach to analysing and
training recurrent neural networks[R]. Bonn: German
National Research Center for Information Technology
GMD, 2001: 148.

Qiao J F, Li F J, Han H G, et al. Growing
echo-state network with multiple subreservoirs[J]. IEEE
Transactions on Neural Networks and Learning Systems,
2017, 28(2): 391-404.

Qiao J F, Wang L, Yang C L. Adaptive lasso echo
state network based on modified Bayesian information
criterion for nonlinear system modeling[J]. Neural
Computing and Applications, 2019, 31(10): 6163-6177.
T, TR K, MR, . 5T RBUE Uy
[l PR A A AE BT L (9], B B KSR, 2019, 45(6):
1136-1145.

(Wang L, Qiao J F, Yang C L, et al. Pruning
algorithm for modular echo state network based on
sensitivity analysis[J]. Acta Automatica Sinica, 2019,
45(6): 1136-1145.)

Pan Y P, Wang J. Model predictive control of unknown
nonlinear dynamical systems based on recurrent neural

networks[J]. IEEE Transactions on Industrial Electronics,



668 #= % 5 Bk K %37%
2012, 59(8): 3089-3101. statistical predictions[J]. Journal of the Royal Statistical
[7] Xia Y L, Jelfs B, van Hulle M M, et al. An augmented Society —Series B: Methodological, 1974, 36(2):

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

echo state network for nonlinear adaptive filtering of
complex noncircular signals[J]. IEEE Transactions on
Neural Networks, 2011, 22(1): 74-83.

Liu L, Wang Z S, Yao X S, et al. Echo state networks
based data-driven adaptive fault tolerant control with its
application to electromechanical system[J]. [IEEE/ASME
Transactions on Mechatronics, 2018, 23(3): 1372-1382.

Strauss T, Wustlich W, Labahn R. Design strategies
for weight matrices of echo state networks[J]. Neural
Computation, 2012, 24(12): 3246-3276.

Xue Y B, Yang L, Haykin S. Decoupled echo state
networks with lateral inhibition[J]. Neural Networks,
2007, 20(3): 365-376.

Rodan A, Tino P. Minimum complexity echo state
network[J]. IEEE Transactions on Neural Networks,
2011, 22(1): 131-144.

Duan H B, Wang X H. Echo state networks with
orthogonal pigeon-inspired optimization for image
restoration[J]. IEEE Transactions on Neural Networks
and Learning Systems, 2016, 27(11): 2413-2425.

Otte S, Butz M V, Koryakin D, et al. Optimizing recurrent
reservoirs with neuro-evolution[J]. Neurocomputing,
2016, 192: 128-138.

Dutoit X, Schrauwen B, van Campenhout J, et al.
Pruning and regularization in reservoir computing[J].
Neurocomputing, 2009, 72(7/8/9): 1534-1546.

Yang CL, Qiao J F, Wang L, et al. Dynamical regularized
echo state network for time series prediction[J]. Neural
Computing and Applications, 2019, 31(10): 6781-6794.
R AR, VSRS, — R T Ly VEHOE MIAL Y (o]
FOIRZSINZS [7]. B 3243, 2014, 40(11): 2428-2435.
(Han M, Ren W J, Xu M L. An improved echo state
network via L;-norm regularization[J]. Acta Automatica
Sinica, 2014, 40(11): 2428-2435.)

Stone M. Cross-validatory choice and assessment of

111-133.
[18] Rivals I, Personnaz L. On cross validation for model
selection[J]. Neural Computation,1999, 11(4): 863-870.
[19] Cornell J A. Classical and modern regression with
applications[J]. Technometrics, 1987, 29(3): 377-378.
[20] Lorenz E N. Deterministic nonperiodic flow[J]. Journal

of the Atmospheric Sciences, 1963, 20(2): 130-141.
Qiao J F, Wang L, Yang C L, et al. Adaptive

levenberg-marquardt algorithm based echo state network

(21]

for chaotic time series prediction[J]. IEEE Access, 2018,
6: 10720-10732.

Tang Q H, Peng L, Yang Y, et al. Total
phosphorus-precipitation and Chlorophyll a-phosphorus

[22]

relationships of lakes and reservoirs mediated by soil iron
atregional scale[J]. Water Research, 2019, 154: 136-143.
[23] WuY, LuoJ Y, Zhang Q, et al. Potentials and challenges
of phosphorus recovery as vivianite from wastewater: A
review[J]. Chemosphere, 2019, 226: 246-258.
LiFJ, QiaoJ F, Han H G, et al. A self-organizing cascade
neural network with random weights for nonlinear

(24]

system modeling[J]. Applied Soft Computing, 2016, 42:
184-193.

fEE®EN

F& (1980—), T3, VR, T, SR s kit
S, SAd RS AL 50 A, E-mail: leiw@
bistu.edu.cn;

T (1962-), B, ##%, LA TN, WNHEshE T
5. 55 S5, E-mail: sz@bistu.edu.cn;

TR % (1968—), 55, 2%, LA 2 Im, MR Redz il
5 R BACEE B A AR A S AL 1 S5 9T, E-mail:
junfeiq@bjut.edu.cn;

RXE (1982—), %, BIFTTT A, 1, WEEGErHERL R

6 56 25 HE 9T, B-mail: zhaoj@cnis.ac.cn.

(FAEmAR: FhE4r)



