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Abstract. Most available results on iterative learning control address trajectory tracking problem for systems
without time delay. The effect of time delay on tracking performance is not yet fully understood. This paper is
concerned with iterative learning control design for the systems with delayed states, where the system class under
consideration is confined by a defined relative degree. A learning control scheme is proposed to overcome the
uncertainties in delay times afaf in system parameters. Robustness of the learning control is established in the
presence of initial function errors. Furthermore, uniform convergence of system outputs to the desired trajectory
is ensured if the initial function at each cycle is set to align with the desired initial function. Validity of the results

is demonstrated through numerical simulations.
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1. Introduction

Iterative learning control (ILC) is characterized by repositioning, input updating and resul-
tant zero-error tracking over the entire operation interval, by which the imperfect knowl-
edge of the dynamics structure god parameter values are overcome. Even though the
knowledge of system dynamics is totally unknown, better tracking performance can be still
expected by usingrial and error approach to find out the desired input profile iteratively

[2]. For quite a long period, this control methodology has received a great deal of attention
from researchers [4], [7], [16], [21]. Typically, researchers dealt with convergence and
robustness issues of learning controls by developing different analysis techniques, see, e.g.,
(3], [3], [8], [10], [11], [15], [19], [24], [25].

To learning control design, it is logical that next input action is updated based on the
action and its produced results in the previous cycle. The key is to determine the pair of
related cause and effect of the system under consideration. Obviously, the control input
and the system output can be such a pair when the system has direct transmission term.
This fundamental characteristic has been fully investigated in [20]. In particular, analysis
for linear systems with relative degree higher than one has been delineated, and the output
derivative with the order being equal to relative degree of the system, is used to update
control input. Recently, ILC for a class of nonlinear systems with higher relative degree
has been reported in [1], [14].
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Up to now, most works focus on systems without time delay. However, delays are inherent
in many applications, such as batch processes, and remote controlled robots, vehicles or
man-machine systems. Conventional controls are usually found to be unsatisfactory because
of inaccuracy in estimation apidr uncertainty of time delays [18]. The main difficulty in
dealing with the kind of systems is that the state should be properly considered in an
infinite dimensional space. It is natural to use iterative learning control to overcome such
difficulties. Convergence issue of the learning control was investigated for LTI systems
with delayed state in [12] and delayed input in [18]. A higher-order learning algorithm
for a class of nonlinear systems with delayed states was studied in [6], where the initial
condition was considered to be somewhat obscure. Recently, the role of delayed states in
the learning process was characterized in [22]. It was observed that the effect of delayed
states on the learning process lies in the requirement on initial function over entire initial
interval. Results in the above mentioned papers are confined to systems with relative degree
one. None of the papers, however, have considered time delay systems with higher relative
degree, and not even for the linear situation. It should be noted that there have been several
attempts to address the linearization problem of nonlinear time delay systems [9], [17],
[23].

This paper aims to apply iterative learning control methodology to systems with delayed
states. Extended relative degree of the systems is defined for the design purpose and
learning control method is proposed based on the pair of action taken and its resulting
variable. Analyses are provided for a class of nonlinear systems. We shall show that under
certain conditions, uniform convergence of output trajectories to the desired one can be
guaranteed in the absence of initial function errors. If the initial function at each cycle is
deviated from the desired initial function within an admissible level, the output errors will
be asymptotically bounded. Numerical simulation is presented to illustrate the theoretical
results.

2. System Dynamics and Extended Relative Degree

Consider the class of nonlinear systems with delayed states described by

X(t) f(x), x(t — 1), ..., x({t —17)) + B(x(t)u(t) (1)
y®©) = g(x(t)) 2)

wherex € R, u = [ur,...,u]" € R, andy = [y1,...,Ym]" € R™ denote the
state, control input, and output of the system, respectively. The functiors R",

B =[by....6] €« R™"" andg = [g1,....0m]" € R™ are smooth in their domains

of definition which are only known of certain properties. Each delay of the system takes an
integral multiple of the fixed delay time. Fort € [—Iz, 0], x(t) = ¥ (t) andy (t) is the

initial function. The systems perform operations repeatedly over the finite intetva].[0

For each fixedy (t), S denotes a mapping froray(t),t € [—Iz,0],u(t),t € [0, T])

to (x(t),t € [0, T]) and O a mapping from(y(t),t € [—Iz,0],u(t),t € [0, T]) to
(y(t),t € [0, T]). In these notationx(t) = S(y (1), u(t)) andy(t) = Oy (1), u(t)).
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Let o denote the pure time delay operator, introduced in [17], that shifts thettinte
t — 7, which is defined as, for a functia(-) on the interval{ — z, t],

ca(t)=at —1)
and for a functiora; (-) which is a function oby(-) defined on the intervat [ 7, t],

oay(a(t) = ar(a(t — 7))

Obviously, pure time delay operator has the following properties, for inieget,
o' =00t

wheres® = 1, and for integers;, i, > 0,
oligl? = glzgit

Gtz — gl

Then system (1)—(2) can be rewritten as
Xt) = f(x,0)+ BXm)u() 3)
y(t) g(x(t)) 4)

wheref (x, o) = f(x(t), X(t — 1), ..., Xt = 11)).

The following notation of derivatives and definition are also needed. The derivative of a
scalar functiorg(x) along the vectorf (x, o) is defined as, fok € R",

99(X) -
L¢ =—f
fg(xa U) BX (X’ 0)
Furthermore, the derivative of a scalar functiai, o) = h(x(t), X(t — 1), ..., x(t =1'1))

along the vectorf (x, o) is defined as

Il

Lihx,o)=3" ag(:i’xa)o‘ f(x, o)

The repeated derivatives along the vectox, o) are denoted as

) (=Dl E)Ljflg(x o)
i _ f ’
L f-g(x, o) = E

i=0

Py o' f(x,0),j=12,...

Definition2.1 Extended relative degree of systems with delayed states (1)—(2) is the vector
w = {u1, ..., um} that satisfies, for € R",

Lo, L' Gq(x.0) = 0,0 <i < pq—2

BL’F“_lgq(x, o)

oy o'bp(x) = 0,1<i < (uq— Dl
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where 1< p <r,1 < g < m, and then x r matrix

I gux.0)
ax

)
X

b1(X) by (x)
D(x) =

LA™ g (x,0) AL M g (x,0)

() s ————br (%)
has full column rank.

Remark2.1 Ifasystemdescribed by (1)—(2) has extended relative degte€us, . . ., um},
the derivatives of system output can be written as, ferd < m,

y§) = Li0q(x,0),0<i <pq—1

-1 -1
gy + | o B A w0
 Galx ox S ox

(iq)

Yq br(x) |u (5)

It implies thatuq is the minimum order of time derivative of thgth output to which a
directly transmission is established from at least one component of the controlijrgnd
the level of the output related to the input but decoupled from the delayed-input variables.

Remark2.2 Definition 2.1 allows the number of outputs greater than the number of inputs.
If there exists no delayed state in system dynamics, Definition 2.1 reduces to that given in
[13] for the case where number of outputs is same as number of inputs.

Remark2.3 As aspecial case, we consider the following linear systems with delayed states

|
X(t) = Y AXx(t—it)+ Bu(t) (6)
i=0
yt) = Cx() (7)
whereA € R™", B = [by,...,b] € R™ andC = [c], ..., c[]"T € R™™". If the system
has relative degrefus, ..., um}, we have, forl< p<r,1<q<m,
Cqbp = 0O,

CqAi - A Lbp = 0,0 <y, . iy 2 <

Cinl"'Ai“q,lbp = 0505ilv"'ai/l.q—lSl(i1+”'+i/l,q—1;é0)
and them x r matrix
ClAgl_lbl e ClAgl_lbr

CmAgm_lbl ce CmAgm_lbr
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has full column rank. The derivatives of tijgh component ofy(t) will take the form of

Ya (1)

|
> e ALe (M),

i1=0

| |
Ja®) = D) cqA, Ao XD,

i1=0i,=0

: | |
yé“qfl)(t) — Z . Z CgA, - Aillq710i1+,..+ilqulx(t)

i7=0 iﬂq,1=0
| |
yéltq)(t) — Z . Z Cinl e Ai#qo_ll-‘ru--‘rluq X(t)
i1=0 iq=0

We are now at the position to formulate the control problem to be solved as follows. Given
a realizable trajectoryy(t), t € [0, T] and a tolerance error boursd> 0, find a control
inputu(t), t € [0, T], by applying an iterative learning control technique, so that the error
between the system outpytt) and the desired trajectog(t) is within the tolerance error
bound, i.e.,

lya®) —y®l <&, tel0,T]

where|| - || is the vector norm defined d8| = max<i<n |a | for ann—dimensional vector
a=[a,...,a:]". Throughoutthe paper, for a matix= {a;} € R™", the matrix norm
is defined as the induced norm by the vector norm, l.&], = maX<ij<m Z}Ll laij|. The

A—norm for a vector-valued functidm(t) € R" is defined as

IbO) I = sup{e™|b®)[}, A > 0.
te[0,T]

3. RobustILC

To solve the formulated problem, we use the learning control described by the following
updating law

U1 (1) = k() + Ty (1) — 2 (0) (8)
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wheret € [0, T], k indicates the number of operation cyg§”’ (t) = [y;fﬁl)(t), Yr(nlfg)

O, W = [yfP O, ...,y ®]7 and k() € R*™ is the learning gain to be
designed.

Remark3.1 For a learning control design, it is logical that next input action is updated
based on actions and their produced results in the previous operation cycle. In view of (5),
{u(t), y® (1)} is a pair of algebraically related cause and effect. This straightforward and
strong coupling relation may lead to faster convergence rate and easier way for the learning
gain selection. This observation is lent to constitute the updating law (8).

The following assumptions on system (1)—(2) are imposed.
(A1) The mappingsSandO are one to one.

(A2) The system has extended relative degree {1, ..., um} forx € R".

_ gLt
(A3) The functionsf, B, g, L’;_ng, 1<qg<mand—5 % bp,1<p<r,1<g<mare

Lipschitz in their arguments with Lipschitz constahtslg, |4, 11 andly, respectively.

(A4) The operatoB is bounded fox € R".

(A5) Foradesiredtrajectorg(t) = [y1.q(t), ..., Ymd(®]T,t € [0, T], yi.q(t) is u; times
continuously differentiable.

For any realizable trajectoryy(t),t € [0, T], (Al) implies that there exists a unique
control inputug (t) which drives the system output to follow the desired trajectory so that

Ya() = g0xa(t)) ©)
Xa(t) = f(xg,0) + BXa(D)ua(t) (10)

wherexqy(t) is the corresponding state wikg(t) = v¥q(t),t € [—It, O].

For the practical implementation, we would like to know the effect of delayed states on
the learning process, in contrast to systems without delayed state for which there have been
a number of efforts toward robustness of the learning algorithms. The following theorem
specifies that the learning control (8) can be robust against initial function errors when
applied to system (1)—(2) with higher relative degree.

THEOREM 3.1 Let system (1)—(2) satisfy assumptions (A1)—(A5) and the desired trajectory
yq(t),t € [0, T] be realizable. If updating law (8) is applied with the learning gain being
designed such that

M =Tk@DX@)I <=p <1 (11)
and, at the beginning of each cycle,
g () — Yl < ¢y, t € [z, 0] (12)

the errors i (t) — uk(t), Xq(t) — Xk (t) and y(t) — yk(t) converge asymptotically into the
specified bounds being class-K functions pbs k— oo.
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Proof: For simplicity, the argumeritis dropped in the following proof where confusion
will not occur. It follows from (5) and (8) that, denoting liyux = ug — ux andc(x) =
[L}fﬁlgl(xa J)a teey L/f{mgm(x» 0)]Tl
Al = Aue—Ti(y§” =y
= Aux — I'k(C(Xd) + D(Xa)Ug — €(X) — D (X)Uk)
(I = Tk D(X)) Auk — T'k[C(Xa) — €(X) + (D(Xa) — D(X«))Ud]

Taking norms and applying the bounds and the Lipschitz conditions, we have

AUl = [IT = Tk D) [ Aug]l
+ Tkl (lle(xa) — e(Xi) | + 11D (Xa) — D) [l f[uall)
< pllAukll + cric(xa) — c(Xi)ll + ID(Xa) — D(X)lICuy) (13)

wherecr is the norm bound foFy, ¢, = SURcpo, 17 lIUall and, denoting byAXxx = Xg — Xk,

ILF 91(Xd, 0) — L 913, o)

le(xa) — (x| < :
IL%" gm(Xd, @) — L% Gm (X, )|
IAXOI + [AX(E = DI + -+ + | At — pal D) |
<l : (14)
IAXOI + [ AX(E = DI+ -+ + [ AX(E — gl T

and

1D (Xa) — DXl

oL g10%,0) L 1xc0)
— b () — — 5 bu(x0)
AL g (Xa,0) L™ gm(%,0)
e b1(Xg) — — b1 (%)
oL g1 0xa.0) I 01%0)
— b (xa) = — b (%)

L™ g (%g.0) LA™ g (% 0)

Tbr (Xd) — Tbr (%)

<l

|:||AXk(t)|| + 1At =)l + -+ 1A% = (u1 = DID -
|

|AXOI + A = DI + - + [ AX(t — (um — DID| - --
IAXCO + [ AXt = DI + - + [AX(t — (1 — DID)]|
: (15)

IAXCO ]+ [AX(E = D) 4 - - + [|AX(t = (tm — DIT) |
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In order to evaluate the state errors of the right hand sides of (14) and (15), we integrate
state equations (3) and (10) to give

AXg

t
AX(0) —i—/ (Xg — X)ds
0

t
Ax(0) +/o [f(xd,0) + B(Xa)ug — (f (%, o) + BOxuk)]ds

t
AX((0) + /0 [f(xg, o) — (% o) + (B(Xe) — BO4)Ug + B Aulds

Taking norms and using their properties, we have
t
lAXl = IIAXk(0)||+/ (I'f (Xa, ) = Fx, )l + I1B(Xa) — B [[uall
0

t
+ IBXO I Auklhds < ¢, +/O [ IAXS + [[AX(s — D)

+ -+ 1AX(S = 1)) + I8Cudll AX(S) || + Ca | Auk][]ds (16)
Note the facts that, far e [0, 6] with 6 € {z, ..., |1},

t t—6
/0 | AX(s — 6)lds = / l¥a(S) — Yk (s)llds < Ocy,
-0

and fort € (0, T},

t 0 t—0
/0 [ Ax(s — 6)l|ds /9 l[¥a(s) — Wk(8)||d5+[) | AXi(s)llds

IA

ocy + /Ot_g |AXk(S)||ds an
Combining (17) and (18) yields, fare [0, T],

/Ot [AX(s—0)llds < Izcy Jr/Ot | Axi(s)lds (18)
Substituting (18) into (16) gives rise to

A%l = ciey + [ (Goll Al + call Aug)ds

wherec; = 1+12 ¢t andc; = (1 +1)l £ +1gcyg. Then applying Bellman-Gronwall Lemma
yields

t
IAXc|l < €10, €7 +cg / "9 Auk|ds (19)
0
It follows immediately from (19) that

t—0
| Axg(t — 8)|| < c1c, €2 4 cp / €209 Auy||ds, t € (0, T]
0



ITERATIVE LEARNING CONTROL DESIGN 349

Because 06~%’ < 1, we have
t
| AXc(t — 0)]| < c1cy€™' + CB/ eI Augds, t € (0, T] (20)
0

Note that (20) is still true fot € [0, 6] since||Ax(t — 0)|| = [|[¥q(t —0) — Yt — 0)| <
cy.t €[0,0]andc; > 1.

Then substituting (19) and (20) into (14) and (15), respectively, and defming
[1(I maX <q<m{ttq} + 1) andcs = rlol maxi<q<m{uq}, we obtain

(111 4 1)(C1cy €2t + cg [ €209 || Aug]|ds)

IA

le(Xa) —cxill = I1

( ftm + D (Ci1Cy €% + Cg [y €29 Auy|ds)

IA

t
C1C3Cy €2 + C3Cp f €29 Auy||ds (21)
0

and

ID(Xa) — DXl
| a(cicy €2 +cg fo €209 | Auy||ds)- - - u1(cicy €2 4-cp [ €209 || Auk/ds)
<l3

| um(Cacy €% +-Ca fé 2079 Aug]|ds)- 1 pm(Cacy €% 4-Ca fé 29 Auy]|ds)
< C1C4Cy €2 +CqCp /O t €29 Auy||ds (22)
Now, substituting (21) and (22) into (13) produces
lAUKL ]l < pll Aukl + s /0 e I Auk||ds + cecy € (23)

wherecs = CrCg(Cs + C4Cyg) @andcs = CrCi1(C3 + C4Cug). Multiplying both sides of (23)
by e*'(» > 0) and taking supremums fore [0, T] resultin

A

t
e M Au ] < pe AU + s / e @ MNU=9e™5| Au(s) [|ds + cecye M e™
0

o sup {e | Auk®)]l}
te[0,T]

IA

t
+ s sup { / e M9 sup (e Auk(s) |l }ds
te[0,T] | Jo se[0,T]

+ ceCy sup {e e}
te[0,T]
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Noting the facts that, fok > c;,

t _ e(CQ—A)T
sup / e@ M9 sup (el Au(s)[}dsp < ————— sup {e M| Aut)]l}
tefo.T] | Jo s€[0,T] A—C2  teo,T]
sup (e} <1
te[0,T]
and using the definition of—norm give rise to
_ gle-nT
[Auktalln < pllAukllx + CSﬁ”AUk”A + CsCy (24)
— L2
Defining
B Lo 1— e(CZ—}\)T
pP=p 5 r—C
(24) simplifies to
[ Auksllx < pllAUKIL + CoCy (25)

Dueto0< p < 1, itis possible to choose > ¢, large enough such that® 0 < 1. Then
(25) is a contraction iff Auk||;. Iteratingk leads to
~k

_ 1-p
lAull, < A%l Augll, + -
—p

CeCy

Since 0< p < 1, Auk is bounded in the sense that

Ce
AUl = IAuoll + 30y k=12 (26)

limsup|lAugll;, < 1iﬁﬁc¢ (27)

k— oo

Furthermore, using (19) and similar manipulations, we have

_e(CZ—)L)T
IAX |l < €€y + Cg———— (| AUk]lx
A—0Cp
which leads to
_ e(CZ*)L)T 1-— e(CZ*)t)T Cs
AXgll,, < cg——————||Aug|lx + [c1 +C -)c,,k=0,1,... 28
I Axll, < cB S | Auollx (1 B o 1—,0) . (28)

1— e©-MT
° = )c],, (29)

limsup||Axllx < {c1+c
pll k||A_<1+B 6 17

k— o0
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From (2) and using Lipschitz condition, the result for output exp+ vk is given as

— gle=nT
Vg — Ykllx < |gCBTC2||AUO||x
1-e@ T ¢
lglci+cC cy,, k=0,1,... 30
N O L (30)
1—e@ M ¢

limsu — < lglc+c - |c 31
k%oopHYd Yelln < g(l s l—p) " (31)
This completes the proof. ]

Remark3.2 Theorem 3.1 implies that a suitable choicé pft) leads to uniform conver-
gence of system outputs to the desired trajectory for &ll[0, T] wheneverc, tends to

zero. However, condition (11) depends on the delay times and the initial functions unless
extended relative degree of the system under consideratian.is., 1}.

Remark3.3 For linear system (6)—(7), updating law (8) reduces to

Uks1(1) = Uk(®) + T (g () — % (1) (32)
where learning gailr is constant and condition (11) becomes
[l -=TDJ <1 (33)

whereD is given in Remark 2.3. It can be seen that condition (33) for uniform convergence
of the learning control is independent of the time delays. Effect of the time-delays on the
learning process lies in the requirement on initial function described by (12). Therefore,
the delay times are not required to be estimated for design of the proposed learning control
for the linear systems.

Remark3.4 SinceD (xk(t)) is of full column rank, there exists a constaht- 0 such that

min [ (DT (%) DX(t))| >

wherex;, 1 < i < r are eigenvalues of the matrRT (x(t)) D(x«(t)). Therefore, there
exists a boundedl'y(t) such that (11) holds [19]. Condition (11) implies that the learn-
ing algorithm allows larger model discrepancies. Let us take the SISO case as an ex-
ample. If the system parametBx(x(t)) is modeled to beD (x(t)) and we assume that
D(X(t)) = a(x(t))D(x(t)). We choosay(t) = [DT (x(t)) D(x(t)] DT (x(t)) so that

[l — T D X)) = |1 — a~L(x(t))]. Condition (11) reduces to

I1-—atx@) <p<1

which holds for 06 < a(X) < oco.
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4. Simulation lllustrations

In this section, numerical simulations are conducted for a linear and a nonlinear system with
delayed states, respectively, to illustrate the theoretical results presented in the previous
sections.

Examplel A simulation is conducted for the linear system with delayed states

010 0 0 O 00
00 1(x(t)+[0505 O (x(t—7)+ [0 1|u()
100 0 0 05 10

100
y(t)z[001]

wheretr > 0 is the delay time. This system has extended relative dd@rdg. By the
condition (33), if the updating law (32) is used and the learning gaih4s | . However,

there exists room in this condition for selection of the learning gain to accommodate the
inaccurate knowledge of the system parameters. In the simulation the learning gain is
chosen as

07 0
Fz[o 0.7}

The desired trajectory is given to be

X(t)

413 — 3t*
ya(t) = [—4t3 n 3t4] ,te[0,1]

Let the initial functions bey; x(t) = O0,t € [—7,0]. The cases with different are
simulated. Define the performance inddx = supp 1 lYa(t) — Yk(t)|. The iteration
stops if the tracking indedx < 0.001. Figure 1 and Figure 2 show the tracking errors when
the performance requirement is achieved and the resultant control inputs, withl and

7 = 0.3, respectively. Itis observed that with the same learning gain, uniform convergence
over the time interval [01] is achieved for the different delay times.

Example2 Consider the nonlinear system with delayed states described by

X(t) = f(x,0)+bXx®)u)

yt) = gx())
where
X2 0
f | 9XtXs b(x(t)) = 0 t)=[10 0 0 x
X.0) = | coqme 4 aoxg | PEOI=| 1 | gx) =] Jx(®)

0 sin(xz3(t))
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ask\ ]

supremum output error Jk
o
n
T
i

02 N . J

01k - f S R

. ; ; e i

0 1 2 3 4 5 6 7
iteration number k

41+ B - B ! B |

control input uk(t)

I S Lt ' . e . . N PO
. U”(') ' : \
I U2I7(t) : R . \

I AU R W

A0k S s R T

_i2 i 1 1 L 1 I 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time t

®)

Figure 1. Learning response for the case= 0.1: (a) Tracking errors; (b) Control inputs.
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control input uk(t}

: . ) \
12k e : ey
—14 i 1 i 1 i i1 1 i 4

0.1 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1

time t

(®)

Figure 2. Learning response for the case= 0.3: (a) Tracking errors; (b) Control inputs.
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and the delay time = 0.1. Itis easy to check that
L;g(X,0) = X2
L29(X,0) = oX + X
L:’;-g(x, o) = coYX1 + 0%Xg) + (62X + 0 X3)

Thus, this system has extended relative degree three since

Leg(X,0) = 0
LbLfg(x,a) =0
aLZg(x,0)
— o'b(x) = 0, 1<i<4
do'X
ILZg(x, 0)
- bx) =1
0X

The desired trajectory is given to be
ya(t) = 5t* — 4t5 t € [0, 1]

Updating law (8) is applied with the learning gdip(t) = 0.5. Let the initial functions be
Yikt) =0,i =1,2, 3,4,t € [-0.2, 0]. Performance requiremed{ = SURco,1 I Ya(t) —

V(D ]loo < 0.001 is achieved at the 9th iteration and the resultant tracking errors are shown
in Figure 3. To examine robustness performance of the learning control, we let the initial
functions bey; k(t) = 04+0.01randnj = 1, 2, 3,4,t € [-0.2, 0]. Therandnis a generator

of random scalar with normal distribution, mean0, and variance= 1. The repetitions

are conducted untk = 100 and the resultant tracking errors are shown in Figure 4. Itis
observed from Figure 3 and 4 that by using updating law (8), system outputs converge to
a neighborhood of the desired one and remain within it in the presence of initial function
errors. Moreover, the proposed learning algorithm ensures that system outputs converge to
the desired trajectory whenever initial function errors tend to zero.

5. Conclusion

The result of this paper shows that the concept of iterative learning control can be applied
to solve trajectory tracking problem of the class of uncertain dynamic systems with delayed
states if the operation task is performed repeatedly. When the system is described by
the defined relative degree, the proposed learning control scheme ensures convergence of
system outputs to the desired one and is robust against the presence of initial function
uncertainty. Itis made clear that the learning control does not use the delay times explicitly
and the effect of delay times on the learning process depends on initial functions.
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