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Fig. 3 The other input nonlinearities
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Fig. 4 The flowchart of the MISG algorithm

based on the over—parameterization model
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Table 1 The computational efficiency of the RLS algorithm
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PRFER R ¢ (1) AFEEHEEE & (p, o), ¥ RHH
y (o) A Y (p, o) ARS8 R 0 1Y
281 E /N 3 B3k ( Multi-Innovation Least Squares
algorithm , MILS =R W

0(1)=0(t-1)+L(1)E(p,t), 6(0)=1/p,, (38)
E(p,0)=Y(p,t)-®'(p,1)0(:-1), (39)
L(t)=P(=1)®(p 1) LI +@'(p ) )P(t-1)P(p 1) ], (40)
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Fig.5 The flowchart of the MILS algorithm

based on the over—parameterization model
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Table 2 The computational efficiency of the MILS algorithm
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Fig. 6 The flowchart of the HMISG algorithm based

on the over-parameterization model
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Fig. 7 The flowchart of the KT-MISG algorithm
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4.3 EFXBUHSBNAEMEBRES/N ZRHHID

'k

EFXTELRL (143) A3 B T R 48 (144) 1
R45(145) 1],

yi ()=, (1)0+v(1),

v () =f (t)etv(r),
Hrp

yi (1) =y (1) =f'(t)e,

¥, (1) 1=y (1)~ (1) 0.
FE SC 2 AN UM pREL

(177)
(178)

t

10) =5 X 10 () - €l()0T,
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Ji(e) s =3 X 1) = Gel’
MR 2 R B 8 T
s

a/,(0) !

VI zgsal(f')[yl(j) -0 (Ho] =
a.Jg - T,
a(c” == 231 ) S e] =0

ST o, AT SRR T 39, T L s A
0,(1)= [;m(j)so'{(j)] B ;mmlo) S

[;mm?m] B ;«:m [y(j) = f()el,

£(1) = [2f<j>fT<j>] h Zfo)yz(j) =

[Zf(J)f ] Zf(])[y(J) - ¢,())0].
LL%‘%IET’Y‘TLE@*%HE o, (1) ,c 10455 H

HAGTF @,(2) 6 (1=1) F @(1—1) FOFF , 153 5 T S gt
Iﬁ%ﬁ&aﬁ’wﬁﬁ/‘ﬁﬁ%dpiﬁ@t(m 2S-IS k) .

=X ad(] " X ah () - - 1),

e = [ ZSOrG)] B IWOINORIOEIENE

@, (1)=[-y(1=1) ,=y(1-2) -
w(1-2) -, u(t-n,) 1",

w(t)=f"(u(1))é(r).
KT R B R SR MR B B B

=y (t-n,) u(i-1),

R7T ETXBUSBENRMREHERN

SCHR[ 1,39 | iy 5, REREAT I BN IN-EE REESHL
[ A T S BRI 5 4 M B BB 4 A/ )N BRI
(Key Term separation based Two-Stage Recursive Least
Squares algorithm , KT-2S-RLS &.3k) 4,
0(1)=0(1=1)+L, (1) [y(1)-@,(1)B(1-1) -

fT(t)é(t—Al)], ) ) (179)
L(1)=P,-D@() [ 1+ ()P, (=D (1) 1™, (180)
P(1)=[1,. -L ()¢ (1)]P,(1-1), (181)
é(1)=¢(1=1)+Ly(1) [y(1) - (1) B(1-1) -

f(e-1)7, (182)
Ly(0)=P,(t=D)f() [ 14f (1) P,(e=1)f(1) 17", (183)
P,(t)=[I,~L,(t)f'(t) JP,(t-1), (184)
@, (1)=[=y(1=1) ,=y(1=2) -+, =y(t=n,)

w(t=1),u(t=2) - ,u(t-n,) 1", (185)
= [A() flule)) - folu(e)]",  (186)
w()=f'(1)e(1). (187)
BRI T LAEC
0(0)=1, .. /p,, €0)=1,/p,, u(i)=1/p,, i<O0,

P,(0)=p,, Sy P,(0)=p,l,, po:106-

*®7 ﬁlJtH T KT-2S-RLS 83k & 4 1y 1F 5 &
(n,:=n,+n,).

F15 B/ TRBRMIIERE 0(n®) (n 2
SR AR A, B 7 22 B B 4 %50 . KT-2S-RLS 5.
POl E R 2 ARG, RE IR 2 A %
P, HA AR KT-RLS 845 (120) —(128) /),
KM n=n,+n, B ,nl+ni<n’.

FEENITHEE

Table 7 The computational efficiency of the KT-2S-RLS algorithm

LIS s LR ek U IR €A
) 0(1)=0(t-1)+L,(1)e(t) eRM n, n,
o e(1) :=y(1) =@ (1)B(1=1)=f"(1)é(1-1) eR ny+m ny+m
L) L (1)=&, (1)/[1+@1(1)¢, (1) ] eR™ 2n, n,
Z,(t):=P,(t-1)¢(t) eR™ n? n-n,
P, (1) P, ()=P,(t-1)-L,(){' (1) e R"™ n? n?
é(t) é(1)=¢é(t=1)+Ly(t)e(t) eR™ m m
Ly(1) Ly()=&,(0) /[ 141 (1), (1) ] eR 2m m
$(1) :=P,(1-1)f() eR" m? m*-m
Py(1) P,(1)=P,y(1—1)-L,(1){3 (1) e R™™ m? m?
a(t) a()=f"()é(1) R m I

EV4

2n%+2m2+4n1+5m 2nf+2m2+2n1+3m—1

S Flop %

N, : =4n3+4m>+6n,+8m-1
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4.4 ETXxEMsBENRMESHER/N R

REE

S SUBT K BE R p ROHER i Y (p o) BfE
BUE BHBE @, (p,0) M F(p,0) T .
Y(p,t)=[y(t),y(t=1),---,y(t-p+1) ] " eR’,
D, (p,0)=[@ (1), @(1=1) @, (1=p+1) ] e R
F(p,0)=[f(t) f(1=1) - f(t-p+1) ] e R™".
B (179) F(182) Hiydri BT A

e(1) :=y(1) =@ (1)0(1=1)~f'(1)é(1-1) eR
B A i
E(p.t):=Y(p,1)=®(p,1)8(:~1)-F(p,t)c(i-1) eR’,
¥ KT-2S-RLS 54k (179)—( 187) W 1 {5 & 7] &
@ () f(0) § 8 R e BURE LA B @, (p,t) H
F(p,t), /ISR HH IN-EE RESH 0 ERET
SRR 4y B Y W B BE 22 5 B B /N IR Bk (Key
Termseparation based Two-Stage Multi-Innovation Least
Squares algorithm , KT-2S-MILS #.7%) .
0(1)=0(:-1)+L,()E(p,t), 80)=1,, /p,, (188)
E(p,)=Y(p,t)-®,(p,)B(1—1)-F (p,)é(1-1), (189)
L()=P,(1-1)® (p,0)[1+

Y(p,t)=[y(t),y(t=1) -, y(t=p+1)]",  (195)
@ (p,0)=[¢,(1),¢,(t-1) - ,¢,(1-p+1) ], (196)
F(p,)=[f(1) f(1=1) - f(-p+1) ], (197)

@, (1)=[-y(1=1) ,=y(1=2) ,-=+,~y(1-n,) ,u(1-1),

w(t=2) -, u(t-n,)]", (198)
Fo=[fi(u()) folu(t)) - f(u())]", (199)
w()=f"(1)é(r). (200)

M E K p=1 B}, KT-2S-MILS & ki 1k N
KT-2S-RLS %% (179)—( 187) . KT-2S-MILS %% %
HHTTERE I 8 /R (n, =n,+n,).

5 ETXBUMABEN=MERSHEIHEITE

E9R IN-EE RGN 2 DT RS, 0HE T
HT I B AR R R T
TSR, it — e s AR S B BRI
B IN-EE R GRS 70 2 B L (94 ) > fif
HINTREG, —DRELIEIH BIAET A(2) 1Y
SR a, — MIIELRIEIE S B(2) 1Y
SR b, — D EAE AR LT B S B & e, )
8 T AR AR

&\ (p,)P,(1-1)D (p,1)]", (190) ¥ IN-EE 2255 19 G HEIT 43 B3 BRI AL (94) T 5
P()=1[1,,, -L ()P (p,0) P (1-1), I
P(0)=p, .., (191) y(£)=@' (1) 9+v(1), (201)

é(t)=¢(t=1)+L,(t)E(p,t), ¢é(0)=1,/p, (192)
Ly(t)=P,(i-D)F (p ) [L+F" (p )P,(—-D)F (p,1) ], (193)

Py(1)=[1,-L,()F'(p,t) ]P,(1-1),
P,(0)=p,l,, (194)

E

L 25 A R e SOA

T T T7T -
[a ’b ,C ] ER"O, n()'_na+nb+m9

T n
al7a27”.7a’nd] ER”y

T ny
bl 9b25.”’by;,b] ER )’

> ]

[
[

%8 KT-28-MILS HiEHitEE
Table 8 The computational efficiency of the KT-2S-MILS algorithm

FikR Te kAL IRV
0(t)=0(t-1)+L,(t)E(p,t) eR™ np np
E(p,t)=Y(p,t)-®(p,0)8(1=1)~F (p,1)é(1-1) R nyp+mp nyptmp
Li()=¢, (1) [1,+®](p,1)&,(1) ] eRM¥ 2n,p*+p’ 2nyp*+pP=nyp=2p*
£i(1) :=P,(1=1) D, (p,1) eR"” nip nip=n;p
P()=P,(1=1)-L(){](1) e R""™" nip nip
é(1)=¢(t-1)+Ly(¢t)E(p,t) eR" mp mp
Ly()=&,(0) [L,+n F'(p )4, (1) ] e R™? 2mp*+p? 2mp*+p’ —mp-2p°
&5(1) :=P,(1=1)F(p,1) eR™" m?p m*p=mp
Py(1)=P,(1=1)-Ly(1){] (1) eR™" m?p m’p
a(D)=f"()e(1) eR m -l

Y

202 p+2n,p*+2n,p+2p° +

2m2p+2mp* +2mp+m

202 p+2n,p*+2p+

2m2p+2mp*—4p*+m-1

& flop %%

Ng: =4n? p+4m’p+4(n +m) p* +2nop+4p> —4p* +2m—1
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c:=[c, ,cz,---,cm]vr eR",

(1) :=[e,(1),¢,(1) f(1)]" eR™,

@, (1) :=[=y(1=1),~y(+=2) -+, ~y(t-n,) ]" eR"™,
@, (1) :=[u(t=1),u(2=2),-,u(t-n,) ]" eR",

S =[f(u(0)) Lolu(e)) - f, (u(t) ) ] eR™
WRIESEn i & FE B o (1) FIyE L, X

(201) AT S R

y(1)=@,(1)a+e, (1) b+f (1) c+v(1). (202)
KQ202)WET 3N FSHAE a,b Flc. FiHE
FETF OCHRII A3 25 1 — B BEBE ML B HE RO L =B
BB B AR HER O vk | = B B i R
PR S B2 R R /N R HEA T k.

5.1 EFXEMoBEHN=MEMIEEIHIE X
DL I T IN-CAR R %8 B Bt S 804 Mk ¢
FEI A BRI B 38 By BEIR L R AR X B S
L PEARARRY (202) 25 H AR IR LU .
E S 3 A v ) A
y.(1) =y () =@, (1) b=f'(1)c,
v, (1) :=y(1) ~@,()a~f"(1)c,
y.(1) 1=y (1)~ (t)a—¢;(1)b.
TR, R5(201) AT LIS 3 N T RS

y. ()=, (t)a+v(t), (203)
y,(1)=¢, (1) b+v(t), (204)
y.(t)= fl(t)etv(t). (205)

X 3 NFERSE(203)—(205) , 58 X3 /M BE )
PRI

SIn(0-l(al”,

J.(a) =
5B 5= (0 gl (b7,
1) = Ly (D (el

M B Ahs 4 2R D BN /N v U e B T, (@)
J,(b)F1 J (¢),Z% KT-28-SG 1% (151)—(159)
S, AT IS B0 HEN IN-EE R 582 80 B i 5L T
HRIVUSy B3 1 = B B BEBLA FE 557 (Key Term sepa-
ration based Three-Stage Stochastic Gradient algorithm,
KT-38-8G #5k) 1,

a(t)=a(t-1)+ <(>>e(t) (206)
e(t)=y(t) A (al-1) -4 ()b(-1) - (1)e(t-1), (207)
rn()=r(t=1)+le,(t) |?, r(0)=1, (208)

A

b(t) b(t 1)+ (U)) (1), (209)
n(D=rn(=D+ @) II*, r(0)=1, (210)
e=ei-1)+ oy (211)
ry(t)
ry(D)=r (=D + | f() |12, r(0)=1, (212)
o, (t)=[~y(1=1),=y(1=2) =, ~y(t-n,) ]", (213)
S =[fu()) folu(t)) = f(u()) ", (214)
@, (0)=[u(=1),u(1=2) - u(t-n,)]",  (215)
w(t)=f(1)é(t). (216)

2R (206) , (209) F(211) Hr e (), ry(2) F
ro (1) RH—ASER ) r(e) B
r()=r(t=1)+ [l @,(¢) | >+ [ @,(0) II 2+ [1£(2) ]| %,
r(0)=1,
M) KT-3S-SG -1 58 4= 55 [6] F KT-SG 5k (97)—
(104).

52 ETXAEMAOBEN=MERSHFEMHNEER
REE
S SUB BB A p MHEBUR T i Y (p o) B
FUS BAERE @ (p,t) , ®,(p,t) FIF(p,t) K.
Y(p,0)=[y(t),y(t=1) -+ ,y(t=p+1)]" eR",
D, (p,0)=Le,(1),0,(1=1), @, (1-p+1) ] eR"7",
D,(p,1)=[@,(1) ,@,(1-1) -, @,(1-p+1) ] e R,
F(p,t)=[f(1) f(1=1) - f(1-p+1) ] e R"™.
F20(206) , (209) FI(211) R #E
e(1)=y(1) =, (1)al-1) g (1)b(1-1) ' (1)e(1-1) R
P R B i

E(p,t):=Y(p,t)-®,(p,t)a(t-1)-

®,(p,0)b(1-1)-F(p,1)é(1-1) eR".

PR KT-38-SG Bk (206) —(216) Hi 5 B 11
@.(t) @, (1) T f(e) AHERUE BHEIE @, (p, 1),
@,(p,) M F(p,t), ] LIS F PR IN-EE RS S 5

T gk P B DCHRE T 43 B 1 — B B 22 0 B B LB B 5
% (Key Term separation based Three-Stage Multi-Inno-
vation Stochastic Gradient algorithm, KT-3S-MISG &
)P

D (p,t)
a(t) a(t 1)"TE<]) I) ﬁ(O)Zlnu/pO, (217)
E(p,))=Y(p,t)-®@.(p,t)a(1-1)-
D (p,)b(1-1)-F"(p,t)é(t-1), (218)
r()=r(t=D+ e ()%, r(0)=1, (219)
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ORNIPURINL (V20 . EE RS HOf IR 9 BT 5%,
b(t)=b(t—1)+TE(P,t), b(0)=1, /p,, (220)

7, ’
n(=n=-D+le () 7, rn0)=1, (221) (
U F(p,t) S
=2+ POEG), E0)=1,/p,, (22) I
r(D=r(=D+ A 17, r(0)=1,  (223) !
Y(p,0)=[y(0),y(t=1) - y(e=p+1)]",  (224) RO F0), HHEY(p., 0 A

D,(p,0)=[e,(1),¢,(1-1) - ,@,(t-p+1) ], (225)
D,(p,0)=[@,(1) ,@,(1=1) -, @,(1-p+1) ], (226)
F(p,0)=[f(1) f(1=1) = f(1=p+1) ], (227)
e, (1)=[-y(1-1) ,=y(1=2) ,=+,=y(1-n,) 1", (228)

@, (0)=[u(t-1),u(t=2) = ,uli-n,) 1",  (229)
SO =[A()) folult)) o fulu()) ], (230)
a(t)=f"(1)é(1). (231)

MR K p=1 B, KT-38-MISG 5 7:E 1k Ky
KT-3S-SG #.#: (206) —(216). W H X (217) , (220)
F(222) Hor (0) ,ry (0) By (1) SR — AN 3R Y
r(t) ,EI];
r()=r(=1)+ @, (0) |7+l @,(t) II*+ 1fe) |12,

r(0)=1, (232)
W] KT-3S-MISG . % 5¢ 4= 4§ [7] F KT-MISG 5 ¥
(105)—( 115) . FEMLSPEAT M, r (o) AT B2
r()=Xr(t=D)+ [ D,(p0) [P+ B(p0) [P+ Fpo) |17,

o<1, r(0)=1 (233)

KT-3S-MISG 5% (217)—(231) BER B % a., b,
e, FITFEALIRUT .

1) BIGAk o= 1, 4515 B E p BRI L Al
RS (%) 4 a(0)=1,/p,,b(0)=1,/p,,
(0)=1,/py,r,(0)=1,(0)=r,(0)=1,u(1)= 1/p,,
1<0,p,=10°.

2) RS Ak S w () oy (o), AU
(224) tysha th )i Y (p,o) , FIHIEC(228)—(230)
RV 3 £ B i @, (1), @, (1) R (), HI
(225)—(227) M HERUE BAEFE @, (p 1), D,(p,1)
FMF(p,t).

3) MK 218 IHHE B mE E(p,t), M
(219),(221) F1(223) TH5 r (1) ,r, (1) Fl ry(2).

4) R (217) , (220) F1(222) k#2541
Ml a(e) ,b(t) Fé(t).

5) QA <L, BN 1 RE R 2) 0 AR S
ettt ace) ,b(r) Fé(r).

FIH KT-3S-MISG 5.3 (217)—(231) it5 IN-

:

W3 o), e,0), fir), D(p, 1), B,(p, HFIF(p, 1)

!

WHRE(p, 1), r,@), r,0), r,0)

!

W25 a), b()., ¢)

:

i a)

2

Peita), b)Feq)

PO BT OCHEI A28 1 = B Be 22 7 B BEHLBG L B3 i A
Fig. 9 The flowchart of the KT-35-MISG algorithm

5.3 ETXEMA/BH=ZMERBEHER /N ZFPHID
g%
B3N TERSE(203)—(205) EEHUF .

y. ()=, (t)a+v(t), (234)
v ()=, () b+v(t), (235)
y.()= fl(t)etv(t), (236)

Hrp
v, (1) =y (1) =@, (1) b=f'(1)e,
v, (1) =y (1) ~@,()a~f (1)c,
y.(1) :=y(1) ~¢,(1)a~¢,(1)b.
FE L3 RN pR AR

I@) =5 R 0) - elal’,
5B =5 3 () - el()b T,

160y 1= 5 3 1) ~f (el

A T (a) ,J,(b)F ] (¢) %t a,b Flc H)FEL
R ARBETTF K ¢, A AR A 38 mst, ml AR A5
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B I T R PPN P,(1)=[1,-L,()&(1)IP,(i=1), P0)=p(,,, (248)
a(e) = [;%(J)soa(ﬂ] ;%(J)ya(ﬂ = é(1) =e(i-1)+L,(1)e(1), &(0)= 1m/p0 (249)

[Yeieid] T ebi) —elib -f (el f o LU (250)

ot ot L () P (1= 1) f(1)

b(r) = [;sob(ma”i(j)] ! 3 e =

(3 o] S e 0) -l - £,

é1) = | Zf(j)fT(D] h Zf(ﬂy[.(j) =

[Zf(])f N Zfomo) —el(j)a - ¢,()b].

J:L%:zﬁitﬁk_@aﬂ%’ﬁlﬁrg WA AN ] S
AR I B AR A& b, e, a,0,(1) ¥ HAG T
b(1=1),6(1=1),a(1=1) ¢, (1) (LB {E7 5 PEiR
IN-EE FGE 2500w it 1) 3T 5C S 0003 15 1) = B B de
/NTRE I (Key Term separation based Three-Stage
Least Squares algorithm , KT-3S-LS &.3%) .

a0 = [ eeltn] " X e ) -
SBG-1) —FHE-1]. (23
b= [Xeei] X e ) -
PO - 1) ~f(eG-1],  (238)
e = [ ZIDFD] T BID L) -
so;foj')a(t -1) - éfzt)ﬁ(t -7, (239)
@, ()= [u(t=1),u(1=2) -, u(t-n,)]",  (240)
W(D=F (e, (241)

S (237)—(241) W R BT MR R 3G, ) 2
2R RER S (50 (31) ), S HH R IN-EE &
G R i R T OB B ) — B Bk e fe /N
Fe B 1% (Key Term separation based Three-Stage Recur-
sive Least Squares algorithm , KT-3S-RLS 54.7%) .

a()=a(t=1)+L,(1)e(r), a(0)=1,/p,, (242)

e(t)=[y(t)-@i(1)a(1-1) -, (1)b(1-1) -
fl(ea-1)7, (243)

L(1)= f’(,(t—l)soa(t) ’ (244)

I+, ()P, (1-1)e,(1)

P,(1)=[I, -L()@(1)IP,(1-1), P,(0)=p,, ,(245)

b(1)=b(1=1)+L,(1)e(r), b(0)=1,/p,, (246)

L(1) = P,(t=1)¢,(1) (247)

1+¢, ()P, (1-1) ¢, (1)

P.(t)=[1,-L.(t)f'(t)]P.(t-1),
o, ()=[-y(=1),=y(1=2) -,

P.(0)=pl,,(251)
-y(1=n,) 1", (252)

@, (0)=[u(t=1),u(t=2) - ,ult-n,)]",  (253)
FO=[A() folu(r)) oo fulu()) ], (254)
a(t)=f'(1)é(1). (255)

KT-3S-RIS B R A WiTHE EWE 9 rw

ny,:=n,tn,+m).
0 b

54 ETXBOSBEN=MEZHER/N_
REE
B SCH B FE R p BMERR T 17 5 Y (p,e) MM
BUEBHE @, (p,1) ,@,(p,t) FIF(p,t) IF .
Y(p,t) :=[y(1),y(t=1) - y(t=p+1) " eR",
D,(p,t):=[e,(1),¢,(t-1),,¢,(t-p+1) ] eR™¥,
D, (p,0)=[¢,(1),@,(1=1),,@,(1=p+1) ] e R""
F(p,t) :=[f(1) f(t=1) - f(t=p+1) ] e R™.
X (243) AR DB R
e(1)=y(1) =, (1)a-1) g (1)b(1=1) " (1)e(1-1) eR
PR Ry R ] i
E(p,t) :=Y(p,t)-P,(p,1)a(t-1)-
®,(p,)b(1-1)-F(p,1)é(1-1) eR",
$ KT-38-RLS 55 ¥k (242)—(255) W {5 & 1] &
@,(1) ,,(t) FF(0) P8 I3RS BAERE @, (p 1),
&,(p,1) FF(p,e), T LISSIPYL IN-EE RGBS K
[i) g () 5 T O BRI 43 25 1 — B B 22 8 /N e
7% (Key Term separation based Three-Stage Multi-Inno-
vation Least Squares algorithm , KT-3S-MILS &%) .

3 9%

a(t)=a(t-1)+L,(t)E(p,t), (256)
E(p,0))=Y(p,t)-®,(p,1)a(t-1)-

D,(p,)b(1-1)-F(p,1)é(1-1), (257)
L(t)=P,(t-1)®,(p,t)[ I+

D,(p,1)P,(1-1)D,(p,1)]", (258)
P(1)=[1,-L()®,(p,1)]P,(1-1), (259)
I;(t) =$(t—l)+Lb(t)E(p,t), (260)
L()=P,(t-1)D,(p,1)[ I+

D) (p,)P,(1=1)D,(p,1)]"" (261)
P,(1)=[I,-L,()®,(p,) P, (1-1), (262)
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R ETXBUSBENEESN_REZNITEE
Table 9  The computational efficiency of the KT-3S-RLS algorithm

AR hE TR R Fe kWA IRV
) a(t)=a(t-1)+L,(t)e(t) eR" n, n,
o e(1) :=y(1)~@s()a(1=1)=f"(1)é(1=1)-@}(1)b(1-1) eR ng ng
L) L, (1)=&, (1)/[1+@(1)E,(1) ] eR" 2n, ,
£,(1):=P,(1-1)g,(1) e R (n,~)n,
P, (1) P, (t)=P,(t-1)-L,(1){}(t) e R"" n n?
b(1) b(1)=b(t-1)+L,(t)e(t) eR™ n, n,
Lo L()=4(1)/[ 1@2(0;2@)1 eR" 2n, n,
£(1) =P, (1-1)@,(1) €R" n_b? (n,=1)m,
Py(1) P,(1)=P,(1=1)=L,(1){3(1) e R n} n;
é(t) é(t)=¢(t-1)+L.(t)e(t) eR" m m
Lo L(0)=L(0)/[ 14" () &5(1) ] eR" 2m m
L4(1) =P (1=1)f(1) eR™ m? (m-1)m
P,(1) P.(1)=P.(t-1)-L,(1){;(t) e R™™" m? m?
a(1) a(D=f(1)é(1) R m m-1

IS8

2(n?+n+m*) +4ny+m 2(n?+ni+m*) +2n,+m-1

B flop %X

Ng:=4(nl+nj+m*) +6n,+2m-1

¢(t)=¢(t=1)+L(t)E(p,t),
L(t)=P,(t—-1)F(p,t)[ I+

é(0)=1,/p,, (263)

F'(p,t)P(t-1)F(p,t)]", (264)
P(t)=[1,-L(t)F'(p,t) P (t-1), (265)
Y(p,t)=[y(t),y(t=1),---,y(t=p+1)]",  (266)

D,(p,0)=[e,(1),¢,(1-1),,¢,(1-p+1) ], (267)
D,(p,0)=[@,(1) ,@,(1=1) -+, ¢,(1-p+1) ], (268)
F(p,0)=[f(1) f(1=1) = f(i-p+1) ], (269)
e, ()=[-y(t=1),=y(t=2) -+, =y(t-n,) 1", (270)

@, (0)=[u(t-1),u(t-2) = ,ul(i-n,) 1", (271)
FO=[A()) folu(t)) o fulu()) ], (272)
w(t)=f'(1)é(1). (273)

A K E p=1 B, KT-3S-MILS & kiB 1k h
KT-3S-RLS %49 (242) —(255) . F| | KT-3S-MILS %
7%:(256)—(273) £l IN-EE R4 2400 & 13t 5
HIRUT .

1) et e=1, 40 (5 B p BARKE LA
FEPRBLf( % )34 a(0)=1,/p,,b(0)=1,/p, il
¢(0)=1,/py,P,(0)=py, ,P,(0)=pd, P (0)=
pol, u(j)=1/py,j<0,p,=10".

2) RAEH NS B w () My (1), FHZL(266)
s Y(p,e) , H30(270) —(272) M9 {5 5
4 o, (1) @, (1) Ff(2) , R (267)—(269) Hy ik
D,(p,t), D,(p,) R F(p,).

3) =R (257) A FE MR E(p,t).

4) FH=(258)—(259) & L,(¢) F1 P, (1), H
A (256) RlEAt it a (¢), L (261)—(262) 5
L,(¢0) F1 P, (1), HIX (260) Bl#AG b (o), AR
(264)—(265) 5 L (1) F1 P (1) , =X (263) kil B
fliité(e).

5) FA=(273) HHE AR i ).

6) ML <L, o BN 1 BERIG 2) 2 HI S
At a(L) ,b(L)Fé(L).

KT-3S-MILS &3 (256 ) —( 273) 8 S 5 fh it
R A0 10 TR | B A0 B i S 10 7

N(ny:=n,+n,+m).
6 WAREWITEEILR

NI RIS BT R R AT LR, TR
T IS HAERE RLS 8365 HLS 5k kTt
SRR MILS 259 5 HMILS B4k, 5L T G4 15
4y B i KT-RLS %5 35  KT-2S-RLS %5 3  KT-3S-RLS
Bk BT OCHEI J) B A KT-MILS 89 KT-2S-MILS
S KT-3S-MILS H.3k , BAT 1R it 5 i (L flop
O W 11 FroR. oA T8 EWE HBFR A R
RN, ZRPAH T n,=10,n,=10,m=10,p=8 I
flop £ P LAINFR 11t A58 & B R 2R BRI 1
TR RN
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Fig. 10 The flowchart of the KT-3S-MILS algorithm
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Table 10 The computational efficiency of the KT-3S-MILS algorithm

ik TR EL YRR €3
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F 11 SNREFHAEZEEHIHTEENRR
Table 11 The computational efficiency of the least squares type identification algorithms
Fk B Flop %t i flop %
RLS N, :=4(n,+mn;)*+6(n,+mn,) 49 060
HLS N, :=4n2+4m*n,+6n,+6mn, 5 060
MILS N, :=4(n,+mn;) *p+4(n,+mn, ) p*+2(n,+mn, ) p+2p*-2p* 418 016
HMILS N, :=4(nl+mn})p+4(n,+mn,) p*+2(n,+mn,) p+2(n,+1) (p*—p*) 74 976
KT-RLS Ng:=4(n,+n,+m)>+6(n, +n,+m)+2m-1 3 799
KT-2S-RLS N, :=4(n,+n,) > +4m>+6(n, +n,+m) +2m-1 2199
KT-3S-RLS Ny :=4(n2+ni+m?)+6(n,+n,+m)+2m~1 1 399
KT-MILS Ng:=4(n,+n,+m) p+4(n, +n,+m)p>+2(n,+n,+m)p+2p° —2p*+2m-—1 37 875
KT-2S-MILS Ng:=4(n,+n,) *p+4m’p+4(n,+n,+m) p*+2(n,+n,+m) p+4p* —4p* +2m-1 25 971
KT-3S-MILS Ny i =4(n2+n]+m?) p+4(n, +n,+m)p>+2(n, +n,+m) p+6p> —6p* +2m—-1 20 467

XL A B T AR 7 B B B R

LS A SO T e R AR R GE4R T 1Y
ER AT DU T2t R T, o ml LU T 2 i AR 2o
ARG AR R G5

References

(1]

[2]

[3]

[4]

T8 RGEHUHIE [ M ALsT Bl H L, 2013
DING Feng. System identification; New theory and
methods[ M ].Beijing : Science Press,2013

T RGN HONETERE T [ M ] st Bl i
Jikt 2014

DING Feng. System identification; Performance analysis
for identification methods [ M ]. Science
Press,2014

T TEARIE. Z 00 R G 208 S REHLBR 2K R
Tk [J] M aUE B TR E 4 B ARRH A, 2014,
6(1):1-16

DING Feng, WANG Feifei. Coupled multi-innovation sto-
chastic type

multivariate systems[ J].Journal of Nanjing University of

Beijing

gradient identification  methods for
Information Science and Technology: Natural Science
Edition,2014,6(1) :1-16

THE EARTE TR 2 Ut M A R G AR A
ZH RIS BRI R [ )] r aUE B TR R
AR AR, 2014,6(2) :97-112

DING Feng, WANG Feifei, WANG Xuehai.Partially Cou-
pled type

identification methods for multivariate pseudo-linear re-

multi-innovation  stochastic ~ gradient
gressive systems[ J |.Journal of Nanjing University of In-
formation Science and Technology: Natural Science Edi-
tion,2014,6(2) :97-112

T TEAEAE TRl 2R 2 B DR 2E R SRR S
ZHBHRITET] AR R TR R4 A AR
20,2014 ,6(3) :193-210

DING Feng, WANG Feifei, WANG Xuehai. Coupled
multi-innovation identification methods for multivariable
Journal of Nanjing

output-error-like systems [ J ].

[10]

[11]

[12]

University of Information Science and Technology:
Natural Science Edition,2014,6(3) :193-210

THE EAETE TR 2R RO RIRE R R G
A IEAHHRINE )] M a5 B R AR
Bl ,2014,6(4) :289-305

DING Feng, WANG Feifei, WANG Xuehai.Partially cou-
pled iterative identification methods for multivariable
equation error type systems[ J ].Journal of Nanjing Uni-
versity of Information Science and Technology: Natural
Science Edition,2014,6(4) :289-305

TE, EHR R 2RI R IR 2R RG220
BHRE 1] M55 B TR R4l AR
W2 ,2014,6(5) :385-404

DING Feng, WANG Yanjiao. Hierarchical
innovation identification methods for multivariable equa-

multi-

tion-error-like type systems|[ J].Journal of Nanjing Uni-
versity of Information Science and Technology: Natural
Science Edition,2014,6(5) :385-404

THE, B n MRS S M RGP [J] . Bt
fH B TR E 4 AR, 2014,6(6) :481-504
DING Feng, MA Xingyun. Identification methods for ca-
nonical state space systems[ J].Journal of Nanjing Uni-
versity of Information Science and Technology: Natural
Science Edition,2014,6(6) :481-504

TH, B SC R AARLRIE T IR ZE A ARG £
ARHUNELT] U5 B TR A4 [ AR
J9,2015,7(1) :1-23

DING Feng, MAO Yawen. Multi-innovation identification
methods for input nonlinear equation-error autoregressive
systems[ J ].Journal of Nanjing University of Information
Science and Technology : Natural Science Edition,2015,7
(1):1-23

Voros J.lterative algorithm for parameter identification of
Hammerstein systems with two-segment nonlinearities
[J].TEEE Transactions on Automatic Control, 1999, 44
(11):2145-2149

Viros J.Modeling and parameter identification of systems
with multi-segment piecewise-linear characteristics [ J].
IEEE Transactions on Automatic Control,2002,47 (1) .
184-188

Voros J.Identification of Hammerstein systems with time-



71 R 241 22240 AR, 2015,7(2) .97-124

Journal of Nanjing University of Information Science and Technology : Natural Science Edition,2015,7(2) :97-124

[15]

[16]

[17]

[18]

[19]

[23]

[24]

(28]

varying piecewise-linear characteristics [ J |.IEEE Trans-
action on Circuit Systems 11,2005,52(12) :865-869
Ding F,Chen T.Performance analysis of multi-innovation
gradient type identification methods [ J ]. Automatica,
2007,43(1) :1-14

Ding F, Liu X P, Liu G.Multi-innovation least squares
identification for system modeling[ J].TEEE Transactions
on Systems, Man, and Cybernetics, Part B: Cybernetics,
2010,40(3) :767-778

Ding F. Several multi-innovation identification methods
[ J].Digital Signal Processing,2010,20(4) ;:1027-1039
Ding F,Liu G,Liu X P.Parameter estimation with scarce
measurements| J | . Automatica,2011,47(8) :1646-1655
Ding F.Hierarchical multi-innovation stochastic gradient
algorithm for Hammerstein nonlinear system modeling
[J]. Applied Mathematical Modelling, 2013, 37 (4) .
1694-1704

Ding F,Liu X P, Liu G.Auxiliary model based multi-in-
novation extended stochastic  gradient  parameter
estimation with colored measurement noises [ J ]. Signal
Processing,2009,89(10) :1883-1890

Ding F, Chen H B, Li M.Multi-innovation least squares
identification methods based on the auxiliary model for
MISO systems [ J ]. Applied Mathematics and
Computation, 2007 ,187(2) :658-668

Zhang J B, Ding F, Shi Y. Self-tuning control based on
multi-innovation stochastic gradient parameter estimation
[J].Systems & Control Letters,2009,58( 1) :69-75

Han L L, Ding F.Multi-innovation stochastic gradient al-
gorithms for multi-input multi-output systems [ J ]. Digital
Signal Processing,2009,19(4) :545-554

Wang D Q, Ding F.Performance analysis of the auxiliary
models based multi-innovation stochastic gradient estima-
tion algorithm for output error systems[ J |.Digital Signal
Processing,2010,20(3) :750-762

Liu Y J,Xiao Y S,Zhao X L.Multi-innovation stochastic
gradient algorithm for multiple-input single-output
systems using the auxiliary model [ J ]. Applied
Mathematics and Computation,2009,215(4) :1477-1483
Liu Y J, Yu L, Ding F. Multi-innovation extended
stochastic gradient algorithm and its performance analysis
[J]. Circuits, Systems and Signal Processing, 2010, 29
(4) :649-667

Han L L, Ding F.Identification for multirate multi-input
systems using the multi-innovation identification theory
[J]. Computers and Mathematics with Applications,
2009,57(9) :1438-1449

Xie L, Yang H Z, Ding F.Modeling and identification for
non-uniformly periodically sampled-data systems[ J].IET
Control Theory and Applications,2010,4(5) .784-794
Wang D Q, Chu Y Y, Ding F. Auxiliary model-based
RELS and MI-ELS algorithms for Hammerstein OEMA
systems [ J ]. Computers and Mathematics with
Applications,2010,59(9) :3092-3098

Chen J,Ding F.Least squares and stochastic gradient pa-
Box-

Jenkins models based on the auxiliary model and multi-

rameter estimation for multivariable nonlinear

innovation identification theory [ J].Engineering Compu-

[29]

[31]

[39]

[40]

[41]

123

tations,2012,29(8) :907-921.

Chen H B, Xiao Y S, Ding F.Hierarchical gradient pa-
rameter estimation algorithm for Hammerstein nonlinear
systems using the key term separation principle[ J].Ap-
plied Mathematics 2014, 247.
1202-1210.

TR BT R, 7 SHR R R G 208 B U5
[J]. A3k #42,1996,22(1) :85-91

DING Feng, XIE Xinmin, FANG Chongzhi. Multi-
innovation identification methods for time-varying systems
[J].Acta Automatica Sinica,1996,22(1) :85-91

TE WS, THE. 28 BRI AR [ ] 4%
HIHEIS 5 ,2003,20(6) :870-874

DING Feng, XIAO Deyun, DING Tao. Multi-innovation
stochastic gradient identification methods [ J ]. Control
Theory and Application,2003,20(6) :870-874

T, T Box-Jenkins 15 71 ff JL T4l Bh S 10 () 2
BUETT S BEALAS BE Sk [ 1] 42 5 P 3, 2008,
23(9) :999-1003,1010

WANG Dongqing, DING Feng. Auxiliary model based

multi-innovation generalized extended stochastic gradient

and Computation,

algorithms for Box-Jenkins models[ J ].Control and Deci-
sion,2008,23(9) :999-1003,1010

T T, TR AR SR R G2 B R BB BE B
PUPERE T[T ] #1053 ,2011,26(9) :1338-1342.
DING Jie, XIE Li, DING Feng. Performance analysis of
multi-innovation stochastic gradient identification for non-
uniformly sampled systems [ J]. Control and Decision,
2011,26(9) :1338-1342.

Mao Y W, Ding F. Multi-innovation stochastic gradient
identification for Hammerstein controlled autoregressive
autoregressive systems based on the filtering technique
[ J].Nonlinear Dynamics,2015,79(3) :1745-1755.

Ding F, Chen T.lIdentification of Hammerstein nonlinear
ARMAX systems [ J ]. Automatica, 2005, 41 (9):
1479-1489

Ding F, Shi Y, Chen T. Gradient-based identification
methods for Hammerstein nonlinear ARMAX models[ J].
Nonlinear Dynamics,2006,45(1-2) :31-43

Ding F, Shi Y, Chen T. Auxiliary model based least-
squares identification methods for Hammerstein output-
error systems[ J ].Systems and Control Letters, 2007, 56
(5):373-380

AR, TH. Hammerstein R M R ESEAN T4 B 1)
SRR DTk L. RS 5 TR, 2008, 8 (6)
1586-1589.

FAN Wei, DING Feng. Three methods of separating pa-
rameters for Hammerstein nonlinear systems| J ].Science
Technology and Engineering,2008,8(6) : 1586-1589

Ding F,Duan H H.Two-stage parameter estimation algo-

rithms for Box-Jenkins systems [ J ]. IET Signal
Processing,2013,7(2) :176-184
Chen H B, Ding F. Hierarchical least squares

identification for Hammerstein nonlinear controlled au-
toregressive systems|[ J ].Circuit, System and Signal Pro-
cessing,2015,34(1) :61-75.

Chen H B, Ding I, Xiao Y S.Decomposition based param-

eter estimation algorithm for input nonlinear systems



T A A AARLRIE T R R 22 R G 28 BRI IE.

124 DING Feng, et al.Multi-innovation identification methods for input nonlinear equation-error systems.

using the key term separation technique [ J ]. Nonlinear Dynamics,2015,79(3) :2027-2035.

Multi-innovation identification methods for input
nonlinear equation-error systems

DING Feng'*? CHEN Huibo'
1 School of Internet of Things Engineering, Jiangnan University, Wuxi 214122

2 Control Science and Engineering Research Center,Jiangnan University, Wuxi 214122

3 Key Laboratory of Advanced Process Control for Light Industry ( Ministry of Education) ,Jiangnan University, Wuxi 214122

Abstract For input nonlinear equation-error systems (namely the input nonlinear controlled autoregressive ( IN-
CAR) systems) ,this paper studies and presents the over-parameterization model based multi-innovation identifica-
tion (MI) methods, the over-parameterization model based hierarchical MI methods and the key term separation
based MI methods, and uses the decomposition technique to present the key term separation based two-stage MI
methods and the key term separation based three-stage MI methods.These methods can be extended to other input
nonlinear equation-error systems,input nonlinear output-error type systems ,output nonlinear equation-error type sys-
tems and output nonlinear output-error systems, and feedback nonlinear systems. Finally, the computational
efficiency , the computational steps and the flowcharts of several typical identification algorithms are discussed.
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