4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011)

110201

& T Cholesky 57 IS =30 RELM
K H 10T 8] FE 5 Faml vb g9 Sz A

k 7' IEA
(B 2 TRE 240 (1 sh s il TR R W% 710025)
(2011 4E 1 A 11 B3 ;2011 4E 2 A 23 HUkEHE SR

X I FH Y o s i) ) 500 £ L D AR 2 2 BIL( RELM ) I8 S5 438 1101 B, 488 1 —Fh 3L F Cholesky 4 1
B30 RELM YIIZR5 12 2R 508 1 2 Y n 502 w22 5T 1 05 3 A 3l 2 B RELM. R 28 2544, JF A Cholesky
it A R, AT RN T R 2T i AR A AU TR T i) 8 S S R SR T A
R B RELM R 28 25K 14 A s o, ELTHRRCR s Ak I 205 19 RELM J0I0 AR AT F5 00K B2 5 14

DL, 38 TR I ek 8] e 470 0.

KR WAL, WmeE I B, JRIER TR FFS i 1] R 5 F

PACS: 02.10. Yn, 05.45. Ac, 05.45.Tp

1. B =

TR — b e 0 1 R S8 A BRI
FKABEDLE 22 G . FE TR MEFLE O 58 09 W IR
ALHAEEAF A5 F AR, B 3h 6 5 i 7 X 55
G )z AT TR T ] ) B AR i
A TR T O I 5 A — A HAR O T
BRAGWTSE 7 1h).

ot 28 ) 2% i — Tl Hy DR B Bl 48 0T L 3% T B A
FARLMER G, BRI A Y7 5INP 7
XF I B AL BREE T 5% 1Y Sl B 52 H Y 2 A
i A B 55 ) 1) B AT 2, B AT R Y A 3
PEH R AR BE )y, E WO 2 E
JO7 P T TR ok s Jia) e 2 T 00 SR, A T A
RIS TAL G 28 P 2%, L 268 U1 5ot o AR 4R
Zr HbR 586 AT B0 W 28 AR AT B A8 i, A~
W28 N St B R LA 2 LT IR EAA AT &%
ZSE I TR RO,

W dig 2% 2 Hl ( extreme learning machine,
ELM ) M S — T ) 20 B 2 i it i 28 I 4% el
TR GE B 28 I 28 2 500N 2 1) 2% AT B ok FR 5 Ak Ry

+ E-mail ; sltecas@ sohu. com

(€2011 FEHIEEFES Chinese Physical Society

SRILRTE TR, FRPE Moore-Penrose | SC Ui 4 [ H
W, BT SR AT BAT e /N B B /N A AR Sl I 4%
FUE, B had 72— 5 i H A AR A T
TG ph 22 W 28 I R B8 1 5 48 22 Rk AR R 4 A ] A
200 M 48 BUE, ELM /Y I 25 30 3145 T 8 % 48
Tt X — LT ELM & ZERER 5 [ 3 £ 1145
)RS AR AR T R R L O kg ELM B3z 4k
RET, SCHR[ 17 | S GE 12 > BRR vy iy 45 44 XU B3
/M B T IE I AR s 2 2 BL ( regularized
extreme learning machine, RELM ). RELM W5 A
SRy DAL 2546 XU 5 28 36 XU, AT ELM L
A HLFRZ AL RE

Shy S R RN FH TR I 8] P 1 T I 114 RELM
W2 25 R B A R T, AR SCHE H — A 3E T Cholesky
Sy X RELM I RGO RO R i 7
o AR Y s ] P 4] 00 SIZ 4370 i DA .

2. IEJU A3 = A AL
b T ] FE SRR S | () 1Ly, =

[x;, o w )t = a,,,x RITEFIVEE, ko
NZRREAR R | n i ALERL. B AL 2 56 A

http ://wulixb. iphy. ac. cn

110201-1



4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011) 110201

W 5 454 XU, RELM 3 35 51 A S5 y 5735 B Fh X
W& 1 F A5, TR A RELM 7 67 A A4k

min(%ﬁ{ﬁL + %sTs)

st t; = i,B,.f(aixj+c,.) - &, (1)
K, j =1, kif () HBRIZMEITTREL; LoV
EMEITHEE; a = [, o, | ML
NERZ ST ARG B, = [B, - BB
SR | R TT I B AEUE ; ¢ 25 AR
EMATHmE; € = [ g, 1", e, AR
2=, R R, HE ST RA% B H R ECK

1
L(W,E,B,A) :?ﬂ{ﬂl‘ + %STE

-wHpB, -T-2), (2)

Kb, w = [w, w,] AP HAUE; H, =
flayx, +¢,) - flayx, +¢,)

: R R 28 TC R B
flax, +c¢,) - flayx, +¢c;)
T = [t 1, 1" A TR G RLRS BT pRRAS

AR R AR I BN R 15
oL

%HBZ = wH,, (3a)

%H78T+w=0, (3b)

%—»HlﬂL—T—ezo. (3¢)
RI(3) T

B, = (HIH, + 1) H]T, (4)

A, 1, M EBAHERE. R B, WIRT#E57 RELM B[]
J 5 0 A 7

t = Zﬁf(aix+ci), (5)
Ao o AR A 5 ¢ A

3. E T Cholesky 2 8 %y i AU(E 3K

(1) 20E (4) XFRAY RELM Y1 Zhid 72 vl 5,
HIFORAE B, 2RI (4) AT, SCIR[17 ] 45
i B, (R iy P AR M R a5 AP AT R
KA, T REAIC T RELM i) J3 31 390 00 A5 78 (1
HRRRACR. S A AR e b3 [, A SCAR Y — i g
F Cholesky SMi#i0 B, SR Jrik. #46, 76(3) Y

Femti b (3a)XnI1H B, =w'H,, h(3b) X5 e
=-w'/y, ¥ B, 5 efCA(3c) X115
ApB, =b,. (6)

A, A, =HH, +;L;bL = H,T. HL, Kk B, 1

SRR A SR T an (6) A 2t 7 BR 4. K
Cholesky 7 b FH TR il £k P4 AT 4R 2 HE &R
B M AT R R I AR S LR UERT A, &
X L R

T, U A, BXTRREE. R

T T I\" T 1

A} = (HH, + 7) = HiH, + =4, (7)
FILA LA, AXTRRFERE. R IER] AL WU IEEPE. XF
TAEEmEY = [, v, 1A, IR RN
H

v'Ay = vT(HIHL + %)v

= D (flax, +e)v)? +

L

+ Z} (flax, +¢)v,)? +%va.(8)

() KATIL, 2 w0 B, ARG v'Aw > 0, i
DL, A, WIEERRE. L, A, SR X Bk OE s .

T Cholesky 43 1 B, SR 72 Ry . 15, i
A, ) Cholesky 7 25 1

A, =8,S]. (9)

K, S, B—1HAEMXIMEITTEN T =ME
B, S, TRNEMITE s, TR A, (970Z o, 145
(10) A5

(10)

T >].
g i=1,,Lj =1, L BHO)RMRA6)
I Wi EA R L S, 1R
S/T;B/, :F/,- (11)
K, F, = 8,'b,. KB, S TFRM(11) =
T F, =S.'pb, %M T S,F, =b,, Hitid i
X WmITE B F, (TR £ A AR N
b./s, i=1,
fi = i-1 (12)
(b, = D suf)/si i>1.

K, i= 1, L;b, b, HNAIE FRITR. A

110201-2



4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011) 110201

TER1G T S, 5 F, iEEaE E, B, IR S, 5 F, 1Y
LR IR
fi/sii
B = L-i
(fl - Zsi+n,iﬁi+n)/sif

n=1

i =1L,
1 < L.

(13)

T (4) TR B, KT, BT

Cholesky 73 (1) B, SKff ANUY I B >R 39328 5, AR

FHTET B A DO sz R T Se B O E A, Y

RELM (2 M 20BN LASEINA L+ 1 A,
IR H, 22

H, = I:HL hL+lJ = [hl o hy hL+lJ .
(14)

© flax, +e) )i =

I A, 10,
+ L= |: IIQII} (15)
Y 0. | P,

hzth J T;PL+1 =

J—thj’ h, = [f(aixl +Ci)
1, L+ 1. I

T
AL+1 - HL+1HL+1

it':'j, QL+1 =
Bk, + 51 WERSERE. T A, 5 A, 2

FEAE(15) R IO &, AN (10) 2 7s 19
Cholesky ZHfift it 5t FE AT A1, A, B9 Cholesky 43
GERS, W sy Sy sy X L(L + 1) /2 MARRE
MILR S S, TANERITTEMSE, HIATE =T
BT s sy XL+ 1T DA ERTT
EEIAT3R45 S,,, . M H., HE

[hrlth-H

T b,
b, = = . 6
L+1 HL+1T [hrIFT] (1 )
BRI, N (12) R iy F, 1935807 0]
F
F,, = L1 (17)
[fL+l

AU, R R £, BATRAR F oL, AN
B S, 2, 2T Cholesky MY B, SR T iE T
SR TR B, WA R R S, 5 F,,,
AIAPRITE S, 5 F, SRR BRI B, FT
TEVFSE B, HOSERE Lab AT, W SR AE A T A (4)
AR TTIETHE B, WA R LU R s 5
(7 2T T IEEAET AR B, I Em 1 F AT

4. #E X RELM )| % & &

WRFE RN R 2 T AR JUE T ELM
(=i TG 52 AL RETT , IRl AE LT ELM 2%

SR B WA ST A A G HE R . E RELM A R0 4%
SEFUETTAE, A7 78 AR R (4 [a] L. /T 52 Br i F T
RELM 70 0 55 74 31| 2 (%) Bsf [8] )37 510 Y1 b AR 1) & 4%
P, BRI R SE 20 30 AR MRS 1 b 25 11 S5 £F 1 2 4
ZeorHCE (115 RELM AR 2 WE ELAT JE 08 22 1 B
JERRZETC LMRIE 2 S | TR i )R R nT gD
14 2 A 28 0 LA o L 7 240 1940 T 4 235 . Sy kit £
R RS 2 P 28 T B AT 1 s 5 IR, A SCHR
H—Fp LT Cholesky 43 1938 5 =0 RELM Il 4555
P Ml HRT A B E S B RELM U2 #2808
i, Hol g 2

$E1 4 RELM WRZM&IciE L = 1, I
I A, 5 b,

T2 WA (10) T HE A, B9 Cholesky 43
ghL s, IR S, 5 b, ARHE(12) X TE F

$B®3I FHS, 5F, RIEQ3)XHHB,, IF
75 B, IR EHE S (5) NPRMEA LARZME
JGHY RELM FiiiAsE 1 ,

H$B4 FHEHT RELM AR il 28 56 XU
555 AU = A

1
R, = SBiB, +J¢€'e; (18)

H$B,S AL =L+ 15, BIEH3 WREHE
1ES,, 5F,  WEEitE S, 5F,, Rk E L
B3N L =5 FFhn B A R 2 | (R, -
Ry ))/Ro | < E(EN¥2TRE RN R R,
R RAE, 0 =0, -+, 3) . IR 2 W kit R 45
FOHE LA AR RRUZ 2 e K | I 8 ST A R Y
RELM TS | 265 0 4k 23 i L 2L 550 2 4 A

RELM ()20 4 28 50 ) LR (6 75 Uk 3 38 | I8
HAE R, AP E WIS 1R Pk B R 4k 20
T2 w27t 828 RELM 2% 3K B 572 1k fg J1 1)
R, WASH BEUE, R4 T8 RELM H7E7ER
IR ZMZ 0. KL, laT P RELM HA 1
[EY3 U EESTw g1 rs oSN

5. B B IR T 2 0 52 )
DA 7S 8 8 38 1 15 (8] )7 5] Tent, Kent, Henon,

Rossler, Logistic 5 Kawakami 4], Tent i 5} [8] 7
CZ10:E e B

el - {xT(i)/O.4 v (i) <0.4,
! (2 ()06 x (i) >0.4.
(19)

110201-3



4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011)

110201

Kent T A 8] 550 BT 2UH A
2 (i+1) =0.9 =191 (i) | . (20)
Henon YR 8] 741 fH T A .
xp(i+1) =1 =0.3x,(i) = 1.4x,(i)>. (21)
Rossler I [A] 551 B T XA .

dxy

o - A

dy

d_tR = Xy + 0. 15yR, (22)
dz

d—tR =0.2 +z3(xz = 10) .

Logistic TRV RF 51 HF 2R IAR .
(i +1) =45 () (1-x (). (23)
Kawakami YRV ]380 B A
x (i +1) =20, (i)> =0.1x, (i) —1.6. (24)
EFHRALER n =4, S8y = 10°, K5 &

L

=107, BRUZMZTCHRECN f(x) =1/(1 +e7). 4
FEFIE] 514 7 500 A% , AT ET 300 4~ 8 Il
25 RELM FAS AL %6t i 200 AN E0HE SR 7 30000 46:3F

DI HRiR2E E, = Zl (%, - x,)%/200 fi T
K RE, Hof o, SRS (B P81 B SCAH, &, R« FOT
T .

Bl 1 RELM B RITE L3 450 i
NP IR R P E R R, 5 E, AR (A
HH R, 5 E, CHE—EE[0,1]X[EIN). NEH
UL, R, 5 E, BBE L 38 i 2 B0 32 i/ 1
Ak TR RELM F A 1Y HoA 1 4
BOZMETT, g NG 52tk Re Sk A FR,
R, 5 E, 7E0IIRE L A3 0 S0, # 8
T I 3 0 B A 2 0 T A AL T RELM B 2% ) A
EEZACRES. X LI ns] —ERER, R, 5 E, &)

(®

1.0

L
(€Y
1.OF A R,
—k—E;
0.6
0.2F
-0.2 L
0 5 10 15 20
L

L

B 1 76 LBWA&MHT R, 5 E, WAL (a)Tent; (b)Kent; (c¢)Henon; (d)Rossler; (e)Logistic; (f)Kawakami

110201-4



4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011)

110201

AAETT UG BB/ | Rt R gk s hn LR, 5 E,
WILPAFARZem /N, RPN 7 RELM & BA T
SR ZMBRE M o0, AhELH I L K288 RELM
F1%) DR £ 35 ) T I ok A 2 4 1 L2 2T K B 5z fkiig
F1. DPERHE IR 3E B2 4 2 ot U AT RELM 2 AT
FERBRZ Pl 2 TU B

W AE L ATE N, R, 5 E, B AR R
FAML, 24 R, B L ARG IS FEAR SR8 N, B, LT[R
IR B f/IMEL, 7 E, AR A& RELM FIA 7Y () &
ST R 2, 2 W B S A 0 B2 bl 2 TR E 1Y
RELM AN ELA 5z (87 375 19 I 4 2544, [] B 348 v B e
NI R 25

K2 JB/RT LN 1 B 50 46, FIH
Cholesky 73 fif 1154 tAA 1Y RELM FiiA5E 44 ( CF-
RELM ) 5 7] I f ki B AUE Y RELM
TR R 2 B 5 ek 1)

0.06 >
—— CF-RELM /
— — RELM

0.02 | /
-
——
0.00 * v y
0 10 20 30 40 50
L

P2 A LT CF-RELM 5 RELM Il 25 i i ]

M ] W CF-RELM 19 I %5 15k Ja] 3 /> T
RELM, H L #Z  HAR$#8] &, CF-RELM ] H

Cholesky 73l A 5008/ T HLUCHH i 3 AUE Y 15
i, HAE LI A0E T Ho i AUE A TR T ZERT
— Wt AR S gAY, T — 2PN T
HAAE AR T RELM, CF-RELM #1135 2% %
=

1R TR A SCHR H i3 =X RELM 59k
JITHff 2 (4 WL FH F 7S B YR i )R] 20 150 44 CF-
RELM T IS A8 fry s (- B 25 i 22 e et B X 1 11
TIN5 25 55 YNGRt (8], I 55 W A gl R Y 1 1 5
ELM Y ZRFE M LA . —Fh oA SCik[ 12 ] 42 4 i R
HFE Sy Huz B A i S AUE R 3G 728 ELM Y255
2 (EM-ELM) , 55 —#h R SCHR[ 13 ] 42 A9 A eR &L
33T SR BT B A AU Y 3 =0 ELM I 250k
(EI-ELM) . Frh a2 AR 2 £, , Y14k
i ] A B2 o0 LAy B 1 MR B iR
J2 R 2 ORI 1 5 ).

AFE PR AT UL CF-RELM A9 T30 452 22 B 5 /)N
F EM-ELM 5 EI-ELM , H.YII ZR0s} fa] £z S, PR o e 25
AYERERAL. EM-ELM BE1E L i3 19 251 T ikt e
T3 S B S ELM S AU, (EHE
THE I FATI IS K35 R 52 22 1) 53 SRS M e i s 37
B H A 2kt 8] JLF- /& CF-RELM 5 EI-ELM A9 10
% TR RCREAR ; EI-ELM J&— Fh 3% T pR 8508 it J5
PREHE RS ELM IR0 LB S k)2 #h 40
15 OB /N EI-ELM 5 75 18 3 ek 45 E) 115 22
AEUR FH 5 B 3 270 S A ) s, 000 52 2 400 B 4
KF CF-RELM 5 EM-ELM. Kt CF-RELM 3¢ .7t
DK BE e TR BE PR 5 1 B8 i A X 4% S5 43X
SR T8 IR s ] 3 50 T

%1 CF-RELM,EM-ELM 5 EI-ELM X 75 bR il B 1] 52 51 B 391000 455 6

TRk Bef Rz B2 VI ]/ ms
s} 5] )5 51) W TR CF-RELM EM-ELM EI-ELM CF-RELM EM-ELM EI-ELM
Tent 25 0.0803 0.1331 0.2067 2.2761 24. 4497 2.6283
Kent 21 0. 0644 0.0671 0. 1358 1. 6987 20. 8494 2.1785
Henon 20 0. 0008 0.0013 0. 0040 1.3757 18. 9657 2.0184
Rossler 10 0. 0024 0. 0024 0.0164 0.3154 7.9173 0. 9350
Logistic 23 0.0177 0.0194 0.0492 1. 8761 22. 1499 2.3453
Kawakami 16 0. 0087 0. 0089 0.0262 1.2625 14. 4736 1. 6483
ZER UKy | HCZ AL RE 185 1 55 0 26 ) 45 A W 4
6. & Yl — I [ S0 B R 4 55 4 9 RELM. g

RELM #1351 AZ5L y AU ELM 892548 XU 5

3, CF-RELM [FFEEAE 73X — i, I LA Cholesky 43
fite 2T AU A 5 N T BRUE M 28 T Y

110201-5



4 I % )  Acta Phys. Sin.

Vol. 60, No.11 (2011)

110201

TR R AT EACA . 7R R Ta] 87 T S 4]
WERH  CF-RELM A] A 4485 RELM 9 ik M4 454

HBA B RE SR BE PR AR, Al R
(6] 51 B $ 4 — BT HL i A i PR A

Muhammad A F, Zolfaghari S 2010 Neurocomputing 73 2540
Vairappan C, Tamura H, Gao S C 2009 Neurocomputing 72
1870

Han M, Wang Y 2009 Expert. Syst. Appl. 36 1280

Lee C C, Chiang Y C, Shih C Y, Tsai C L 2009 Expert. Syst.
Appl. 36 4717

Mirzaee H 2009 Chaos Soliton Fract. 41 2681

Hanias M P, Karras D A 2009 ENG Appl. Aruf. Intel. 22
32

Xiu C B, Xu M 2010 Acta Phys. Sin. 59 7650 (in Chinese) [ &
W, Eh 2010 PFE2EAR 59 7650 )

Ma Q L, Zheng Q L, Peng H, Qin J] W 2009 Acta Phys. Sin. 58
1410(in Chinese) [ BFH  FRJjAie, & %, FE4E 2009
Y24 58 1410

Zhang J ¥, Hu S S 2007 Acta Phys. Sin. 56 713 (in Chinese)
[ BKZ20E | B HS 2007 PIFR2E4R 56 713 ]

[10]

Li J, Liu J H 2005 Acta Phys. Sin. 54 4569 (in Chinese) [ 2%
% XIF A 2005 PIEEAf 54 4569 ]

Huang G B, Zhu Q Y, Siew C K 2006 Neurocomputing 70 489
Feng G, Huang G B, Lin Q P, Gay R 2009 [EEE Neural 20
1352

Huang G B, Chen L 2008 Neurocomputing 71 3460

Liu N, Wang H 2010 [EEE Signal Pro. Let. 17 754

Lan Y, Soh C 'Y, Huang G B 2010 Neurocomputing 73 3191
Malathi V, Marimuthu N S, Baskar S 2010 Neurocomputing 73
2160

Deng WY, Zheng Q H, Chen L, Xu X B2010 Chin. J. Comp.
33279 (in Chinese) [ XBJ7F, FRERAE  BR - #k, P43k 2010
AP 33 279

Zhang X D 2005 Matrix Analysis and Applications ( Beijing:
Tsinghua University Press) p64 (in Chinese) [ 5Ktk 2005 %E
P53 A0 5 0 (B« T AR R L) 56 64 3]

Incremental regularized extreme learning machine based on
Cholesky factorization and its application to time series prediction

Zhang Xian®

Wang Hong-Li

( Department of Automatic Conirol Engineering, The Second Artillery Engineering College, Xi'an 710025, China)

(Received 11 January 2011 ; revised manuscript received 23 February 2011 )

Abstract

In order to solve the hidden-layer neuron determination problem of regularized extreme learning machine ( RELM)

applied to chaotic time series prediction, a new algorithm based on Cholesky factorization is proposed. First, an RELM-

based prediction model with one hidden-layer neuron is constructed and then a new hidden-layer neuron is added to the

prediction model in each training step until the generalization performance of the prediction model reaches its peak value.

Thus, the optimal network structure of the prediction model is determined.

In the training procedure, Cholesky

factorization is used to calculate the output weights of RELM. Experiments on chaotic time series prediction indicate that

the algorithm can be effectively used to determine the optimal network strueture of RELM, and the prediction model

trained by the algorithm has excellent performance in prediction accuracy and computational cost.

Keywords: neural networks, extreme learning machine, chaotic time series, time series prediction
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