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Abstract: Iterative learning control (ILC) is suitable for high-performance repetitive tasks since
it learns from past trials to improve the tracking performance. Existing ILC designs often require
a model, which can be difficult or expensive to obtain in practice. To address this problem, we
recently developed a data-driven norm optimal ILC using the latest developments from data-
driven control, namely, the Willems’ fundamental lemma. In this paper, we show that the idea
can also be extended to point-to-point ILC tasks that focus on tracking some intermediate
points of the whole trial. We propose a novel data-driven point-to-point norm optimal ILC
algorithm that can achieve the same performance as the model-based algorithm but without
using an analytical model. The design requires the available data to be persistently exciting of
a sufficiently high order. To relax this requirement, a receding horizon based algorithm and a
trial partition based algorithm are further developed with well-defined, but different convergence
properties. Numerical examples are given to illustrate the proposed algorithms’ effectiveness.

Copyright © 2023 The Authors. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Tterative learning control, data-driven control, point-to-point tasks, linear systems.

1. INTRODUCTION

High-performance tracking control tasks, which require the
system to work repetitively to track a desired reference tra-
jectory with high precision, have found wide applications.
The recent design applies iterative learning control (ILC)
to achieve high-performance tracking control tasks since
ILC can update the input by learning from its past trials’
input and error information (that implicitly contains the
model information) and hence it does not require a highly
accurate model that can be difficult or expensive to obtain
in practice (Bristow et al., 2006). Till now, it has found
a great number of practical applications, e.g., robotics
(Armstrong et al., 2021), stroke rehabilitation (Freeman
et al., 2012) and additive manufacturing (Lim et al., 2017).

Existing ILC methods can be divided into model-free
and model-based designs. Model-free ILC algorithms do
not need a system model in the design, but parameters
are required to be tuned to guarantee convergence, e.g.,
proportional-integral-derivative type ILC (Arimoto et al.,
1984) and adaptive ILC (Tayebi, 2004). Model-based ILC
algorithms, for example, inverse-based ILC (Harte et al.,
2005), gradient-based ILC (Owens et al., 2009) and norm
optimal ILC (NOILC) (Amann et al., 1996), generally have
better tracking performance than model-free methods, but
a system model which is not always easy to obtain in
practice is required. Comprehensive reviews of ILC can
be found in Bristow et al. (2006) and Owens (2016).

There is research on removing/relaxing the system model
requirement in ILC design while achieving the convergence
performance as that in model-based ILC designs. For
example, Janssens et al. (2012) develops an algorithm to
estimate Markov parameters by the input/output data,

then model-based algorithms can be applied. In Bolder
et al. (2018), online experiments are performed to obtain
the response of the adjoint of the system. In de Rozario
and Oomen (2019), a data-driven iterative inversion based
control design in the frequency domain is proposed. Chi
et al. (2019) estimates a linearised system model iteratively
by an adaptive law. However, existing data-driven ILC
algorithms need to do further analysis or experiments to
explicitly or implicitly estimate the system model, which
can be non-trivial and/or expensive in practice.

Recently, we developed a novel data-driven NOILC frame-
work (Jiang and Chu, 2022) based on some latest de-
velopments in data-driven control, namely, the Willems’
fundamental lemma (Willems et al., 2005), which directly
uses the existing data to design the control input and hence
avoids the use or the estimation of the system model. The
resulting data-driven algorithms show the same conver-
gence performance as the model-based NOILC algorithm,
i.e., monotonic convergence of the tracking error norm to
zero, which is appealing in practice.

Point-to-point tasks have wide applications in practice.
They focus on the tracking behaviour on the intermediate
time instants. For example, the ‘pick’ and ‘place’ tasks
of a gantry robot only concern the perfect tracking at
the points of ‘pick’ and ‘place’, other points are not that
interesting. This feature creates more freedom in input
choices but raises technical challenges for the design, as
there is only error data from points of interest, rather
than error data from an entire trajectory in conventional
ILC design. In this paper, we further extend the data-
driven idea in Jiang and Chu (2022) and design a data-
driven point-to-point NOILC framework. We show that
the proposed algorithm has the same tracking performance
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as the model-based algorithm without using a system
model. The design requires the existing data to be per-
sistently exciting of a sufficiently high order which may
not be easily satisfied in practice. Hence, two algorithms,
i.e., receding horizon based implementation and the trial
partition based implementation are proposed to relax the
data assumption. Convergence properties of the proposed
algorithms are analysed in detail and numerical examples
are presented to illustrate their performance.

The paper is organised as follows. The system dynamics
and the point-to-point NOILC are introduced in Section 2.
The data-driven point-to-point NOILC framework is de-
veloped in Section 3. Two further extensions are proposed
in Sections 4 and 5, respectively. Simulation examples are
given in Section 6, and Section 7 summarises this paper.

Remark 1. The data-driven design approach used in this
paper (i.e., that from Jiang and Chu (2022)) is very gen-
eral. It can also be applied to other ILC design problems,
e.g., for networked dynamical systems (Chen et al., 2023).

2. PROBLEM FORMULATION

This section will describe the system dynamics and formu-
late the point-to-point ILC problem.

2.1 System Dynamics

Consider the following discrete-time single-input single-
output, linear time-invariant system in state-space form
2p(t+ 1) = Axg(t) + Bug(t), z£(0) = o, (1)
Yi(t) = Cai(t),
where k is the trial index; ¢ € [0, N] is time index in
which N denotes the trial length; ug(t) € R, yi(t) € R
and xp(t) € R™ are the system input, output and state
(where n is system order); A, B and C are system matrices
with proper dimensions. For simplicity, we assume the
system (1) is both controllable and observable. The system
(1) is required to work within the time interval [0, N]
repetitively. At the time N + 1, the time ¢ is reset to 0 and
the system state is reset to the identical initial condition
2i(0) = zg, Yk € N, then the next trial starts.
Assume the relative degree is unity, i.e. CB # 0, the lifted
form system input and output are defined as (Owens, 2016)

we = [ur(0), ug(1), -, ux(N — 1)), @

T
Ye = [ye(1),yk(2), - ye(N)]"
The system dynamics can then be represented as

where G is the system matrix defined as
CB 0 0 - 0
CB 0 - 0

CAB
G = . ;o (4)

CAN=1B CAN=2B CAN-3B ... CB
and d is the system initial response given by
d= [CA$0 CA2£L'0 CAJIL’O s CANLL‘O (5)
For traditional tracking problems, the system is required
to track a reference defined at every time instants over the
whole trial. By contrast, point-to-point tracking problems
focus on M intermediate points of the whole trial, i.e.,

}T
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the intermediate points (or tracking points) at time t; to
ty are required to be tracked. Define the point-to-point
reference, output and tracking error as

rf = [r(t1) r(t2) --- T(tM)]Ta

T
i = s(t) ye(tz) - we(tan))”, ef =" =y
Note the point-to-point input-output relationship is
yf = FGuy, + Fd, (7)
where F' is defined as
T
F=[ff f& fE] e RN, (8)
in which f;, € RN (1 < i < M) is the standard basis in
RYN where the t;-th element in ft, is 1 and the rest are 0.
Without loss of generality, r is replaced by r —d, such that
d = 0. Equations (3) and (7) becomes
yr = Gu & yf = FGu. (9)
Then the point-to-point ILC design problem can be stated
as finding a control updating law
ups1 = fug,€r)
such that the point-to-point error converges to 0, i.e.,

lim e} = 0.
k—o0

(6)

(10)

(11)
2.2 Point-to-point Norm Optimal ILC

The point-to-point NOILC was proposed in Owens et al.
(2013) that updates the input at each trial by solving

Up1 = arg min ||e£+1’|22 + |lugs1 — uk||i3,
Yh+1 (12)
P P P P
st €1 =7 —Yha1 Yoar = FGupgr .
where the associated norms are defined as

||€kp+1||Q =V 65+1TQ65+1 J

urt1 —ukllz = \/(Uk+1 — up)T R(ug1 — up)

in which @ and R are positive definite weighting matrices.
The solution of (12) is

upr1 = up + (GTFTQFG + R)'GTFTQel.  (13)
The algorithm has some very nice properties, including
monotonic convergence in the tracking error norm to
zero and convergence of input to the minimum energy
solution (Owens et al., 2013). However, the system model
G is needed in (13) that may not be easy to obtain in
practice. In this work, we will propose a novel data-driven
framework to remove this model requirement.

3. DATA-DRIVEN POINT-TO-POINT NOILC

In this section, we will develop the data-driven point-to-
point NOILC algorithm.

8.1 Preliminary Results on Data-driven Control

We first introduce some key results, i.e., the Willems’
fundamental lemma, of the data-driven control. Define the
system trajectory w with J sample length as

w= [uT yT]T = col(u,y) € R, (14)

All trajectories with J sample length generated by (1) form
a subspace Gy, which is defined as

Gy = {[uT yT]T € R?/| 3z(t) € R", such that
x(t+ 1) = Ax(t) + Bu(t), y(t) = Cz(t)}.
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Given a signal [ = [[(0) (1) --- I(J—1)]T € R’, its Hankel
matrix form is given by

00) I(1) - U(J—1)
(D) 102) - 1T —t+ 1)
)= : A : (15)
W—1) 1) - 1T 1)

If rank(H.(l)) = ¢, | is persistently exciting of order t.
Next, we present the key result of the data-driven control,
which is known as the Willems’ fundamental lemma.

Theorem 2. (Willems et al., 2005) Consider a controllable
system (1), a J sample long trajectory wy = col(ug, yq)
generated by (1). If the input uy is persistently exciting of
order t+n, then any ¢ samples long trajectory of (1) can be
written as a linear combination of the columns of H;(wy)
and any linear combination H;(wq)g, where g € R7~+1
is a trajectory of Gy, i.e.,

col span(H(wq)) = G, (16)
in which col span(-) denotes the column span of the matrix.

Theorem 2 shows that the system behaviour can be ex-
pressed by the existing data that satisfies the persistently
exciting assumption. An important application of Theo-
rem 2 is the data-driven simulation, which can be stated
as given a system initial trajectory w(l : n) = col(u(1 :
n),y(1:n)) and input u(n+1: n+ N), to find the system
output y(n +1:n+ N).

We can define the following matrices and their partitions

U = Hon(i) = | ] Y =t = | 2] 1)

The blocks U,, Y, € R"*(/=n=N+1) () denotes ‘past’)
are used to calculate the initial conditions while the
blocks Uy, Yy € RVNX(=n=N+1 (¢ denotes ‘future’) are

used to calculate the system response. By the Willems’
fundamental lemma, there exists some g such that

UpT [ u(l:n)
Y, 1:n
Ufc 9= lu(n —I?{(l : n)—i— N) (18)
Yy ] ly(n+1:n+ N)
Then, calculate the solution of
Up] r u(l:n)
Y,|g= y(l:n) , (19)
Uy lu(n+1:n+ N)
we can get the response y(n+1:n+ N) by
y(n+1:n+ N) =Yg (20)

3.2 A Data-driven Point-to-point NOILC Algorithm

With the above definitions and results, we propose the
following data-driven point-to-point NOILC algorithm:

Algorithm 1. Given a trajectory of the system (1) wg =
col(ug, ya) where ug is persistently exciting of order N+42n,
a reference r, weighting matrices Q and R, past input
up and past error ekp . The input wug4; is generated by
iteratively solving the following optimisation problem

. 2 2
Ug41 = arg min Hef_HHQ + |uks1 — ukl|p
Uk41
T
st (U YD U Yi] g=[00n 0w uiyy gk

P _ P _ P P
Ye+1 = Fypy1, €1 =T —Ykt1

]T
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The solution is given by

T
u M} FWo(WT FTSFW,) W ET S [06%1}
k
where F = [I FT]°, 0,,,n, denotes an m X n zero matrix,
1 denotes the Moore-Penrose pseudo-inverse, weighting
matrix S = diag(R, @), the zero initial condition response
matrix Wy can be calculated by the following steps

Uk+1 = Ukt {O

)

]T

(1) Calculate the solution g of the following equation

Ub On/TAJV+1
Yolg=|0nr-Nt1]. (21)
Uf 7‘[1\/ (ud)
(2) The result obtained is then used to calculate
Yfg = Yo. (22)

(3) Combine the input Hankel matrix and the above
equation to get the initial condition response matrix

Wy = [HN(ud)] . (23)

Yo
The derivations of Algorithm 1 and (21) to (23) use the
idea of data-driven linear quadratic tracking that projects

the trajectory on the zero initial condition subbehaviour
(Refer to Markovsky and Rapisarda (2008) for details).

The above algorithm has the following properties:

Theorem 3. The input and the tracking performance of
data-driven point-to-point NOILC are identical to the
model-based point-to-point NOILC. Consequently, Algo-
rithm 1 guarantees monotonic convergence of the tracking
error norm to zero, i.e.,

Iefiillg < efllg & Jim e =0 1
In addition, Algorithm 1 converges to solution u? for the
following optimisation problem

ul = argmin {|lu — uo||%|r" = FGu}. (25)

Note the minimum input energy is obtained when ug = 0.
Proof. The proof is omitted here due to space reasons.

Theorem 8 shows that Algorithm 1 has identical tracking
performance to the model-based algorithm without using
the system model. However, the existing input wug is
assumed to be persistently exciting of order N + 2n, which
may not easily be satisfied when N is large. In the next
section, we will develop a receding horizon based point-to-
point NOILC algorithm to relax this assumption.

4. DATA-DRIVEN RECEDING HORIZON
POINT-TO-POINT NOILC

This section develops a data-driven receding horizon point-
to-point NOILC algorithm, with its properties analysed.

4.1 Algorithm Description

The idea of the data-driven receding horizon point-to-
point NOILC algorithm is shown in Fig. 1. Instead of
finding the input over the whole interval in one go, the
receding horizon design, at each time instant ik (0 < i <
p — 1, where p is the number of intervals), finds the input
over a much smaller prediction horizon h (or the shrunk
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Fig. 1. Hlustration of Algorithm 2

prediction horizon h,, = N mod h, where mod denotes the
modulo operator, for the last time interval), for which the
data only need to be persistently exciting of order h + 2n
instead of N + 2n as in the previous setting.

For the data-driven receding horizon point-to-point NOILC
algorithm, the interval input and output are defined as

Upi =ug(th:th+h—1), ygi=yk(th+1:ih+h),
where 7 denotes the interval index; h denotes the horizon
(or h, on the last interval horizon to prevent the time

th + h, exceed the trial length N). The point-to-point
interval output is defined as

Ui = [uk(@h +13) ye(ih +th) -+ ye(ih +15,)]" € RM:,
in which t;- (1 < 5 < M;) are the intermediate tracking
time points falling into the interval (M; denotes the
number of intermediate points in the interval ¢). Point-to-

point reference r” and error el are defined in the same

manner. If no points are contained, then yf,, el and rf

are set as 0. The relationship between the interval output
Yk, and point-to-point interval output y}: , is given by

Yii = Fiy.i, (26)

where F; € RMi*" ig defined similarly as in (8). Then, the
data-driven receding horizon based point-to-point NOILC
algorithm is designed as in Algorithm 2.

Algorithm 2. Given a trajectory of the system (1) wg =
col(ug, yq) where ug is persistently exciting of order h+2n,
reference 77, weighting matrices QQ and R, previous trial
input ug, previous trial error e,};, the input ugy; can be
updated by the following steps.

(1) Set i = 0.
(2) At time t = ih, solve the following problem

. 2
Uk41, :argurlgl?‘ HekPJrl,iHQ + g1, — uk,i”?%

SU/p uﬁu
ne
st |gh|g= |V (27)
];l Uk+1,i
Yf Yk+1,i

P P P_ P
Ye+1,i — Fiyri1,i, Ch+1 = Ti — Ykt1,i
where U}‘, th e RX(T=n=h+1) are defined similarly

as (17). The interval initial sequences directly use the
calculation result of the last interval, which is given by

uty i = ukg1(ih—n : ih=1), YV, ; = yes1(ih—n+1:ih).
(3) Apply ug41,; to the system from time ih to th+h — 1.
(4) Set i < i+1 until the end of the current trial i = p—1.

The derivation of Algorithm 2 uses the similar idea of
Algorithm 1 and the solution of (27) is given by
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T

Uk41,i = Uk, + {OhIM] FEWon(Wo, FFSF;Wop )T

T Op,1 (28)

T 7 ,

x Wop i [e,ii + Fi(di,; — di+1,1)
where F, = [I FiT]T, Wop, is the interval zero initial con-
dition response matrix. The response dj1,; is calculated
by (18) to (20) (Set uj’', ;, Yty ; as the initial trajectory
and zero sequence as the input). If the last time interval’s
horizon is shrunk (i.e., h, # 0), the corresponding Wy,
and dj41,,» should be calculated in a similar way.

In Equation (27), the length of wgy1; is h. Thus the
input ug is assumed to be persistently exciting of order
h + 2n, which has significantly relaxed the assumption in
Algorithm 1 (which is N 4 2n as the trial length N is
usually much bigger compared to the system order n).

Remark 2. Algorithm 2 solves the problem every h time
steps and then applies the input w41, (over these h time
steps) to the system (instead of just the first one), which
is different from the conventional receding horizon control.

4.2 Convergence Analysis

The convergence properties of Algorithm 2 are described
in the following theorem.

Theorem 4. Algorithm 2 guarantees the tracking error
norm asymptotically converges to zero, i.e., limy_ oo ekp =
0. If @ and R are scalar weightings, i.e., Q = ¢ql, R=rl,
where ¢,7 > 0 € R, the proposed algorithm achieves
monotonic convergence if and only if

(I + gFGGTFT)*l) <1, (29)
for which a sufficient condition is given by
2
45 = (30)
r o(GGT)
where o(+) is the minimum singular value, 7(-) denotes the
maximum singular value, G = diag(Gy, Gy, -+, Gp,Gp,.)

and Gp, Gp, are defined in a similar way as in (4).
Proof. The proof is omitted here due to space reasons.

Algorithm 2 has relaxed the persistently exciting assump-
tion. It can guarantee the asymptotic convergence of the
tracking error norm, but monotonic convergence is only
achieved under certain conditions. To overcome this issue,
in the next section, we will develop a novel algorithm to
simultaneously relax the persistently exciting assumption
and maintain the monotonic convergence.

5. DATA-DRIVEN TRIAL PARTITION BASED
POINT-TO-POINT NOILC

In this section, we will develop the data-driven trial
partition based point-to-point NOILC algorithm.

5.1 Point-to-point NOILC Based on Trial Partition

The idea of the algorithm is shown in Fig. 2. In this
algorithm, the trial will be partitioned for relaxing the
persistently exciting assumption. The decision variables
wp; € RZOHM - = 1... p— 1 and wy, € R2+h)
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Fig. 2. Hlustration of Algorithm 3

(where p is the number of intervals, h is the horizon and
h, is the shrunk horizon) of the new formulation contain
both input and output, are defined as
| ukgr(th —nih+h —1)
Wktli = |y (ih—n+1:ih+h) |’

(31)
w _ |uw(p—1h—n:N-1)
k+1.p yer1((p—Dh—n+1:N) |’
and the whole trajectory wyy; is given by
T
Wg+1 = [wkT+1,1 wl{-&-l,Z wg—&-l,p] (32)

In Algorithm 2, one interval only focuses on its own
optimisation problem and thus the monotonic convergence
is lost. In this section, the trajectory of each interval has to
be ‘considered’ with others by adding constraints and then
the global optimum can be achieved. The idea is formally
presented in the following algorithm.

Algorithm 3. Given a trajectory of the system (1) wy =
col(uq, ya) where u, is persistently exciting of order h+2n,
reference | weighting matrices @ and R, past trajectory
wy, the input ug41 can be obtained by the following steps.

(1) Solving the following optimisation problem for w1

minimise
Wr+1

st. [ICT VT I  wrp =1[0 0 Wyl
P P P P
€1 =" —Yrs1s Yep1 = Fwj
where F* and F° arc the input and output selection
matrix that selects the input and output information from

each interval respectively. IC is used to constrain the
initial trajectory to zero, which defines as

lefanllg + | P e = wi)|[

" )T e3)

IC = [-[271 02n,2(pn+N—n)} ) (34)
V puts a constraint between two consecutive intervals, i.e.,
the last [ samples’ trajectory of the previous interval needs
to be the ‘past’ trajectory of the current interval.
[OQn,Qh 1o,
V =

0
0 - |02n2n lon |—I2n O2pon| "
W gi+1 denotes the data-driven input/output relationship
for w41 and W is given by

—1I, 0240

W= diag(de, de7 ) Wdru der)7 (35)
where Wy, = Hpgn(wa) and Wy, = Hpgn, (wa)-
(2) The input is given by
Uk+1 = Fiwk+1. (36)
Note the above algorithm has an analytical solution
T
i H MT| |-
wa=rwira |5 e

where
H=WTFTQF°w + WTFi' RFiW,
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M=[tcw” vwT]",
f=-WTFTQrP - WF RFiw,.
The derivation of Algorithm 3 is omitted here for brevity.

5.2 Convergence Properties

Algorithm 8 has the following properties:

Theorem 5. Algorithm 3 has the same convergence proper-
ties as the model-based point-to-point NOILC algorithm
as given in Theorem 3.

Proof. The proof is omitted here due to space reasons.

By partitioning the trial into small intervals, the data-
driven trial partition based point-to-point NOILC algo-
rithm has relaxed the persistently exciting assumption
on the existing input to the order of h + 2n. Compared
with Algorithm 2, Algorithm 8 maintains the monotonic
convergence properties as well as obtains the minimum
energy solution when ug = 0.

6. SIMULATION EXAMPLES

In this section, we will perform simulations to verify the

effectiveness of the proposed algorithms. A model of the

gantry robot system (Ratcliffe et al., 2006) is used. The

Z-axis, which is modelled as a 3rd order SISO LTT system,

is used. The transfer function is

H:) 3.6482 x 1074(2? 4 0.09791z + 0.005951)
T T S 1)(22 + 0.005922z + 0.451 x 10-4)

The initial state is set to zero. The trial length is N = 200.
The reference is given by

(38)

P () = 0.005 sin(5—107rt - g) +0.005,
The tracking performance of proposed algorithms and the
effect of horizon h are shown in Fig. 3. We fix Q = I and
R = 3 x 107°I. The horizon is chosen as 3,20,200 for
Algorithms 2 and 3. The figure shows that the identical
tracking performance of Algorithm 1 and all choices of
horizon h in Algorithm 3 to the model-based point-to-
point NOILC algorithm which verifies Theorems 8 and 5.
It also shows that all choices of the horizon in Algorithm
2 lead to the perfect tracking which verifies Theorem 4.
Besides, a larger horizon has a faster convergence speed.
When the horizon equals the trial length, i.e., h = 200, it
can recover Algorithm 1.

t=1,75,125,150.

Next, we compare the input energy cost of each algorithm.
We use the same setting as the previous simulation. As
shown in Fig. 4, the input generated by Algorithms 1 and 3
obtain the minimum energy solution, i.e., |jul| , = 0.0050.
On the other hand, for Algorithm 2, the minimum input
energy cost can not be generally achieved except when
horizon h = N, which recovers Algorithm 1.

We conduct simulations to explore the effect of the weight-
ing matrices @), R of proposed algorithms. The results
indicate that a larger ratio of @ to R will have a faster
convergence speed. This is as expected since the same ob-
servation can be found in the model-based point-to-point
NOILC design (Owens et al., 2013). For space reasons, the
results are omitted.



1056

0.014

point-to-point NOILC

0.012

[
P w

w

0.01

88«88
8

o
[y
8

0.008

HFAIIH(}

0.006 [

0.004 -

0.002

T 00~ 00== 00— ©
0 5 10 15 20 25 30 35 40
Trial, k

Fig. 3. Convergence of tracking error norm for different h

0.035

Opti

0.03 -

_—
—_—
0.025 -
.
.

[l

0.015 1

0.01 1

0.005 i ENgsocedimpocce@iimporroEiimporrodimporroiiImpocood

)/

0 . . . . . )
0 10 20 30 40 50 60
Trial, k&

Fig. 4. Input energy cost of different algorithms
7. CONCLUSION

Model-based ILC algorithms tend to have good conver-
gence properties but require a system model, which may be
difficult or expensive to get in practice. To solve this issue,
our previous work has developed a data-driven framework
for high performance tracking tasks. However, it cannot be
applied to point-to-point tasks that have a range of prac-
tical applications. To address this limitation, we develop a
data-driven point-to-point NOILC framework. The iden-
tical performance of the proposed data-driven algorithm
and the model-based algorithm is proved rigorously. To
relax the existing data persistently exciting assumption,
we further develop a receding horizon based and a trial-
partition based point-to-point NOILC algorithms. Simu-
lations are then performed to illustrate the effectiveness
of the proposed designs. Future research needs to consider
the robustness issue and the experimental verification.
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