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Deterministic Learning and Data-based Modeling and Control
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Abstract
in uncertain dynamical environments. Referred to as “deterministic learning” in comparison with the celebrated “sta-

The deterministic learning theory aims at the area of knowledge acquisition, representation, and utilization

tistical learning”, the new learning theory is developed utilizing results from concepts and tools of adaptive control and
dynamical systems. It provides systematic design approaches for nonlinear system identification, temporal/dynamical
pattern recognition, and pattern-based control of nonlinear systems in uncertain dynamical environments. In this paper,
the deterministic learning theory is extended to modeling and control of nonlinear discrete-time systems. Firstly, based
on the temporal data sequences generated from discrete-time systems, locally-accurate approximation of the underlying
system dynamics is achieved. Consequently, the temporal data sequences can be effectively represented by using the
knowledge of approximated system dynamics. Secondly, definitions for similarity of temporal data sequences are given,
and a method for rapid recognition of a temporal data sequence is proposed. Thirdly, deterministic learning of closed-loop
system dynamics is implemented during neural network (NN) control of nonlinear discrete-time systems. The knowledge
can be reused for pattern-based intelligent control. The deterministic learning theory will provide a new approach to

data-based modeling, recognition, control of complex processes and systems.
Key words Deterministic learning, temporal data sequence, discrete-time systems, data-based modeling, partial per-

sistence of excitation (PE) condition, temporal data mining, dynamical pattern recognition, pattern-based control
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T 5 DA S EAR P21 oo A1,

R4 s 285 B0 e 9 R AR AR s S 1 e X2, 3k,
I AR Pl U AL

XTI &8 P41 g, B (6 RBF M %%
WeTS,, WM& sh BB Hsh &R ik:

Y (k)= -AY (k-1)-Y (k—1))+W*TS, (32)
‘- ,y;(k)] FEFN ALV

KA, Sy =S¥ (k—1), - ,Y (k—m)), [Y(k -
1), Y(k—m)] &= (2 )ﬁiﬁ‘]iﬂﬂiﬁﬁﬂ‘%&i&ﬁfﬁ
A o,

K DRI A RT3 o, HIXALEh AR (32)
HEAT LR, 43000 N UM 2 R4
e (k= 1)+ (fi(5p) —W.'S)),
i=1,---,n (33)

e; (k) =a;

K2

Hoof, e () = (k) — g2 (k).

RIFRAVH W, RS I AR o,
TR, ik 7 TR R GE I HL R AR (32)
W R E ) ILRL, WU B R D
ex(k) 5 5EN I HET L (pl) — WIS, M
EIL, l%'ﬁ%e()TuW%WEmﬁﬂﬁﬁ*
el FE SRR g

T 2. BRI T IR BRI o, A
P AR T A1) 3 B2 RSE (33). 2%
e3 (k) HERBIE] AN BRI AL, 3 FLARBR I A/
U F H T TR I 255 7 9 o, R 20 A5 B P
910 WA RGA NS I

JERR. (F1Cipl) — WSSy, st ikAt

B py =

TR e (k), 13-

e;(1) = a;e;(0) + pf
el (2) = aje;(0) + a;p; + ps
el(k) = aFe’(0) +af 'pi +a2p5 + -+ p}
é\
p*= sup {[pj[}
=1,k
JUE=)
’ef(k)’ S‘afef(o)‘+‘af71|ﬁs+‘af72|ﬁs+. 4 pt <
1
k|_s _s
O]+ T 31
EH:J: ’ai| < 17 ﬁ%%%éﬁ%éﬁ\ v; > ﬁﬁs7 )I_]JJ

A —NEIR K > 0, (IS a M k> K, [P
W2 ef (k) WSHEI—NF MR, B |es (k)| < v,
BRI K NERUE T 57, REIAR IS 25005 37 41 o,
AN BP9 of WAEII RGN B 2 18]
(12 5. O

HIRFFA o, LT IS of I, BE
X 2 1%, WAKFH o, 1‘1?5*‘»)”%‘)?% @ AN A
Ze W EEIT IR, L | f! (5 p))— W 84| < ef+E7.
Rk, R 7 es (k) WSk s — A%B’JQBWE vlﬁj@ﬁ’ﬁi
INTRIRA vF = (e 4+ &%) /(1 — |ai]), BRERLE
e+ & WUELL, M5 1—|a;| = b, BT a5+ &5+
RN, Frek fes (k) esr, = 1,--- ,n AR,

BRI, 72 |es (k)| RE AT R E R 51 o
HINGFH of Z IR XHRZE [ef (k)|
TﬁfiﬁXﬁj\i?i’Jl WEL B, M p =1 i,

k
Z 1,---,N

SSCRE, B4R T e A i A MR P ) 7 0

iR (28) (32) LAJL (33) ALK AL iR
ERG. WRAE N AER ShE 8T s 5
ARG BRI [|es (k)] B, WA K
PRI A BARIT T o, 5 & BARITH] o Bt
2.

2.3 HEZXW

1157%1& Henon R4t (24). ffa=1.1,a = 1.2,
Ala = 1.4 §500 N RS (24) 7090778 = 4 250k
JFH) (Wi 5 ~ 7 FoR). %85S 1 15 ik vk
AN SR AT AL, R A E M A M
7.

e (R)I]i, = (35)

w\»—n
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= £ 35 %

F 85—/ Henon R4t (24) 75 a = 1.38 It}
PRI EE A (W 8 FroR). FATT H bR 2
=AU B v s £ 5 0K 41 d AR ABL ) e
5.

e : : : R
* e TR N *f*# * T Eakbk

-To 20 40 60 80 100 120 140 160

0 20 40 60 80 100 120 140 160
x’l
5 IR oL
Fig.5 Training sequence apé
2

* * * * K ¥ ¥
B Tawmt o R e LR g x xT pok
* x ¥ e x %

0k gk RR R ke *ok ¥k
K * 4k * % *ok o Xk
IR T R At E I T

0 20 40 60 80 100 120 140 160
1

* ¥ F T F T KR T KRR g kg kK Lk F
04 ***:“****j“***% oY w

¥

Xk P
* * *ox Ko Xig *
027 % m™ 1% Bk *
* %k sk KT e R ¥k
Of* * * Rk Ty * il
* % o * ;,; M &* K *
02§ « * * * * ** x * kx
¥ ok * % * M * % N *

0 20 40 60 8 100 120 140 160

6 el o2
Fig.6 Training sequence gog
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X

* *

%
0 20 40 60 )?O 100 120 140 160
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b

7 WG

Fig.7 Training sequence cpg

FIFHIX = AN E AN 2%, F a0 (32) Wik =
ANENEIY, FEr A = A POIR 2 RS B 4R
% |les(k)li,, s = 1,2,3, WK 9 Frox. B4, Wk
BT 5 3 AN UINZRBEAT B 72 A (5 22 |3 (K) ||,

AP AS /. 3R, BATRT A 200 R 418, i
I KR P8 55 3 DN INZRIN s 751 A L.

2

0 20 40 60 80 100 120 140 160

* k% ¥ *

20 40 60 80 100 120 140 16C

s AT o
Fig.8 Test sequence cpg
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N
;

0 50 100 150
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e
N
‘{
H

o 30 100 150

llesll
[=4
8o

0 50 100 150
a=1.4

Ko RGHRZE

Fig.9 Recognition errors

2. FIRR, XA R O
SRR ST A5 910 A S A A 5O
PE BT 307 MBS LR, SR
SIS A O 91 0 775 P ) T RO B A
Sl 1 % F A B

3 ETHSHENAREZRSIEE

B 1L 2 I0RIT T I AR RS, Rk
AHALE 5 S ARSEE TR 1 . A A5 A 9 6k T I 25 4k
P P IR 2 2 AR GU AT P R 2 .

S B P PR R 10 O B 1 i ol 58 2 P A P9
ARSI AT I, SR SCR [10] HhR
B RGN A G N BT, R GOIRES
JPHBRER — N FAZ B AR P51, RGBT 3k 4
R[] VAR A BRI LA SR8 RBE 199 2% 1R A1 K
P, AEAF AT [P URZS P 91 1R 2 28 TR A F A 53 A2
FREERU A, TR, BT E o > I BT LS x
B TR e V2 T AR 48 10 PH A B 25 1A T Ja) S v ff P o
25 I 4% A5
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3.1 (e RRiEAR

A NN G TTEA TPNEZ i RIS i3
gglhol.

z1(k+1) = zo(k)

z,1(k+1) : z, (k)
z,(k+1) = f(z(k)) +u(k) (36)

o, 2(k) = [21(k), - 2. (k)]T AT RS
WA, z(k) € R™, i = 1,---,n, u(k) € R™
flz(k)) : R™™ — R™ S I AE R A0 AR 2 2
i) 1.

BRI — RS HNIE ,4(k), N ©na. B
JEBHINIE ppg RFE—BUCH G, W, 2aq(k) € Q C
R™, H Q 22— ANEE, HFHSHRIE ¢, 2T
P8 B PR [ A R

TATH H AR 2R H S8 2(k), X RS
A f(x(k)) HATEM. BiEmS, 2ot — A&
INEUELIT LS A0 H E AN VSR

1) B W RS 5 5 W ORI

2) X4 BHSE NI @,q, IRSERERRZELE
AL K AR A1), 45 ERER L
o (x(T)) (RYE (36) I, FERER @) K%
ERERZHINIE @45

3) MR HIRERTERUG, RBEF #1245 v ik
wc ARG (36) MARMBNZS f(x(k)) JREBAENIE T
().

3.2 MHREHIRES]

KSR [10] prth 53, sk~ B
[ T I 2 ) ¢ 4 o 4+

w(k) =z,q(k +1) — WT(k)S(x(k)) + Ar(k) —
e, (k) — - = Ap_1ea(k) (37)

Hrp A = diag{ay, - ,an} AXAHEE, |a;] <1
WAL, REIRZE e (k) = z,.(k) — za(k),
JEWRE IR ZE r(k) = e (k) + Me,1(k) +
oo Aporer(k), Ay Aoy g W ERE B, AT
?ig.r |21 +A)\1Zn72 + oo+ )\n71| 2k 1.
W(k) = [Wi(k), - Wn(k), Wik) : Z* —
RY, S(z(k)) : R™™ — R™ JEmilTeR 4L

B € A7AE H BB ARRUAE W A 15 JE 2 7 R 4K
fz(k)) nJRIEH

fx(k)) = W S(x(k)) +e(k) (38)

Hr, Jle(R)|] < e, e JRIRH AL

B (37) ANRSE (36), AIRIGUNF IR ZE
ARG

r(k+1) = Ar(k)+ f(z(k)) — W (k)S(z(k)) (39)

SR SCHR [25] BT i IR 22 90 28 BUAEL IR 18 1
LU

W(k+1)=W(k)+ aS@(k)rT(k+1) (40)
Hop, o > 0 R, B~ 4k

al|S(z(k))|* <1 (41)
Ay < \;ﬁ (42)

Hp, n = Wa Apax 72 A BIERNFFIEE.

B IRPHER R G 2 2 3], A IAE AT R
T 5T SIS JE R I BR B, AT AR RS A S A
W, AT P9 S RS A 5 1 A 30 20 o 82 380l 4% A1
ik, BANTTE SR SCHR [10] H B4 1 A A
28 I 2% 1) 1 0ok SEBAT B D PN IR R B A 2 i
S IXHE, RGO R R S I, X R
DA SIR A5 5 B A 3 o BRIl A F. SR R
LRMEI AR RS AR 25 A, FRATDREAIE I U ER ER IR 1
BUEASTE 7 R Gk w2 e Bt e, AT CR UE AT R R
U 1A R3S X 35 L 1 A 28 G 1 BUAEL I S 3 AT 1
S AR JE 1T S BGT PH A 50 25 16 Jag 8 1R Ay 4o 28 I 4%
T

I UE BT BR O R AUEAG T T R G M TR Bk
B, BATHE B 5] B

3138 1071, S pedn N B A AR R 4

a(k+1) = A(k)z (k) (43)

Horp, A(K) S8 Y 5 SR
mR R % (43) O AKR) = I —
aS(x(k))S" (x(k), Hh 0 < al|S(x(k)|]? < 2,
H&E®E AL > 0 B E kA
LTS ((k)ST(x(k) > 0. W R G (43)

TRERE .

SIPE 1 P A RRE A S B bl RSl
.

EIR 3. HEHARZIER S (36), g (37)

AN 28 9 2 BUARL T 49925 )00 (40) 2 RC D A A 2R 4.
MUK ZHIRNASH P I a0 LhBATE D146
B W (0) = 0, AiTf: 1) IrafE o R,
HE BB 22 (k) $REOBSE]— A2 10/ 2RIk
HLy 2) B o BT )RR 2 T RIAUE b o W iR
SRR AUBUE W, /NSRS, [ I S B 5
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F {4

35 %

W oo M4 RGBS (k) IR FRAER A28 M 4%
MERA.  OAF 1) PRIUE B E R e B o A I R AR
U W ok A 2 0025 g L R TR 2) (1)
e,
HHSCHR [25] e B 3.2 15

el > S0

max

I AV < 0, ARG E—AE S NIEE >
Q%BHQ—O()%ﬁE*AﬁwK1®ﬂT
P k> K, [[r(k)]] < p, [|r(k)|[ = O(€").

H=X (39) F (40), AI132040 N AUE AL TR ZE T
R

W(k+1) = W(k) — aS(z(k))(Ar(k) +

as(z k‘))(Ar(k) (k)" (45)

Hep W(k) = W —=W(k). 5t k> K, ||r(k)]| =
O(e*). X RGIRE o (k) Ko IREL RIS % Pk
Ona, THERZEN 2 (k) JRAE S [ ).

Z 1830 (46) T EREREIE BT (1) pP 2 SORUAEAL T
RS, W

We(k+1) = A()W (k) + dy (46)

o MR ¢ RRBLIE o XK, A(k) = (I —
aS¢(x(k)SE(x(k))), dr = —aS(x(k))(Ar(k) +
()", llec(k)|| = O(e").

R (46) WIHEAER—NTIEAN dp
PSR R G0 T Mg N o (k) 2B,
FRAE STk [23] 2 EE 2.7, Sc(w(k)) Kok 2 Fr 82 B0l
ZeAt. RIS 1 AT A, 2 208 0 dy, I, M
HARGRK BRI . diT (lr(k)]| = O(e),
lec(k)|| = O(e"), [|d|| = O(€*), B, W (k) %k
SR — AN /AR I L, AR ) 2 A
W (k) VSR AT A B AL BUE WL /&
L SR T AC s W (k), B (21) #
JE.

FARSCHR [21], PTSEINATERERPUIZE o X I3RS
A fla(k)) WIJRFBUERS, R M 25w, B

Fa(k) =W S (x(k)) + e, (47)
o, Jleg, || = O(e”).

2 [T B IR RIS SO AN VR 2 R4,
= We(k) + aSs(z(k)rT(k+1) (48)

M RBE i 28 04 2 (0 J5 B P 5T, 6 0 100 25
L o MMETT, Se(x(k)) KRR L,
Se(a(k))rT(k + 1) R, BUE We(k + 1) EARA
FHEV Y, MM ORIFAE R (/NN

We(k +1)

EOE 4%BFW%H%W$((»%%%ﬁ

I o JRHUERE LR SIS0 f (2 (), B
fle(k) = WiS(z(k)+e  (49)
Al = O(e). =

3.3 ETFZRFIIEH

— ARG A A e R il LAk

PR RIS R e SR8 b N R, e N 4

T P IR ) 3ok 2 v B ) S Aff b i T TSI R G 1)

sl Hat (49) %0, X —HEMEIL A A

AN AR X I SN, 17 L A I BRI 1) SR X

ijé%j&f)u@l& PREE N 45 (1) Jy I U X 8k Q,, , AT
i h:

dist(z, pnq) < d =
1f (z(k)) = WTS(z(k) <& (50)
Hoh, d > 0 2%, & = O(er) ZHEMLML

WTS(2(k)) 8, HLIEST 2.

FEC /NI, AT T A ) (S
FOF AT 45, L2 5110 6T I ER 3 25 1O 28 5 v i ]
AR AR

33 L4 4 I B s R IR B R S (36) BA K%
HF 9 2 2 B 0,.q, R EL2 T 0 3 (10 25 ) 2
WTS(2(k)) Wbl fHER RGN
AT S, LIRS BB 22 W SR B2 1 N AT

S 0 28 ) 25 A T

u(k) = zpa(k + 1) =W (k)S(z(k))+Ar(k) —
Men(k) — - — An_res(k) (51)

K (51) [RNFRL (36), AIFRAFI T AIHR 5 2
ARG
r(k+1) = Ar(k) + f, (52)

W, £ = fa(k)) — W (k)S(z(k)).

EI 4. FEMPEE RS (36) FMEEflEE (51)
NI R ZE RS (52). MARGEYIGE 2(0) 7F
WA Z BN @0 BI—A R BIT AR A B, FATT
ARG T A G H R I, BB R R
72 1 (k) WS 1) /AR L



6 10 T UEAE: W A o0 TR R A 703

JERA. %1l Wi R Lyapunov %K
V(k) =7 (k)r(k) (53)
)
Vik+1) - V(k) =
rT(k+ Dr(k+1) —rT(k)r(k) =
— (k)T — AT Ay (k) + Fr Fr+2(Ar (k)" F, <

— (1= AL INIr(B)]1* + 2Amax]Ir (k)] ] x

£l + 11Fell?
(54)

T ’I"(k‘) = en(k) + )\16n_1(k‘) + -+ /\n_lel(k),
r(k) BiEMmANIME e(k) HERME, % R4
B XREAFAE dy > 0, AR ||r(k)|| < di, 77
le; (k)| < d, j=1,---,n. XK, X (50),

V(k+1) - V(k) <
—(1 = A2 IIr(R)])? + 2Amax&S e (K)|| + &2
(55)
T
1
2(1 — A2 Il (B 4 2Ama&i | Ir (k)] =
2Aiﬁax
1- Aﬁm
B LA
V(k+1)=V(k) <
1 2A12nax *
2(1 — A2 )l (k)I*+ (1 t7 A?MX)&Q
(56)
=, 5
V(k: +1)<
L AZ V(R + (14 Pmax e
2( max) ( ) ( 1 _Argnax)gl —
k+1
( 51+ A?nax)> V(0) + p&* <
V(0) + p&;* (57)
Hop, p = 20+t

)
ﬁn%%ﬂ%%ﬁ: x(0) L
[2(0) = £,4(0)] € Qo) = {r|V < d7 — p&*} (58)

TATH V(k+1) < d2, 8 |Ir(k)|| < du, e;(k) < d,
XAAE T RGEIRA (k) BIFAER (50) 5 I

W LA BOELT I XL X, z(k). (k). e;(k)
S(x(k)) #RA M, H (51) 43, u(k) WA
(R, DRI PR 2R 400 L IR BT AT 5 2 AT 5.

B (56) &, 4 [|r(k)|| > p& B, V(K +
1) = V(k) < 0. Pk, fFE—DHR K >0 M
p> /P&, AT k> K, |[r(k)|| < p, B8R
W72 (k) KW F 8 AR T O

FE 3. MU (58) mhardm, JATIEEK df — p&i? >
0, Bl dy > /p&;, B4 dy BRI, XSS 2
HORGBRD . DRIEAE I ZRRY B, ATV AT REHBIE ££Z 4k
RE )R (R A 28 M 2 R 472 ), Bl m AIE FR & 71X
BRI Z 2 OB AT I 25

E 4. HHGENME ML, LTS
56 1R 27 T4 AT ARG S s R 1) ERER R 22
e;(k) WSIOH B TP 2) 28 48 IR RUE AN 7 S AT
PR, AT RO/ TH B 3) 240 28 0 8% 1) K 35
IR, BRERRZE e (k) AR/, Bhas A& H T-xF
AR5 (36) LA R G 2: J 42

E 5. AT TUE KA S T NI R gk
AT 2 ) LA s BT 25 0 R dE AT 45 16 6 7 T 2% 3K
T SRIUR IS FH SRR I R D S By B IE2& “Fhe” A
FOE IR, AT R 2 545 R g Ak kT L
SCHRAE TS B e s .

3.4 REWHR

F e #2550
z, (k+1) = (f()k:) +uy (k)
zo(k+1)= o (]%7()]{:) () (50)

B fi(w(k) = {2005 B fo(a(k) = (200 RA
FE, Wl 13 FE 15 (W FoT) Pras. M=K (37)
ek R A% ul(k:) M uy (k). 22 3028 1 Henon
R (24), B ¥ ha = 1.4, b = 03. XMW
AN 121 AN 2 T Y e T A 48 Y %ok o ) AR Sk
TR fu(x(k)) R fo(z(k)). P2 CHE N IR 53 A5 AE
[—1.5,1.5] x [—1.5,1.5] MXILHE, Hrhn = 0.3.
PSS HOER N A = diag{0.5,0.5}. &K
SBEM IR RIERN o = 0.5, REYIUH A
K 21(0) = 0, 25(0) = 0, £41(0) = 0, £42(0) = 0,
u1(0) = 0, uy(0) = 0. K 10 RHRFEHIBWSLEIZ
R IR /NAR I L. A 2 9 A I S il P 11
12 Pros. BT af LU, pile 00 2 AU DRI AT
Ft HAB o AU SR A B 14 F116 , FAfi]
A DUF H 28 00 29 v SR 2003000 e S 3 3 AR A E e e
B f (2(R)) BT fa(x(k)).

h T VW 25 K A ) T vk, AR
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FH IR (0 28 G0 A IR 1R 2 26 B, (HL 2 ol 4 R 5K
(51). M 17 Wl LUA ARG (59) R ITUn N 5t %
HHIREESEPIE. 5K 10 AL, AT BUE B
TER A X PRI TR RAT e B & N T 1L A
R

K13 RGALMERE f1(x(k))
Fig.13 System nonlinearity fi(x(k))

K10 S5k Ll SRS IR EAPIL

Fig.10 Reference and tacking sequences

057
041
03} f KBl 14 5 fi(z(k)) BRI
02 Fig.14 Locally accurate approximation of fi(z(k))
01 H i
X0 /
////II
b il
Ui
02 - Vi
03 g
' ‘ - ' g
04 50 100 150 200 Ui
Steps :

SRV G R Y C e &

Fig.11 Partial neural weight convergence

-2 -2

K15 RGARLAERAEL f2(2x (k)
Fig.15 System nonlinearity f2(z(k))

03

=2
T AU
SRR
'll’//lII/;' ) I",‘,‘
/ i
/

CXSXSSN
. O
5K

7
X i1,
X

0t
"//,Z,’,/, /

0 SIO 160 150 200

Steps >
Bl 12 o I 2 AR i Sk Bl 16 XF f2(2(k)) sHHERRLL L

Fig.12 Partial neural weight convergence Fig.16 Locally accurate approximation of fa(z(k))
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0 20 40 60 80 100
Steps

K17 S DL SRS ER B IE

Fig.17 Reference and tacking sequences

4 %
2 5 ) da Ji & A% R AR S ) ) 7 R 5
Bk 15 70 1, R SUAR SIS A3 55 N AR (i
5)  RIEANFAH (WU Fifl) S5l 8 AR SCH e
TR B DA RGN E S ELE, S 7O I
K P AT ik ARBIEZ L PRIV
F 57 15, DA S T I A Ol 0 PR B 1S 2
GUUA TS P ) — MESR. IXEERR I, X
B A R GUIO B A2 5 > I A AT Tk AL 7 3 £
BN A, LA B R T I 2 AR G 1 47 AR
SE. ASCH ST R D BT I A A 1 ROk R A
BE PO S Pl A T RGBT 5.
(EARE R AL, BARHIE 2 2] S 4Tt P9 4
WEFTR S BT TR B AN, (BAE5 2) 1
AR LTS AL Z AL, Gt 22 57— AN e IS
RURAEA FRAFATTOL B, AN DB 2 A T A o 2
(E AR5 TG TR 48 nOR BRI (). [RIRE, Bl C o
S AR A T [V TS F 8 o 2 9 ¢ AL PO M
SHLA B RGN AR S AR AE AL T fle 5 o) 2
Aedaiils BUUPUI . AL ) S SO BT 17, e
A SR A2 SR DTS E TR g1, FATAS
ff 52 5 2R O AR e A RGN — BOCHEER.
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