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ITERATIVE LEARNING CONTROL OF TIME VARYING
SYSTEMS BASED ON PARAMETER ESTIMATION

ABSTRACT

Iterative learning control is an advanced control strategy designed
for repetitive tasks, which optimizes the current control input by utilizing
historical error information and input signals. It has shown significant
application potential in fields such as industrial robots, numerical control
machining, and medical equipment. Traditional iterative learning control
typically assumes that the dynamic characteristics of the system remain
unchanged in repetitive tasks. However, in practical engineering, system
parameters often exhibit time-varying characteristics due to
environmental disturbances or changes in task requirements, which limits
traditional algorithms in dealing with time-varying systems. Therefore,
this article focuses on iterative learning control of time-varying systems
based on parameter estimation, aiming to solve the control problem of
time-varying systems in high-precision path tracking. An iterative
learning control algorithm suitable for time-varying systems is proposed,
and its robustness and convergence are proved through theoretical
analysis. Finally, the effectiveness of the proposed algorithm was verified

through numerical simulations and experiments, and its superiority was
i
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further validated through comparative experiments. Specifically, the
research content of this article mainly includes the following three
aspects:

(1) Iterative learning control method based on extreme learning
machine estimation mechanism: Firstly, the estimation problem of
time-varying parameters is solved by constructing an extreme learning
machine model; Subsequently, an iterative learning control law is
designed to track the reference trajectory based on the relevant
characteristics of system dynamics and the system performance function.
Finally, the iterative learning control algorithm based on extreme learning
machine estimation method will be compared with traditional methods
through simulation. The results show that the tracking error of this
method fluctuates between 10" mm and 10~ mm. At the same time, the
accuracy of parameter estimation is significantly improved.

(2) Iterative learning control method based on back propagation
neural network estimation mechanism: Firstly, a suitable back
propagation neural network model is established according to the
parameter properties of the system. Then, corresponding update laws are
designed based on its control objectives to improve the traditional
iterative learning control algorithm, and a coupled algorithm is formed
with the parameter estimation method. Finally, theoretical analysis and
experimental verification are conducted on the convergence of the

v
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algorithm. The performance of the algorithm is validated through
industrial processing experimental platform, and the results show that the
tracking error of the method could be stable at 10~ mm, fully
demonstrating its feasibility and superiority.

(3) Iterative learning control method with noise interference based
on expected maximization estimation mechanism: In the parameter
estimation process, the actual noise interference in the production process
is considered, and the expected maximization method is used to estimate
the parameters with noise interference. Relevant update laws are designed
based on the actual presence of noise, and their convergence performance
is analyzed. Through testing on the experimental platform, the results
show that the algorithm can not only effectively handle noise interference,
but also has higher convergence accuracy than the previous methods. The

tracking error can be stabilized at nearly 10~ mm level in the later stage,

thus verifying the robustness and practicality of the algorithm.

Huangfu Ziwei(Electronic Information)

Supervised by Li Wei

KEY WORDS: iterative learning control, parameter estimation, extreme
learning machine, back propagation neural network, expectation

maximization
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ng(x’i)jw SE<r (2-17)

Q)R TR iﬁzg(x)——xx £(x) FIFE 2 R 2L
Q)R T HREIBLE V() BA &um b, B LR AZE A
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[/ )=V O (=)= 2|V ) - Vr (2-18)
ST n MBS £O): > 0 W) - f() 5 x— y AR, %R
PR s
S~ fO =220 Veye  st[f()-fO)]-(x=»)20,  (2-19)
T 5 A 3 5 0 50 0 0 5 15 x
=y HITAE 2L
0= FOI (=)= = (2:20)
P £ () KRR, TR N AR EHIE, 1.

Lf(X)—:f(JO]T(x-JOEiié-Wf(x)—:f(y)W- (2-21)

2.3 WMtk

BRSSP AE IS A S S I T R P R 2 R 2 —, B R A R
R BN SCSAPESREARAR T DL R TLC SRR ARG n, {45
WA= 28 8 10 B H I ABOR B P R AR o R LT [ I o A BT 3 B AR
A, B RS RPIRE tl fm) - EARRGS . WSO e 221 T LRI 22 2] &
GRUSCSCT ST EE 1 o o SR AR 2 ST 4R ORI LE 4 SR R A 32 27 ) R ) B
Stk en] DM R S AR B i B 5 50 e AN AR

AR ST BAT M RO HE , SRR S B R S T Hes ot K s
o BN AZ R G, W T 5B SS & BIIUIEA A T3], few
(KI5 IR v, I SV B SR, UER 1 ERER IR 22 AR5 AU |
HATE S USCSICRR I, 31X — BRI RO 5 B2 I 4 WS 98 ILC SR seit$2 4t 1 ™
RS . BLAN, T ORI AU SRR E 7C s (R o 4l S 2t for . iR
JIE AR TR T BREMW, m i AR AR AR A0SR, IX SR TEA AT AL
WEAR PRAEIAACE AR T F il S A Aot o oAz OoAE Tl AR A I R A 1k e
TEARIE N BT R, B A LR Z ETLER . BESRTTEA DR 1 ILC 1)
BARHEZY, IR A ARL I R gt sk o A g it 1 B it se v =K
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£ 35 ETRRE IHEHHLHIANER FE S

BEXTER 2 TR B A AL Grik AQA SR S IR T 2R VE IR AR R GE R BER
A, FLAE Tl by s o ) S B 2 T W S22 35 Wl SR B 2B R G b i A7 A5 2 4L
FEh PR KB TINE R R, ARG 17 ZIN AR, AR %
gt ILC ARSI AN S Fe ko

BT, AT 7 ET IR PRI 22 R GUEE I EHTT R, =07
I R IR SIHLN 2 5 ILC ISR AL, Bt RS E 2R
SRS T S IR IR =2 SIL A B 3& DR PR SER il TH RGN AL 3 1224 B R
TS RN ILC BIAAE BT, RS HG - F2 i 2 1 XA 544
I I8 I HAR 7 M R W2 A S, IR R U Bt 2P I 1 AR AR
IO LR SE ILC SRR A AR ERERR AT & R

3.1 [G)ER¥EIAR
3.1.1 REhHEF

5 JEANTT B EUN AR R GRS A 8] 3 AT -

{xk(t+1)::zQ(1)xk(t)+£g(t)uk(t)
Y () =Ci(2) % (1) ,

ok, AR A, (1) B, (1) W C, () ForHRE 0 R G5 AR B 1 1% A
M. HRAE TR (2-2) RYEH A 0 F IR

(3-1)

(1) =G, (1) (1), )
HF G, (¢) 1 F = AR
(1), (1) 0
o)< COAOBL awn0 0
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3.1.2 BESHmE

KGR IT IR AL FN RS H, I0H [a, b] T35 20 NEUNR X (]

FEREA [, x| IKI)E, REEHPRAS AR A, (1) AT LD F TR

AAQ_—{@QQ+4§A4} J+2§AA%)+4(%U. (3-4)
k=0 k=0

k+—
2

3.1.3 tRERZE SIHLEVIE X

% B 2% >J Hl(Extreme Learning Machine, ELM)ISYH F Il S5 5 A B2 A1 154
22 Mk, AT ABENLIE R N R, FGEUR (n B A R BUE, iR =R
FH i F f¥) (Moore-Penrose, MP) s i B B 14 2 7. 1

ELM 2 B NGy, BEYLUE YR Jrf 1A 24, JFiEd
/N AR E H R AU X T RE N AR (1) BIEEEER, AT

T:[tl,tz,---,tQ]mXQ, (3-5)

. tzzj _ Z; ﬁjzg(wixj + bi) ’ (3-6)

e |30 Bug(wx,b) |
HAT, BRI gOn, b, x) RERTFOREARAR L, SRR A WATRLI i H BT A
Yok S BUESE RS, B g MREAS, m MRS RUR n AMEFAE G, BEHLWSEALE
w, R B,
i th

g(wlxl +bl) g(WLxl +bL)
He| i e , (3-7)

g(wle+b1) g(wLxQ+bL) o

Wi e/ R IR KBRS EHEWHEME HB=T , ELM H# &N
B=H"HYHH .
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3.2 BRI EHIE R

DRI AE 28 68 PP R B2 BRI 1), AR 2R S0l 775 A (3- 1) R REH5 b R 2K
(2-15), B S PR EHHN:
e, =, + G, (I +G,,Gy, )71 > (3-8)

Hep*RIR G, IR, e KRGk PORIE AR Z
3.2.1 EFEfEiR

AREEIGH AR RS ILC AN 3.1, ZHE ELM 5 ILC &4, R
ELM HIBRIE S > BE JJSE A TH RGSHL IR TG THEE RS ILC B,
M I RIS AR S),  F T ELM Al v L) kAR 2] il an 5% 3.1 B

B3 3.1 SETHR B STHUR AL 1 28 2R G AR 2 ST 45 S0k

BN WIIRHRIANAG T, WIEPGE -, BENLOTGG AT RE W, SN E b, KA

a7, , KK A, VIRRER TG, , BEFEFE o MR .

otk BN
1: ¥tate, 2S5 KE k=0,
2: AEFRRZAS . F AN AERE 4,.(0)  B.(0) M C (1)

3: KRHASGERVIGEIANG Ty, , BT RFES S5 FEKGE-1), FEYIGERH G
Ty NRE € 5

4 MBI k <k I, AT AT 5.
5: ELM {# % 500 H F1 sigmoid B% g(w,, b, x,) SRR ZE B ;

6: H1 ILC BB 2N —IRIRAG 5 u,,, MHET G, (0) 5
7: KRHINBERSRIVIR NG 5 v, I8 R 0iE, HE T — R
BEHES y, MR E e,

8: WK F k+1;
9: SENTEIN;

10: RS SR {u, )

12
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3.2.2 USSR

N T BRUFIEAC A ST R (3-8) A R, Nk @ FRA T i A 1R 2 Sl
FI26AE, FRNFRIS e T e B 3.1 AR A2
EHE 3.1 MRHET G, T, BHET G, MG, 2 LR &

” kel T k”””k” pk+l (3-9)
[EJ I 24 ARG 1) R 22 e, 2 LR A%
®
e nz—('l _”/")”" ")’ (3-10)

H p (U +G,,,G,,) AR, 0 NG, MG MZEME, FILREREL.

FLUR B I R AE DL 3070 VR A ) ik
VEBA B 205 b +1 UGRES I PR R R 22 HH ERER R 22 50(2-16) 53 Hi:

ek+l :r_ykﬂ :r_Gk+]uk+]’ (3'11)
B 5 K (3-8 RN ik A =15 3] A F A
e, =r—G u — Gk+lGl:+l I+ Gk+1GZ+1)71 e =+ Gk+1Glt+l)7l e, —Ou,. (3-12)

MRAE B TFE I A5 240 T AN

.|+

€ Spk+1 (3'13)

Rk, BB RS &0k, irke.
3.2.3 E%MoHh

FESEBRAE BT, Z G800 T DU AN 72 PR 3R 2o 0 R R 1 1 42 3 A — 2 1Y
SO, NS SR A B A AR, AR 0 S B Tl 28 49 b 5 30 A7 £ RS TR AN
EMEA RS, RAMNETHRAG=(1+A)G, B WER 3.2 K& ITiE
B, AR AT R R R ZE AR AT AN E PR 20 AN B 2 BOAH SR %A

R 3.2 RS Swe L AT

F(1+A)
[P(L+A } =) e, (3-14)
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H AR ARH 2 A R UL A SR,

<l (3-15)

F :
I+ P A(;k+1(;k+1

Hoob G, BIHIMEE BT TG AN G, =[FG,, PG,] , WAREIS AR
B ASH E PERO B . 3L 4 F

SEB £F%E RGN P ISR A RS T4 BIE 5 R0 G R, fE% 8
RO AR AR RO T 45k + LRI OB B2

. - - F(1+A)G F(1+A)G,,
G =r=Vin=¢+Gu, -G u. =¢ +|:PE1+A;G::|uk _{PEI_FA;G:HI}”;M- (3-16)

K 3-8) (B2 RN _E )

_ F(1+4)(G,, - G,) F(1+4) G, -1 ]
€t = & _LD(I_'_A)(GIC+1 )} [P( 1+4) G, Gkﬂ( I+ GkHGH) ¢, (3-17)

b /N WA RS EL DN IS W
ehl2{1_{F(1+A)Gmi%%H(1+ChHGHJ1}ek_[F(L+A)®}ur .

P(1+A)G,,, P(1+A)0
R BARLAERE 1 JETT -
ek+l 2{1_|:FAGk+1:|}Gk+1(1+Gk+le+l) ek _|:F(1+A)®:|uka (3_19)
PAG,,, P(1+A)0

Xt B I AL

€] = H 1_{FAGM}}G1¢+1 (1+Gk+1Gk+1) lek _{F(“_A)@}”k ‘, (3-20)
PAG, ., P(1+A)©
R = AAEAE, AT N A
FAG,. ) . F(1+A)®
CREVR T2 vl o (T8 [ioeed 321

H S AT A% 3 Y B 3.2 F A5 5 AR AN S MR 2 B 2R A, TR SE
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3.3 {AEIE
3.3.1 IREFES

T IGAEARSE 3.1 W AAT RSN, 29 5% RS0 R EAE Re NS 5045 1
PEREHEATOT B . N T I RERIRES R Z, I NTHILNHEZE MAE N -

MAE (k) = %i le. (3-22)

t=1
AR = B R B S RN, YO SR - T T

0.005sin (—27i + ) +0.005

r=10.005cos(—27i—7) ielo, 1], (3-23)
0.01:
RAMIERIAIN: G (5)=G,(6) =", G)=

N

332 BHIAHEHER S

I NFIREAREOE 200, BAMEEAA 101 JRYE(E, ELM % 7:3 (L BIBEHLR] 55
RIS B 3-1 A 3-2 7953 R KA R 5 RS FE R Al THE AT 2 4
ERXS L, HAE KRR THE, L ORRSHSERME.

KH ML A5 1AL A5 2URPRESFE R (R -5 SEbE 2 R EE an B 3-1(a), Aot
EBESER S HUE M AP B REIR, HAEWAE 2 A SR . &1 3-1(b) R
ELM Al tH B 5 2 RS FE R E S S bR S AU AT X B, A THE n] DAHERA A
THIRESFEREE, BGE 7 ML ASTHHLEIR I B SE IR ISR .

K H ML A5 1AL A5 2 S AR R R -5 S b 2 BUfE 2 1] B3 EE & 3-2(a)
A THEAERT AR I Z] R EAF AL — € B e, SRR Y, Al THE S S HUEZ H A4
£z KM ELM it Bl — i Mo, A REE 5 SL bS5
HZ A HXF e an &l 3-2(b), HASTHEMSHAE E o, = 7GRt
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

() ML it PR A (B SE B X B

w10 : ;
2.6 ST i
ad / \ / \
> ! ! | — ! | ! | ) |
0 0.2 0.4 0.6 08 1 kit 14 1.6 1.8 2
w10t
(b) ELM A v (PR 2555 PR 5 SEBRAE 0
Bl 3-1 SR FHAN [R5 325 FRDR 25 0 B Ay B R 2 0B (16 L
20 107 ‘
L — |
— i HE
281 |
26 —
2.4 —
2.2 | | 1 | | | | |
0 0.2 04 0.6 0.8 I 12 1.4 1.6 L8 2
«10*
(a) ML {ii v 4 N\ 5B B Al 1B -5 52 bR X B
9 w1 | | : |
st A
— e
281 |
26 —
24 _
2'20 072 0,‘4 l)!é 0!8 1 1?2 1!4 1,‘6 1,‘8
x10*

(b) ELM i+ Fr 40 N RE B i 1B SE P fBLAR X L
P 3-2 SR FH AN [R) 77 125 R i N R At 2R 2 BB 0T B

3.3.3 IREFMEREDHT

ST HPOT B gt 1% 22 IO R I a0 B 3-3, W R4 (s 28 20 IR Bk 3.1
12T HL#S % 2] (Machine Learning, ML) & vH#LH 1) ILC BREZIRZE #HZR, BEALHR
FoR ILC R KE, HIEEM 0 ] 100, 183 T ILC KRGS, ALbr AT
P iREE, RANBZIE, HTHEREEEITER S AL E R RERE.

FEARIS BTG B (k BV, P4t 2 TR E/KE, 475107 mm
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B BEE ILC WIREI N, R TRE, AR 40 JOkga s, RZRE
107 mm BLEMIT. tbfE, PIRGEIAR LY RO EERG NSRS, D
v N, RSN A R R ME, B R SR B BT, B 3.1 BV
R BRI IR ZE K, RAFELI0 mm 107 mm Z[A)E3), XK HE
3.1 AEWIRE PR I SRR IR 22 . ST AR RGEAREN, OB AE IR B IR AL & > 20 ,
RAGUIVERE = MBUE — € A A I BEh 221k, (HIEPIYZx iR Z RS, Hig
TRFFANS R E I BARIR 2R o

10°

— JEFMLAG LT ALHIAYILC
102 — 531

V-4 R ZE (mm)

o 10 20 3 4 0 e 70 s 9 10
ILC i34, k
K 3-3 ANFETTERIF S X R ZERS B

B 3-4 Jreon 1A RS0 ) At AU g S B AL A = A [ R O LR B, TR
FREOSCERAREINEIIE, (AN LEIEERE . Lt BE. ROmE. SR
TR L R 1 ks 38 2 ke 28 3 Jikas LK i e — Uil i) H
B

MBI AEER 2, AN RIS (14 ey B2 5 BT R B 2 TR A7 A € 1 I 22
FES 1 UCIGR, RGN UL (L R E)FE M RAEEBLR, AReiiEE L
WS, 2R 2 Ul A4 H AR CR 0 iR 4 W R G 5 1 BRI 2, 1B
BREASTRPNIE . 28 3 Vil A e H Pz (ar (i £0) RE s W) W BRI L U8, R 40
5 i — i HE LI (R €0 R 2 ) BE W E A BRI S 08, TSR IR S50V 3.1 )
k.
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— A el
- - ) MR
- = Hoida
0.012 .. - = okt
- = BEIKAR

001

0.008

()

1

Z

0.006

0.004 |

0.002 .

'--‘__’,.4-"'_"\.
ol 15
#ﬂ(_‘__,--""’ 10

5 1
<10™

x Fh, (m)
B 3-4 AN[R]E e EZE ) B 1]

3.4 KENE

AR F AT G AR R Gu s 0] SR FFIR AR L, #2521 ILC 5 ELM Z [A]ff B
B M T — BTN AR R G R ] SR SR AL B S SR T AR AT B A S
R, I HCEET SEW T, WL TR AR RGN ILC RS, JF
MISCEIE 5 SR A SR B LE AT IRANE T, ZE507 30 2 e 1 HAT R
I JEiEd S ML G TEHLEIR ILC J7 ks T4 T b, 5005 3.1 ERER R 2 i /N
B 107 mm B2, ML SR .
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£ 48 AT REEBHEMEEHHLHIANEKEFE S

HIR 3 BRI 3.1 AEEREFE R S AN T U7 T R R4, (HR AR
RZEWSOT T ANAFAE — s 25 1A . —J7 1, R 22 R SUE R 18 HAE — & Va1
W R EIIEIR G AR S —J7 T, BREFRZEERG R, BRI R R
Ry IR PR " AR L S SNk ST 4 5 N

BEXTSE 3 BALIL 3.1 HERER IR ZE K HACSIOR 18 1 R, ASTE TR s [ 4%
TN M 280 SHOHATAE LA TR LAL T 24 R, 51N DU 1k A 592,
CALAL S E il vt A, SR T2 Al T (RS HERE EE o AR IR B, Re Al T B 5 TLC
FOEA PR S, EHRPRRERESRZ R RN, 8 R H IR ERETS 2 B2 58T .

4.1 [G)RRFEIA
4.1.1 RGEshh%

5 8 2 IR AR 2R G (RS 22 1) 20 A
x, (¢+1)=Ax, (¢1)+Bu, (1)
{yk(t):ka (t) ,
Hp R HPIRES . WA AR S5 2.1 7 — 2. ARAGAA WM, W]
RLIPERE B o, 28Rk, HAZAERE BAT an k ik i 252

(4-1)

®, =[N, (1), N(1), - V()] 5 (4-2)

dN,,, (1)
dt

Hep, Ny(6)=C, (1) H N, (¢)=N_, ()4, (r)+ (i=1 2, -, v).

T (4-2) 7 I Ta) 3 270 ) i N b R B2 R U PR A B AR A R T K
Y =Gy +H x,, (4-3)
Hrb, RGHFEG e "™, WIIHRSHEMEH, e ™. BT RS HAEE R
AREYE, G A H, FEX TS A AR A .
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C,B, 0 - 0 C. A,
C. AB C.B : 0 C A

= k:k k k.k . . ’Hk: k:k . (4_4)
CkAliV_lBk CkAliv_sz CkBk CkAliv

4.1.2 BB RFIERE Sz 0]

ILC Bt HAr R Bk u,, = F (., ¢, G, H,), i G FlH, A
55 u, HATIEACE B, ARG IR BN -, [ ERER IR 2 e IS EIZ
fERE 41 AR ILC W, H RAEER, Btk H x, 7T ARy 8 P02 )
e, BXTNERGM S, H, £HRKEMZNE, XS ILC EfEfk

VL % 18 H o o
42 EREIEFIF XK

N SEBLBE AAR, A E SN T BA S Ve BRI ILC T7 %
SRJE NERE EIGIE 1207 R AIATYE, m e H e ISV E RIS H R I 26 1 DA K
FHSRHIE AR .

42,1 ERZEIIFTHF R

BT G, M H, R R b Rk A sh S48, T IoEuR S, Kzt ae
FeFr B Q-15) BRI I R SUE R

J(u) = ||u —uk”i + ||r -G, u—H,_ x,

o (4-5)
FEA AN ER 73 & SO AHAT ISR 22 8] B S N AL MTER R R 72, R A1 Q 73 7))
RN E R AIR ZE D AR e 2
/MUK T u B BEFR B R B (4-5) SR AFIEATRE -
u,, =u +G, e.., (4-6)

Kb G, 2 G, BRI, e, & 3N(2-16)5E SIS k+1 YORI 2 2%
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W 4.1 B (4-6) 7T FHFTRIE N
U, =u, +G,, (1+G.G.,) (¢ &G, ~&H,.x,), (4-7)
H, &G =G -G MeH,  =H,_ —H, 7RG E T 2.
TEBE AR R 22 10 1 SCR(2-16) Ff HH A B 2 (4-4) , 565 & +1 iR BR 1
w7 e, T AR N:
e, =r—G. ., —H,_x, (4-8)
KA RE-60) RN IR A, HEFHIIRE e, WAERERIAI:
€ =1 =Gy (u, +Groep )= Hy,. (4-9)
IR AR 1R 7 E L(2-16) AT RBCER, AP - RIERK:
r=e, +y, (4-10)
“dia RmemH T ERQ2-2), BHEIIE r RIENBANGE 5 5 RE R ZENHETEA:
r=e, +Gu, +H,x,. (4-11)
HFihe,, MEEN, BLRERSS RGHEAMEE L.

e, =e +Gu, +H,x,—G,

+1

(w, + Gl )~ Hy, » (4-12)
AT ESVESS
(1+GGi)ew =€, + Gy + Hox, =Gy u, — H,ix,, (4-13)
itk e, MEREAXTTHEAHE T BAE SHE L ORI IR ZRR:
¢ =(1+G,G..) (e~ G, + G, —H,.x, + H,x, ). (4-14)
NESLERK R, HAHSMRAR AN GE S EZEHERG, MH,,,, e A
LI
., = (I +G,,,G,, )71 (e, —eGu, —€H,,x,), (4-15)

$ LIRS (4-6) P BRI B B 4.1 R(@-7), GBS
BB 4.1 P57 2 R A S 0w

gGk+1 :Gk+1 _Gk’ 8Hk+1 :Hk+1 _Hk’ (4-16)
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Horh G, M eH, 5 38 G, H9e5r N _E T

% 4.1 &I T B A0 AP U2 R GE, SR ah 0 A 45
Bl KRG SEBR Tl R T UZ A7 B ] T EEL M o e 2 B i
BT 5 OB A1

*ﬂ ||8Hk+l

422 EEiA

ILC HBr At T — A2 IEB NS 5w, MiR4R, HUSSIPERE R KTE T ik e

B DAEM . RIS, B e siac e, 4 TN IR ZE B
BT e A R A 22 R 25 A THA LR A0TSR ST SR I 0% 4.1 P
Bk A1 BTSN Ze I e A T DL R A2 > Pl Bk

BN VIIREINAG S u, » WERPGE -, REENET, , KRB KE L, » VIR

ﬁ% Gk+l A Hk+1 ’ *Riiﬁlzi 0 HIR .

it wmMEA Y .
1: ¥liatk, 2 k=0

2: KRHI%E VIR T u, » JF8E RGah )70 @-1), WHEARE A
5y, Mg e, ;
30 Mk<k, B, AT B

4: RHAPTRER BP MM AL T G, () A H,, (1) 5

5: FIEAREE ST H RS 2 — IR NG 5 ., s
6: KHNBERISMIVIERNG 5 u,,, , FEES RS20, HEF—Ik

BRI AT v, IR ZE e s

7: WRIEKSE k+1;
SRR

9: RFHIANGE S5 {u,} o
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4.2.3 ULSgEsr i

SEH 4.1 RHIERE I3 B HH4-7), W RS ERER R 20 2 A%

PG o]+ eH o))
1-p) ’

* \7! St M2 4 YEL S
Kb p R (1+G, Gy ) (IUEEAR, TR RS

e =

(4-17)

EB RQ2-16)/5] e, IFRIAR, BT MBI ARSI, LT A%
R

el <|(1+6..GL) (el Gl +letallal). @9)
S0 < p<l, LR BIRTN:
el p(le 1 +11 G Ml N1 +11H 3 1). (4-19)
PR o, | <[e], WIBLT RS R
lecll< o (lecl+lle Gl |+l Hcalloll < el (4-20)
EAEIAI5
e 272 (Gl [+l (4-21)

AR BRSO, TR ZE VB NS, Rk,
424 BEMESH

TESERR TV 5y, BERIASH 2 P PR PRBE T I 308 3l e S s e 7 A5 A
BN RGN RA B, KMERG 5ot R 2R B BN . A
M= RAEE G, M H, FBRRAEN, (U

G, =(1+A)G, ,H, =(1+E)H,, (4-22)

HA B AR E kA ME W EKIFA<I HE<1.

SEHL 4.2 WURBRIASH EME A RERE G, 2 LR 26 AF

|1-46G,.G.,| <o <1, (4-23)
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I, BRER R 2200 2 a0 T AN

callal+— s (AG ] +[=

fed| 272 oG

k+1
I ER ER R 22U SR WERAIEFR R

BB HERAHEEATE ,, REEE k PO PISLBrtH A P, » R
PaX2-2)M4-22), Fhk+1 R FIL R RN P, » HFRELWT:

Vi = Gk+luk+1 +]:[k+1x0
=(1+A)(G, + &G, )u,,, +(1+E)(H, +&H,,,)x, (4-25)
=[(1+A)G, +(1+A)&G,,, Ju,,, +[(1+Z)H, +(1+E)eH,,, | x,.

R EXEIFALT
Pea=(Gy + Gy Y+ (H, +H, i, (4-26)
Kb eG, Ml eH, S AETRE k AR k+1 ORI A SKbR 2, Higen T
A
G, =(1+A)eG, e, =(1+E)eH,.,. (4-27)

KA 4.1 2(4-7) A0 se bt RIE X 1w, 1530

* 71
Vin = (G + 8Gk+1 )|:uk +Gy (1 +G Gy ) (ek — &G uy, — &M, X, )}

(4-28)
(B v ),
MR b+ 1 TERESRZE I E X AR, RAFESRZEN:
€= r_.)’}kﬂ’ (4'29)
B Lbrfmd v, MERIEXARAN L
1 =1 ék +5@k+1 Pt Gjm I+ Gk+1G;c+1 h , —EG L, —eH
e r ( )|:u ( ) ( e u x() :| (4_30)

_(I:Ik +£]:Ik+1)x0 ,
¥ b — P
ek+1=r_(ék +gék+l)uk _(ﬁlk +51:[k+1)x0
i X ) 4 (4-31)
_(Gk +‘9Gk+1)Gk+1 (1 + Gk+1Gk+1) (ek — &G U, _ng+1x0)'
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% SRR 7 1 A A E AN B3

e =r—[(1+A)G, + (1+A) &G, Ju, ~[ (+EH, + (+E )eH ., |x,

. . (4-32)
_(Gk + 5Gk+1 )Gk+1 (I + Gk+le+1 ) ( €~ gGk+luk - ng+1x0 )
W A AN 5 VE R T R T
ey =1 =G, —H,x, = AGu, —EH, x, — &G u, — A 6G u, — eH |, x,
_ . ) . . (4-33)
—EeH, %, ~ (Gk +eGy, )Gk+1 (1"' GG ) (e, — G —eH X, )
FEIAERYIT r & HIRZE e FIRIEAKIA
n =€ —AGu —EH X, — 8G, ju, —AeGy u, — el x, —E el ,x,
A A * * -1 (4-34)
_(Gk + gGk+1)Gk+1 (1+ GG ) (ek — &Gy —eH X, )
j:%ﬁ (ek _gGk+1uk _ng+1x0) ’ ff%%”ﬁu—l:/&ﬁ:
. A . N
€ = [l _(Gk +8G; )Gk+1 (1 +G, Gy ) } (e, — €Gyu, — &H X, ) (4-35)
-AGu, —EH x,—AeG, ju, —E€H, x,»
Ny ) N * % -1 .,
JEIF 1 AR (1+G, Gl ) (146G, ) BT
* * -1 A o * * -1
Che1 = [(1 +G Gy )(1 + Gk+1Gk+l) _(Gk +eG,, ) Gin (1 + Gk+le+1) } (4-36)

x(e, —€G,,u, —eH,, X, )~ AGu, —EH x,— AeG,,u, ~EeH,, X,
i F B % g H o7 £ & X @22 K4 Wk,
G, +eG,., =(1+A)G, +(1+A)eG,,, =(1+A)G,.,» Fk ERATLLAIFEN:

ek+1 = |:(I + Gk+1GI:+1 )(1 + Gk+1GI:+1 )71 - (1 + A) Gk+1GI:+1 (I + Gk+1GI:+1 )71 :|
x(e, —€Gu, —eH,,,x,)—AGu, —EH x, -~ AeG u, —EeH, , x,,

(4-37)

B AR T (14G,L,Gl, )

* * * -1
€ = [[ +G,,G, (1+A)Gk+le+l] ([ +G,,,G, ) (ek - &y, — dx, )
-AGu, —ZH x,—AeG, u, —ZcH, x,,

(4-38)

BE— AT -
. -l
€ = (1 AG,,G,., )(1 + Gk+1Gk+1) (ek &G u, — ng+1xo)
~AGu, —EH x,— AeG,,u, —EcH,_x,.

(4-39)
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MRIEVCBAZEX WA, BIAFEAKA:

||ek+l || < H(I - AGkHGZH )(1 + Gk+lGZ+l )71

”ek -G u; — ng+lx0||

(4-40)
+|AGu, ||+ |EH x| +]|AG,, .||+ |EeH,
B9 (1+G,,Gl., ) IIHREAR0< p<1, FTLI R AR SR,
€| S pH] _AGkHGI;—l (”ek -G u, —eH, X, ”) (4-41)

|AG |+ [EH x|+ A£G, e |+ [E€H, x|

SINBRAHEEA <1, BT -AG,, G, <o <1, BIL ERARZRAER:

< po (|le, — G, — £H, o %, ||+ AG,u, | +|BH x| +|AEG, ., || +|E€ H, %,

FEUORE R = f A SR, RIS
oG b I+ e L )+ WG e |

lecall< o (el +

_ (4-43)
+|EH, ||+ A eGea e [+ [EeH L o |
FRZWEE, NRZ e, Wi A2 :
lecall < oo (lecl+ leGio ke [+ e 1o [+ IAG, (e | (444
+|EH x|+ A eGe e |+ [E e [lbeo < e |
T p<l, MREZGRIE ] < ple TR (@-44) 2
0 ([lec]|+ leGo o |+ e £, [l [+ IAG, ([ | (445)
+EH, x|+ |8 eGe e [+ [EeH i [ [< o i |
7 SR R A, AT A AR
(p=po)le] = po (leGolle |+l H o )+ NG, N | (4.46)
+|EH, x|+ A 2G|+ [E & H i [ |
W p(1-0)>0, FEILRZEFEEAE:
1 _
Wﬂnggwd%MMw+%HMM%W+pu_dﬁMGmeﬂﬂmeM%)’M4ﬂ
Jﬂzﬁﬁqﬁﬁﬁ%#, )I_I\]J € <||ek ’ ‘E'—:ll—ﬁ‘o

26



R R A0 18 5

4.3 REEBRHZMZSHIGETTFHE

AR SN S [ AR AR e e X 2 AR AR (1 Jir BEREAT i 34, VORI DLy 1k D4k
WZRHLH B, a3 2% S Hl i 5k,

4.3.1 REMEEHEZ ML IR

Sz 1A% #% (Back Propagation, BP) i 25 [ £ 153541 & — iy 45t o 26, Ji sk Jif 45t A
S AL FE AT I gt S N RS HE s 2 TR ok R Uit R, Wil 4-1 Fos .l
A AR 45 A FR AR T30 BT BE A HERRIR N, 58 BTN PR AT AT 55

b, b,
A £
[\ \
N - N g
N . \
; ull \
le “i;_ \ \,v/} & \
\ A \\
e A X
SCY N \
AN .
A 4
B -y
€ W, A \T}, Y % "0k
SN g
S \tx N \
Vi o
e NN\
qu /’ N ‘~\_‘ y P Ve
- ‘~\'LZ Vi
W, W,
L . T . ;L ; J
BNE RRiElE Bl =

] 4-1 BP #1222 17 25 g 1]
I LR L AR .

B MO Z, 0 0

Zj—inpu[ = ZVVI,UX +bj ’j € [1’ n ]’ Zj—nutput = f o (Zj—inpul )’ (4-48)
i=1

HerpmAn gy 5 9 N JZ AR Z P22 704 f4 sigmoid BRI H A 4-1
Fow, Hw A, o iR EERAN R SR U= S R RIAUE,

Lij

DA EIGE. EEREETET, O, N

Ok—input = ZW;,jk‘}(i +bk s k € [17 p]a Ok—output = f(l) (Ok—input )7 (4_49)
J=1

Horpporta )2 il 2 o dicR .
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RIS
BRI GREARR BN T =[t,0,,-,¢ )], AERENO=[0,,0,,+,0,]

7 R bR B B I R TR 5 S PR 2 TR R 227 F, e B, RORIR RS
XU

P

B~ (-0 (4-50)

k=1

AR S AR RE IEAUE A R &, ERHRZENEDN, RRN:

dE dE
Wi =W _IW:;’ Wow =Wa e —1 dejk ; (4-51)
b =b 9L, g —p 9 (4-52)
J J db] dbk

Hrh ol A2 SR
432 DIMERIEMMLE X

D37 1 ) . (Bayesian Regulation, BR) 550 —Ff iE M4k 77 v, FLAI SR
FESRE 4.1 thatiid . EAER/MEIR KR R AL E, RIFRIN 255 7 AR RSB Ia MR, %
AL IE BT IR AR R E RSEHL o

E=pE, +ak, =23 (1 —0,) + L3 W (4-53)
d =5 £ kO YR =i
Hp, pRla NIEN RS, M AREANH.
15 FH B ) E A AR bR 51 A
dE,
VI/I[/ I/Vlt/ dVVLU _(1 lx )VVlu_lﬁ dVVll] (4_54)
_ B dE, o ) dE 4-55
Wz,jk Wz,jk lsz,‘/k (1 la)ij 1754 dVVZ,jk > ( )
BN 25 B A o AL AR -
__n __V=n i 4-56
aoptimal 2EW (Woptimal)’ ﬂopt mal 2E (W ., m[)’ n M 2a0ptm IU"(H tmal) ( )
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AR I B AR 4 X 268 b R ORI INR 22 BB S B B I S HCR . 2l
BBV
optzmal ﬂv E ( optimal ) + aszW (VVoptimal ) s (4_57)

B2, BREEE THEEIESALRE S, FEERAE T SEUNAH AT
4.4 SEIGIGIF S 5 Fh

TEARTH, B TIREATLS, RE00 T SEUS T ER . RN,
JEIE TV I 17 & g st BREEMEREIEAT T IR, &5 & AN F 7 i b
5, BSF TR 4.1 BA R R AT .

4.4.1 REFMESImA

AR RN P 5 W& 4-2 Fros, PSSR AL R, 20 A x A y Al

AP EsVEE A £30mm. HFE R HEK125mm. %125 mm. 5 60 mm.

|
(a) BEARLE M & (b) LrFeE shih
K 4-2 TAEcMn L&
A i 2R 58 ) PR PR A s eR 5

0.055 . _ 0.055

= ,G, = R 4-58
Yos+55 7 s-1.65 (4-58)

5 P W R R R S RGBS BN 130T, TR T, =0.01s , MK %S
o 6 38 B {1 5 A T HE
S SR BTN

{0.5sin(—27ri+7r)+0.5 e o, 1] (4-59)
S ) 5 =

- 0.5cos(27i—7)+0.5

29



R R A0 18 5

BERNFELE B, (1) KN AL ZHON:
B,(1) - {1 +0.5sin(271)

_ tefo, 2]. 4-60
1+0.5cos (27t —0.57) €[0. 2] (4-60)

442 BEIHTER S

ME— N ZEMEE, KRN ZE A&, REESTMMEE, WitE—
ML TC. EHE 80%H Tk, FITM 20%H K, PARE BN ZES4.,
K FH P FhAS [B] Al THA LIS 2 x R y B S B0 B 4-3 ATE 4-4, B

FfsTERLE 7300 & ML fliTHHLE AT BP #2228 A T L], Forh Bt SE A AR T
SESH, MAEREERRNETE. B 4-3a)FE 4-4(a) 025 B3R B3 BT R 1 ML
PUHI B S8, 8 RIAEE— @ LR, T & 4-3(b) R 4-4(b)H [ 15t
MIZ5 5L, BP MIZ N BRI AR SH, %7 VEMR R T SHUL T BB 1 ]

3
28 X10 T T T T T T T
=
m
o
ﬁ.
#
;%
X ol [— e 1
- = {EAMLELEH 58
18 | | | 1 1 1 | | |
0 0.2 0.4 0.6 0.8 1 1.2 14 16 18 2
SFRER AL (D) x10*
(a) ML ML FE 3TN A2 S5 B, 5SS HBUE RIS L
-3
2.8 X10 T T T T T T T
>
om
i\g
)
g
% —
X ol [—Twiw sk -
- = {FHBPALGIHiT &5
1-8 1 1 1 1 1 1 | | 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18 2

FAERS I, () % 10*

(b) BP HLifil BT I 22 24 B, 52 HE XS EE
K 4-3 ARSI JE SR I A2 S 80 B 5 S HUA X EE
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w

N

yHii 23 By

-
T
L

LS H
= = (LB A 2

1 1 | 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
KAEWE(A], (1) «104

(a) ML ML BT A A2 240 B, 5 S 5E X EL

4 T T T T T T T

S

VELTIOE

|| TiE S

= = {GABPHLEIA T 2%

| | 1 L I |

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
SFREMFIR], (1) «10?

(b) BP HLF| B A2 40 B, 5 S EE X L
Kl 4-4 WRASE G E ARS8 B, 5 EE X

R 4-5 gy AR TSR, MK, S EERIRAR I Hbrfa i, Ak bRRoR H
PRt ARARFR TS Y, OE R BRI St 55 H At H AR O,
Hiit, R, 20O SELR R SR L& R 2.

W 4-5 VIR IR 4 AT 255 10 8 1 45 1L 2 18] 10 A0 AR 56 56 R (a) UIT 2R AR 1)

R=0.97079 , LTI H =0.97*HErHiH+7.4%107, 7K 4-5(b) 56 4iF 4 11
R =0.96745, LM% H =0.96*Hhafa+9.1¥107 , IR 4E i) FH 5% 45 5 tn K]
4-5(c), HrRr=0097272, HWMEHEHH =097 *HirMtH+6.4*%107, & 45 RK)

R =0.97059 WP 4-5(d), HFMHH =0.97*Hbrfth+7.5%107 .

(A1 {E R ARSETI0MAr HH AN H BRI H 18] AR DG, R BB 1 7R TR AN
i H O 2 TR R O R D), R B RBEE 0 7R TUI AN 4t A0 2 1) ¥ 58 R B AL
PEEK, B 4-5 g R AEEIRT 0.95, RIZER AR R RIT.
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w1072 WEREE: R=0. 97079 |

x10° HHEHE: R=0. 96715

271 e 7 2.7 W iR, s
il = — =7
gppl—1 =1 :7 2.6 \'T_;f“
=25 - E25 =
=2 |- 2 |- R o
H24 —# a4 -
2.3 4 2.3 .
23 24 25 26 27 23 24 25 26 27
E7ROfs x107 i x 107
(a) VKR (b) BHEER KR
%10~ k4 : R=0.97272 107 B R L5 R . R=0. 97059
2.7 i 7 2.7 T EOE =
— il = — A =
26 =t = 6t — =1 =~
= — = =
§23 - §25 - A
= - g = S-Sl
= — = =, oy
524 i M=24 &
23 — 2.3 =
23 24 25 26 27 23 24 35 26 2
H b x107 H bri %107

(c) Mk ik & (d) HAHIHRAR
K 4-5 YIgrte. MREEATIIZR G (¥ A 45 SR 2 18] AR AR OG ok &

443 IREFMEREDHT

W B 4.1 3R ILC 50 IR ER R 22 5 3L T ELM b o5 3580 ML ko7 12
FER AR SS EHRURER R 2, EE 4-6 b, BEARPROAIRIS B L, B ILRE R EL
100, YAEARRIR T4 iR 7E . RIS URES, PID #Mfil(Sh i k). BT
ML ML) ILCCR i £8). T ELM b iHHLHI 1 ILCCHE G it 28) LR Sk
A L(LLEHZ) MR ZES BT REES, (AR 4.1 R Z IS0 i R,

TERIRAII, PID il P38 20 iR 25 00E TR, A BEE R0 kB 3,

RE T HRATE, RAREAI0 mm EH, AR/, 5T ML iyl
(K] ILC FR~F S 46500 v 22 AR R B o A% v S I PR3, LR Y L 7E 10 mm

Z107mm Z[8. 3T ELM AL A ILC 2£10" mm £ 10> mm 2 [7] H 30 HA
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Ve, Hb/MRZEE R /N T 107 mm.

S 41 AE IR YT R 2 N BRI AR R, G B RO BEORAE R
AR P WAEAE — g sl (HARLEIA T, HAP I 40 1R ZE A8 KR 0 i T~
HRAREE /N, JCHORTERIG S, 122 T RUE (R 107 mm (K, AT
RS 4.1 7] DLSEI S 4 Wi sl g o

10° T T
—— PID# ]
—— R TFMLAY L ILC
10° —— KT ELMASLIHLENAILC | 3
— Hik4
. 10’

B (mm
E;O

_.
=

-
]
)

_‘
=
w

’ h “ 30 4CI]LC hi%)f'f’(ﬁ‘{, EO " » ” s
K 4-6 ANFRITTIERIT 2 20 R ZE RS EE

9 T e L 4.1 IRERVERE, P 47 R 4-8 o EA AR RS 0
53 ) W LU AL R0 T £ 0 B AR K B P2
SRR r, B OB, I R OB PR
2 YRI5 3 KRB, 5 4 VRB LR IR RIS I L

SR 47, K UGRIU A S B HUEEY, £ 2 VORI,
RO A RIS o BEZFRS VNN, BRERACRINSR, JFH
B ACRIHE MM B BRI, SRR T RERERRGIE o {EBLIS I K43 X J
4-8 s, WTHIEL S R TLUCRIGHUB T AE ] SRR B 22, SR R I i
I B, X FBER IR, B LM e T2
5.
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0.8

06

0.4

0.2

v [P iz 1 (em)

02

04+

—— WL ¢
—-m IV A
e AR RS

P2

AR

0.8

=

-086

04

K 4

0 02 04 06
x§hAI (& (cm)

-7 AR B Bz AR EE ]

WL ¢
- 2R
e IR
e AR
e W

1 1

-0.355 -0.354

K 4-8

|
-0.353 -0.352 -0.351 -0.35 -0.349 -0.348 -0.347
)AL, (em)

AT R 36 i L AU SR FS TEORRT EE

X FACERERE Q A AR 22 WCSIOE T, 718 4-9 XA AR

rRZ L, o, RIFACERERE R AZE, BEEDCEIERE Q I, RGAHIRE

W Sfok e Wl R, FL SIOR 2 ( n IMEBEE 107 mm, TSRS 3 B

34



LRI R 2 A S

10% ¢

—Q=50,000!

——Q=100,000I
——Q=500,000I
—Q=1,000,0001 |

T T
| Q=10,000!

101 \

FEE e IRE (mm)

e | I 1 1 I ! I 1 L
0 10 20 30 40 50 60 70 80 90 100
ILC ATk ¥, k

B 4-0 7 [ A 8 4 T B 4t 42 25 56
4.5 KRB

ARFATIZH] BP fie MG BT LS H G T, [R5 DUk i A 5,
ARG TEGINET ST AR R .. AREMETTIH, K BP M4
ZALTEAL S ILC SARERL S, Wt ik, JHEERRERE 7 iZEA M
WS e BB . B miE i TN T &, B S HA AR, RHEE
4.1 PERERR 22 SR R, HILTTRGEAE 107 mm B, MITTRAT 1 %07 %)
DU, SEHL 1 3 ST IR A SR BRIERAE 55
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£ 58 ETHEEAUHETHSINSRETFHRIEARES]
sl

% 4 TR AETL 4.1 NS RV TERS I T B & 2 LS, SR
AL SEBRN A AE 58 [ RIIR I . AR Dokt B, MR 5id R iah
[ AAAE HHFE AT 2. 5% 4.1 H1TOR T8 70 7% 18 A% B I B e 7 R4 %
ARG P BENLIE R, T SO AR A R e A T 00 R GUIRES A T
IRBARZEE, IR R GUAE M S T30 T B BRER S P AN S B THAERA 1 -

BEXTEIE 4.1 A8 TV I L b A7 A8 1 IS AR e 7S TP 8 AN 2 1R, AR
BB AL g — T il S S B A KA TEALEI Y ILC J705 . 207 i T IR rh i
FAERIN RS 52 S REEh, i @A RGeS A R, R B
KA RN ILC BT St RSBl 1 A2 e s AL AR S sl 1 Ol b
IR T BRER o

5.1 )RR
5.1.1 FHERETFIMHNNTRGhHE

FENL A KB AR EE AR R G B AR sl S, HRAS A (A A A
RINN:

{xk0+ﬂ):¢y&(t)+ﬁuk0)+“: (5-1)

v (1)=dx,(1)+v
Het, @ 0,80 ¢, 705 Q- 1)%F LB R SR ARG | Sy AHE R Ry ARG
Hili e RGEATARE, wIPRESEs Iz, HRMIES 3w~ N(0, W,); v
WL S bR A5, A8 S Br R ORI, IRAER 224 v~N(0, V) H
x(0)~N(x(0), P(0)), FHrhx(0)FP(0) KA.

X (G-DIB BB BUR G, H FRRES 23 )Rk U 9 It 8] e 21 (e N\ i
Y FEAI T aa RS R R A Y -
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v, =Gu, +d, +¢, (5-2)
Hr, G RMANRHAASENE, d, 2 VEIRE.

BT RGN, B ER T G A d, 22, HRIEEALT .

40, 0 0
$,¢,6, $,6, 0
G, = . : : , (5-3)

N-1 N-1
¢NH(0,'90 ¢NH¢j91 ¢N9N—1
L A j=1

= [(¢1¢0 )T (¢1(/)1(/)0 )T o ((bzv H(Pj J > (5'4)
i dw _
(¢2 + 4,0, ) w
g =v+ 3 : (5-5)
[¢NZH¢,J

NIRERGIREIETE, AL 6,0, %0

5.1.2 EERFEFEENSHMEITEm

AFAF, ST B 2Ed 4 & 2 RE R, Wi SRBuR A THE .
FESC RN R R vy, SERRME RS 2 AR TSl R A THE S SEPE Z T R 209 :

|=s.lp-d|-¢ (5-6)
B 5.0 (AR ST R GoR, RGN R B PR (L, 3
BH S, W RAFFIMLLED, [ limo =0,limg =0 Mlim¢ =0.

”(Dz _¢t||:w’ (

nfeve 5.1 prid, HARGHRIRS S THEC A EHE TR =, HAR
Gi 50 7154 2 i e HER S AR SR AN, T S (OB Hr HE SR BAT B A d 1k
FESK PR, R A R SR e IO AR TR IR R R AL sl Jy 5, Rk
REL)i9 A2 Lipschitz ZEEL AT RTHR B . ST, X T3h 451k 200 25 I A2k
MRS, 2R RIE R SRR B AR 20N R
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52 B ;KU s hitEE
521 HiEEmRAKUHEZE

ARATHE P A AR S PRI RESL I S B v T, i b g 0 B KAk
(Expectation Maximization, EM)S8Mti 11755 5 ILC HEZL R P R AL AL, SEELXS
NS RGN BB LAL T AR KIS B T T VEESLAE LU DR A
R b, XS SRR S SR T P (R R

% 5.2 WLI AR SL AABRE « A RN 380 (R bR A AR T 224 Wi B ) (1 B IR 25
B p (v, ()1 x (1:N),y, (12 =1), 3, (¢ +1:N)) = p( 3, (£) 1 %, (2)) -

% 5.3 FIRG/RATRBB: BRI FERUR A SR T8 — RS EURAS
B p(x, (¢) %, (1:2=1), 3, (1:2=1)) = p(x, (1) | 5, (1-1)) .

FE ILC HS2hr B A, A el ge i e H AU T BT — I ZI R AR 05 R
e AR 5.2 FIRBE 5.3 4445 78 S UM S 5050 A 43 A

p(e 1 (1:N) < p(3 (1:N)l @) p(0) (5-7)

o p(p) RBEUNERAL. p(3, (1: V)] 9, ) iR AR YRR B
522 R ANEABSIES R

fEBH TR o, SRS (TR W T XS RS L (0,0 )
155 A LA T3 log p (3, (1), %, (1) | @ BGPERRISY, ACHH H i B4R 17
A A LR R B

SEE 50 BRSO B R o (1=1,2,) , FFHK

PRI o, HAH 5T 0T

N
P!t —argmaxZEx Oy ([)(/,(t)|:10gp(yk( ) ( )|¢7(1))}

P

—al‘gItnaXZZIng(yk() k(i)‘(/’,)’ ( ()‘yk()(ot(t))

=1 x (i)

(5-8)
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AT e R B i KA S AU T SR BB R AR A 5k 5.1 PR .
Sk 5.1 WSRO SR 5%

A WIEIRAE 2 x(0), W BT IAERE WAV, . WA P(0) .
Hill: 2%,
. BRI 2 5008 g, 0) 5

[u—

2: JHG I KA SRIEAG
3. HELIT LR

4e TETEHAME p(x, (1) v, (1), ) FELE I ZAE T AL p(logy, (1),3, (1)1 0 s

5: *Eﬁga:’“)—argmaxZZlogp(yk (i), k(i)|(p,)-p(xk(i)|yk() <’>)frﬁ¢f’*”
=D

IR R ORAL, RS T — D
6: ELIE o WL

7. REZBH .

L RS B R F
SEBT XEEULIA L (g, 0! ) 45 E UIECHR v, (1) B4 T2 5 0 UL

B x (i) B9 5% A A0 p(x ()10, (0).07) B R, BIE X L(g.0") H

H(p.0"):

L(p.0") Y logp(v,(i).x ()| @) p(x ()15, (). 0"), (5-9)

X ()

(¢t’¢tm) zp(xk |yk ¢t ) lng (xk (l)|yk (l )’(pt )’ (5_10)
x; (1)

NSRS B R, R (5-9)8 2 3 (5-10)Ja BT N AR, 152040 2 5K

Zlogp(yk()qo,) L(@.0")—H (0. 0"). (5-11)

i=l1

£ B, 2 RIE QO M, IRIE A

Zlogp(yk( )0~ Zlogp(yk( ).0")
=L(¢t(t+l)’§0t(t)) L(qot(z)’(pt(z)) H(qot(r+1)7§0t(z))+H((Dt(t)’%(z))

T 5.1 hR(S-8)TH R R, MR LL FAMHIL (g, 0" ) BEURK:

(5-12)
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L(p" 0" )= L(0".0") 20, (5-13)
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