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1 Introduction
With the current advancement and reliance on science and engineering, inverse problems
(IPs) are becoming a core component in these fields. Some of the applications include the
use of heat equation which has been widely applied in scientific processes such as melt-
ing, freezing, and manufacturing, in microwave heating applications, medicine, biology,
seismology, movement of liquid in a porous media, desalination of seawater, and many
more. Many of the applications are modeled using partial differential equations (PDEs).
If the input values or conditions are known, solutions can be obtained to determine the
behavior of the system [5]. Some of the necessary inputs that are required include initial
and boundary conditions, solution domain’s geometry, coefficients, and forcing terms. If
some of this information is missing or unknown, in general it will not be possible to deter-
mine the behavior of the physical system. However, certain outputs can be experimentally
measured and this information, in addition to the input data, can be used to restore the
missing input data. This is what is called an inverse problem. IPs are in general ill-posed. In
most cases, this means that a small change in the input data can bring about a substantial
change in the output solution.

The scope of IPs has been present in several branches of mathematics, engineering, and
physics for a long period. Over the past decade, the theory of inverse problems has been
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considerably developed given partly its significance in applications. However, numerical
solutions to these problems require considerable computations. For example, deconvolu-
tion in parameter identification, image reconstruction, and seismic exploration all require
high performance computers to do the computation in a timely fashion, or to solve the
problem more precisely within a specific time interval [36].

Most of the time, the coefficient entries in a PDE model are linked to the physical prop-
erties of the system under consideration. In cases where the model is quite simple, these
physical properties can be identified through experimentation and the outcomes used to
reduce the model to a particular physical system. In cases where the model is sophisti-
cated, it may be difficult or even impossible to measure the physical properties linked to a
coefficient in a model equation. In such a case, it may be important to move forward indi-
rectly because of inadequate information, that is, to design and solve the inverse problem
for the missing data.

Parameter identification problems tend to involve the use of actual observation or indi-
rect measurement contaminated by noise, to deduce the values of the parameters making
up the system under consideration. In most cases, these inverse problems are ill-posed in
line with the Hadamard postulate, that is, if the solution does not exist or is not unique,
or if it is in violation of the continuous dependence on input data [8]. Over the past few
years, many scholars have shown a significant interest in inverse coefficient identification
problems. The primary motivation for this study is to determine the unknown potential
property of a given region by considering only the data on its boundary. There is also spe-
cific attention to such coefficients that describe a physical quantity of a medium.

The existence of additional unknown terms in the inverse problems needs to impose
some additional conditions such as nonlocal integral condition as an overdetermination
condition. The basic theory and investigation of inverse problems were established in the
underlying works of Ivanov [13], Lavrentiev et al. [23], Tikhonov [34], etc. Inverse prob-
lems of the higher order PDEs with additional measurements have been studied by few
authors. For example, in [10-12], the authors studied IP to recover the timewise potential
coefficients in fourth-order pseudo-parabolic equations. In [25, 37], the authors consid-
ered an IP to recover an unknown term in fourth- and sixth-order PDEs. Yuldashev [38]
established the unique solvability for the solutions for IPs of the fourth-order PDE. Fur-
thermore, Senapati and Jena [33] developed an FEM including the collocation method
with septic B-splines for solving the fifth-order boundary value problems. Jena and Ge-
bremedhin [15-17] applied nonic B-spline, decatic B-spline, and octic B-spline collocation
techniques, respectively, to approximate the Kuramoto—Sivashinsky equation, Burgers’
equation, and heat and advection—diffusion equations. The authors of [7, 19] proposed
ninth and tenth step methods, respectively, to approximate a fourth-order differential
equation, while the authors of [6, 14, 18] developed six, seven, and eighth step block meth-
ods, respectively, for a fifth-order differential equation. Jena et al. [20] approximated the
real definite integrals using the mixed quadrature rule with the quasi-singular integral of
electromagnetic field problems. Jena et al. [21, 22] used quartic B-spline approach together
with the Butcher’s fifth-order Runge—Kutta scheme to find the approximate solution of the
MRLW equation. Mohanty et al. [29] proposed three integral transforms through modi-
fied ADM to approximate analytical solutions of different mathematical models arising in
physical problems, while Mohanty and Jena [28] presented the differential transformation
method to approximate an ODE. Mohanty et al. [30] adopted five-point ILMM by collo-
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cation and interpolation on the basic of power series and its derivatives, respectively, for
the approximation of fourth-order ODEs.

Recently, Abbasova et al. [1] investigated of solvability and proved the existence and
uniqueness of the classical solution for the IP of the linear equation of motion of a homo-
geneous elastic beam. In this paper, the time-dependent potential coefficient and temper-
ature are determined numerically for the first time for a higher-order PDE from nonlocal
integral condition. This is a completely new inverse problem, which has never been investi-
gated before. We use a QBS collocation method to discretize the direct problem whilst the
least-squares objective functional is minimized to obtain a quasi-solution to the inverse
problem. The potential coefficient is proved [1] to be unique by the contraction mapping
principle for the problem. It should be noted that the fundamental contribution of this
work is the proposal of a regularization algorithm to solve the identification problem and
its numerical realization. Nevertheless, since the inverse problem under investigation is
ill-posed, the Tikhonov regularization method is employed in order to obtain stable nu-
merical results.

The layout of the proposed study is considered as follows: The higher-order PDE form
nonlocal integral condition is formulated in Sect. 2. In Sect. 3, the QBS collocation tech-
nique is given. The convergence and stability of the proposed method are analyzed in
Sects. 4 and 5, respectively. Section 6 proposes a numerical minimization approach for
the regularized objective function, whereas Sect. 7 offers numerical experiments. The con-
cluding remarks of proposed work are given in Sect. 8.

2 Mathematical formulation of the inverse problem
As a mathematical model, we consider a fourth-order motion equation of a homogeneous
elastic beam (HEB) in an square plate D = (0,1) x (0, T'), over the time interval from the
initial time ¢ = 0 to a given final time ¢ = T > 0. The governing equation is given by the
following HEB [1]:

?u  'u %u

—+—+PB—=q)u+gxt), (xt)eDr, 1

5t B —aOu g, (w0 €Dy (1)
where u = u(x,t) is the temperature, B is a given positive number, g(¢) is the potential
coefficient, and g(, t) is transverse force, subject to the initial conditions (ICs)

u(x,0) = ¢ (x), u(x,0)=nx), 0<x<1, (2)

where ¢ (x) and 5(x) are the given initial temperature and its rate of change, respectively.
For the boundary conditions, we assume that these are of Dirichlet and Neumann type
(BCs)

u(0,8) = u(1,1) = 1y (0,8) = ue(1,£) =0, 0<t<T. (3)
The direct problem is concerned with the determination of the temperature u satisfying
the initial boundary value problem (1)—(3), when ¢(¢) and g(x, ) are known. The inverse

problem, on the other hand, is to determine the unknown ¢(t) satisfying (1)—(3) and the
nonlocal integral observation

1
/ F@uleDdx=c(t), 0<t<T, @)
0
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where f(x), (¢) are given functions. Physically, expression (4) represents a space average
measurement of the temperature. This inverse formulation is significant to modeling sev-
eral practical applications related to unknown potential and temperature. For instance, in
the various fields of human activity, such as mineral exploration, medicine, seismology,
biology, desalination of seawater, movement of liquid in a porous medium, etc. [1].

Denote
C'M(DT = {(x, t):x€[0,1],¢£ €0, T]}) = {u cu € CHDr), thygux € C(DT)}.

Definition 1 The solution {g(£), #} comprising functions g(t) € C[0, T] and u € C**(Dr)
of the IP (1)—(4) satisfies equation (1) in D7, conditions (2) in [0, 1] and conditions (3) in
[0, T1].

The following theorem is true [1].

Theorem 1 Let g(x,t) € C(Dr), ¢ (x),n(x) € C[0,1], f(x) € L»(0,1), k(¢) € C*[0, T], and

1 1
/ F)¢(x) dx = xc(0), / Flme) i = ' (0)
0 0

be fulfilled. Then, finding the required solution of equations (1)—(4) is equivalent to the
problem of obtaining q(t) € C[0, T) and u € C**(Dr) from (1)—(3) and satisfying

1 1
" xxxxd xxd
K (t)+/0 fx)u x+,3/0 FX) 1y dx
1
— () + / Fllgbofdx, 0<t<T. 5)
0

Let the data of equations (1)—(3), (5) satisfy:
L ¢(x) € C*0,1], ¢®(x) € L5(0,1), £(0) = (1) = ¢"(0) = ¢"(1) = £ ¥(0) = ¢ W (1) = 0,
2. n(x) € C*[0,1], " (x) € L(0,1), n(0) = n(1) = n”(0) =n"(1) = 0,
3. g(x,1), g%, 1), Gux(x,t) € C(Dr), Gurx(%, 2) € Lo(D1),
8(0,£) =g(1,1) = gx(0,2) = gx(1,£) =0,0 <t < T,
4. 0< B <, f(x) € Lr(0,1), k() € C2[0, T], k() 0,0 <t < T.

Theorem 2 Let the above conditions (1)—(4) of Theorem 1 and

1 1
/ F )¢ (%) dx = c(0), / Fln@) dx = £'(0)
0 0

be fulfilled. Then, {q(t),u} from C[0, T] x C**(Dr) of the IP (1)-(4) contains a unique so-
lution in the ball K.

3 Discretization of the direct problem via quintic spline functions

In mathematical physics, a direct problem is a problem of modeling some physical fields,
processes, or phenomena, especially using partial differential equations (PDEs). The aim
of solving a direct problem is to obtain the main dependent variable function that de-
scribes and governs naturally a physical field or process.
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Table 1 The Os;, Qs/, Os/, Qs!" and Qs!"’

Xij-3 Xij-2 Xi1 Xi Xit+1 Xi+2 Xi+3
Qs;i(x) 0 1 26 66 26 1 0
Qs/(x) 0 T 10T, 0 -10T4 -1 0
QS;’ (x) 0 T 2T, -6T) 2T T 0
Qs (x) 0 2 213 0 213 -T3 0
Qs EW) () 0 T4 -2T4 614 -2Ty4 T4 0

First, the QBS collocation technique is used for solving the proposed problem (1)—(3),
when B, g(t), ¢ (x), n(x), and g(«, £) are given. For using the QBS method, we divide [0,1]
into equally spaced grid points, x;.1 —x;, i = 0(1)M apart. We denote u(x;, t;) = ”i’ qt) =¢,
and g(x;, %)) =g{, where x; = iAx, t; = jAt, Ax = % and At = ]% for i = 0(1)M and j = O(1)N.
The Qs;(x), i = —=2(1)M + 2 are defined as [4, 26]:

1 s [%i3,%i-2),
15— 6143 5, [%i2,%i-1),
{ ey =617y + 1507y, [xi1,%0),
Qsix) = W —1433 + 6UFy = 151471, [XiXin),s (6)
~U33 + O [%i11,%i:2),
TR [%i42,%i43),
0, else,

where u; = x — x; and the set of QBS functions {Qs_3, Qs_1,..., Qsy.2} form a basis over
[0,1]. The Qs;, Qs), Qs!, Qs!” and Qsﬁiv) are defined in Table 1.

Theorem 3 Let 8 be a positive number and g(x,t), ¢ (x), n(x), f(x), «(t), q(t) given func-
tions. Suppose the QBS method and finite difference scheme are used for space and time
discritization, respectively. Then, numerical solution u(x, t) is given in equations (23), (29),
and (32).

Proof Assume the expression for approximate solution u(x, t) at (x, ¢;) is defined as

M+2

ux,t) =y CQsi(x), (7)

k=-2

where Ci are the time-dependent quantities. The variation of the uy(x, £), over the ele-
ment, can be defined as

i+2
u(x, tj) = Z C;;st(x). (8)

k=i-2

Using (8), function u with its first four derivatives can be defined as:

W,=Cl,,+26C,, +66C, +26C,  +C.,, ©9)
(Mx)],: = rl(Cf+2 +10C]

i+1

-10C,, - CL,), (10)
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()} = 12(Cloy +2C,, —6C +2C, + CL,), (11)
(), = 13(Cl,y = 2CL,, +2C, = CL,), (12)
(thane), = 1a(Cl,y —4CL, +6C) —4C), + CL,), (13)
where
5 20 60 120
T1=-—

Now the discretization of equation (1) yields

Yo et 1 ! | +
A2 )+ ()

= %(q,u,lu’ +qil) + (g{“ +g), i=0(1)M,j=0(1)N. (14)

Simplifying (14) yields

At " At)? "
<1_( 2) ,+1)u’ 1 5(2 ) (T(Mxm)’i 1

2 ) 2 . 2 . 2 .
_ <2+ (Azt) q/) %_ﬁ(it) e % (e + (Azt) @+ ) (15)

At)?

i=0(1)M,j =0(1)N,
which can be written as

(1 —AjH)Ml;rl + ,BB(Mxx)];rl + B(uxxxx)l}l

(g/+1 g/) (16)

i =0(1)M,j = O(1)N,

where

(A1) g B0

A="""g, =
2 b 2

Now, using u, Uyy, and Uy, from equations (9)—(13), we get

i i+1 | i i+1 | R i+1 | i i+1 | 7j j+1
ACE, + BN + DO+ BRI CL + ALC,

e L O .
=EC_,+FC_+GC +FC, +EC,,-C_,-26C_; -66C, (17)
At
26C{+; C5+; ( ) (g]+1 gj) l = 21 .. ';M - 2;] = O(I)Nr

where
A =1-ABBry+Br, B =26-26A"+2BBt, 4B,
D =66 — 664/ — 68BT, + 6BT4, F=2+A - BBty — Bry,

F =52+ 264 — 28B1, + 4B14, G =132 + 664’ + 687, — 6B1,.
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Now, discretizing the boundary conditions (3), we get

c,=-c-3c, ,=-C,-120),

, , . (18)
C§\/1+2 = 12C§\/1 ~ Cro CM+1 = _3C CM v J=0(N
For i = 0, using equation (18) in (17), we get
(12471~ 3B + DY)
(19)
_. . At -
= (12 =3P + G\ C) + ( ) (@ ), j=0N
Now, for i = 1, we get
(_3Aj+1 " Bj+l)cé+1 ( A1 D;+1)C1+1 Bj+lcl;-1 +Aj+1cé+l
I T _ _ 1 1
=(-3F +F)Cy+ (-F + G’)C’1 +PC,+EPC,-23C) " -65C; (20)
- - At)? n .
-26C, -+ %(g’1 Y+g), j=0(LN.
Next, for i = M — 1, we get
A7+1C5\}13 +Bj+1C§;I£2 + (—Aj"l +D"+1)C5\:}£1 + (_3A1’+1 + B/+1)Cx}l
—EC) 3+ FCy ,+ (-F +G)Cy, + (-3F + P)Cyy - ChtLs (1)
. . . (Al’) . .
-26C),, —65Cy} —23C, + (&1 +&h1), j=O0(N.
Finally, for i = M, we get
(124 3B/ 4 DY)
(22)
_. - . At
_ (12 —3F + &) C)y + ) BO7 g ), j= 0.
Att,j=1,...,N—1,(19), (20), (17), (21), and (22) can be reformulated as
prto 0 0 0 0 0 ol 7
éj+1 P+l Bitl 4i+l 0 0 ?+1 0
Aj+1 Bj+1 Dj+1 B+l Aj+1 0 0 g}+1 zl
0 AL pitl pitl gitl gitl | 0 2 2
. = ' ) (23)
oo amma g ||| | R
0 ... 0A111_3/1DIIB/1A11 ot R
0 ... 0 0 A g+ el gt ey 13,4‘1
‘ Cl;
0O .. 0 0 0 0 o0 ptt) M M

where

1’\9/'+1 — 12Aj+1 _ 3Bj+1 +l_)j+1,
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A}+1 B/+1 ;;J+1 _ _Aj+1 +Di+1,
(At)

(& +g), j=0.....N,

g
Ry = (12F/ -3F + G)C) +
Ry =(-3E +P)C)+ (-E + G’)C’1 +FC,+ B, -23C)"

- - - AD? . .
—65C " —26C, " - L + %(gfl +&), j=0()N,

R=FPC ,+FC_ +GC+FC, +EC,

i+2

— O, -26C, —66C, ' —26C,,, - CL,,

i+1 i+2

(At) L (d+g), i=2,...,M=2,j=0()N,

1?’)\4_1 = E’wa_g +PC, ,+ (-F + G’l)Cﬂ‘M_1 +(-3F + Pj)wa
j—1 ji—1 j—1 j—1
~Clyy3—26C), , —65C), , —23C),

A
( t) (gJM 1+gIM—1)’ J=0(LN,

( gJM) =0(1)N.

R, - (126 —3F + &)C), + (At’

Now for j = 0, using the initial condition (2) in (17), we have

(1+AY)CL, + (26 +B")CL, + (66 + D')C} + (26 + B')C},; + (1 + A")C}

i+2

At
=E°C), +F°C? | + G°CY + F°C)., + E°CY +2(At)n(xi)+( )

i+1 i+2

i=2,...,M-2.

For i = 0, using (18) in (24), we have

2
(124" -3B' + D")Cy = (12E° - 3F° + G°)C{ + (Azt) (8 +2)-

Now, for i = 1, we have

(23 -34! +Bl)Cé + (65 - Al +D1)C% + (26 +£_5’1)C§ + (1 +A1)C§
= (-3E°+ F°)Cy + (-E° + G°)C} + F°CY + E°CY

(gjl'+l +g}1)

(Ar)?

+ 2(At)n(x1) + 5

Next, for i = M — 1, we get

(1+AY)C)5+ (26 + B")Cypy + (65— A" + D) C),y + (23 - 34" + BY)Cy,
=E°CY 5+ FOCY, + (-E° + G°)Cyy_y + (-3E° + F°) CY,

2
+2(A0n(-1) + %(g&_l + &)

2
(gtl +glp)’

(24)

(25)

(26)

(27)

Page 8 of 27
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Finally, for i = M, we have

(Ap)?

(124" -3B' + D')C}, = (12E° - 3F° + G°) CY; +

At time step £, (24)—(28) can be reformulated as

Pt 0 0 0 0 0 0
23+ 65+71 26+4B' 1+A! 0 0 0
1+A' 26+B'66+D'26+B! 1+A' 0 0

0 1+A' 26+B'66+D'26+B" 1+A! 0

0 0 1+A' 26+B'66+D'26+B' 1+A!

0 0 0 1+A!' 26+B' 65+7 23+4"

0 0 0 0 0 0 Pt

G RS
al R
G R

X = )
Chia R}y
Chr Ry
Chr Ry

where

R) = (12E° - 3F° + G°)CY + (2 +29),

R) = (-3E° + F°)Cy + (-E° + G°) C} + F°C)

(Ap)?
2

_ k)2
+ E°CY + 2(At)n(xy) + %(&1 +g?),

RO=E0CY, + E°CY + G°CO + O, + EC”

i+2

Ab)?, . .
O g eg), i-23..M-2

Ry =E°Chy_5+F°Cy, + (-E° + G°)Cyy_y + (-3E° + F°)CY,

+2(At)n(x;) +

2
+ 2(At)n(xrr1) + (2:) (€arr + &)

2
(Ar)?
2

RS = (120~ 3F° + GO)CY + ~— (gl +&3)-

(gh +&%)-

(28)

(29)

Now, we determine the initial vector (C',,C’ |, CJ, ..., C3,.,,C%.,). For removing C°,, C°,,

0 0
Cyri1r and Gy, 5, we use

1,(0,0) = Zx(x0), 1x(1,0) = u(xpr),

uxx(or O) =0, uxx(I) O) =0.

(30)
(31)

Page 9 of 27
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Using u, and u,, from (10), (11) in equations (30) and (31), we get C°,, C°, CR,IH, and
CY,.,> and removing the unknowns C%,, C%, C3,.,,and C},,,, we have an (M + 1) x (M +1)

order system as follows:

5460 6 00 0 --- 0 (o
101 135 105
Bx1% 1000 )
1 2666261 0 --- 0 C9
0 12666261 --- 0 Cy
0 0 1266626 1 CY sy
105 135 101
0 0 01 BLIIC
0 0 00 6 6054 Y,
(32)
£ (x0) + %2 ¢4(x0)
£(x1) + g &a(x0)
¢ (x2)
¢ (x3)
¢(xp-2)
¢ (em-1) = g &) -

&) + 2 &xloean)

4 Stability analysis
For the discretized system of (1), the von Neumann stability analysis is performed [2, 27,
31, 35]. For stability, we take g(x, ) = 0 and assume local constant P = k; for a known level,

which gives the discretized system of (1) as follows:

Acly+BC}+ b + BC)L + AC),
= EC,+ FC_, + GC,+ FCl,, + EC, e
i1 i1 j-1 -1 -1
— - 26C ) —66C] " —26C)) - Cloy,

i+1

where

A =1-0.5(A8%; +0.58(At)*1, + 0.5(At)>14,
B=26-13(At)%k1 + B(AL)? 1y — 2(At)*14,

D =66 — 33(At)%ky — 3B(AL)*1y + 3(At)* 14,
E=2+05(At)%k — 0.5B8(At)*1y — 0.5(At) 14,
F =52+ 132(At)*ky — B(AL) ki Ty + 2(AL) k1 T4,

G =132 + 33(At)*ky + 3B(At)’ 1, — 3(At) 14

Page 10 of 27
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Now we consider trial solution C] = 8¢5 at x;, where ¢ = 6/ and k = /=1. Using the trial
solution in (33), we get

(2;\ cos(2¢) + 2Bcos(¢) + 13)82 - (ZE cos(2¢) + 2F cos(¢) + G)(S

(34)
+ (2cos(2¢) +52cos(¢) + 66) =0,
which can be written as
018 - 58 + 83 =0, (35)

where
l1 = 24 cos(2¢) + 2Bcos(¢) + D,
L = 2F cos(2¢) + 2?003(45) +G,
Z3 = 2cos(2¢) + 52 cos(¢p) + 66.

1

Applying the Routh—Hurwitz criterion under the transformation & = ﬁ in (35), we get

(G1+8+8)p>+2(6 - 83)p + (81— + &3) = 0. (36)

The necessary and sufficient conditions for (33) to be stable || <1 are

G+ 8 +8320, {1-83>0, G- +83>0. (37)

Using &1, &, ¢3 and simplifying the terms, we get

{1+ 8o + 3 = 8cos? () + 208 cosz<%> + 156, (38)

{1 - §'3 = 2(At)2 ((—k1 + Ty + ,31'2)0082((]5) - 26/(1 + 4~‘E4, + 2}972
+3(~ki + 314 — BT2)), (39)
01— 8+ 3= HAD (ki + T4 + BTa) cOS* () — 26k + 1274 — 1287,
+3(=ky + 74 — 3812 - 33)). (40)
Since §1 + & +¢3>0, 81— ¢3 > 0, and &1 — & + &3 > 0, the discretized system for (1) is
unconditionally stable.
Lemma 4.1 The quintic B-spline satisfies

M+2

> Qsil)

i==2

<186, O0<«x<l1. (41)

Proof We know that

M+2

> Qi)
i——2

M+2

< Z‘Qsi(x)‘
-2
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at any particular knot x;, so we have

M+2

Z’Qsi(x” = |Qsi2(®)] + |Qsiz1(0)] + | Qsi(%)| + [Qsi1 ()] + | Qsia ()|

i=—2
=14+26+66+26+1=120.

Also in each subinterval x;_; < x < x;,

|Qsis(®)| <1, |Qsia(x)| <26,  |Qsi1(x)| <66,

|Qsi(x)| < 66, |Qsiv1(%)| < 26, |Qsi2(¥)| < 1.

Hence
M+2
> |Qsi(x)] = [Qsia ()] + | Qsica ()| + | Qsica ()
i=-2
+|Qsi(0)] + | Qsi ()] + | Qsiva )|
=1+26+66+66+26+1<186.
Thus the proof is complete. d

Theorem 4 Suppose that f(x) € C° € [a, b] and f°(x) < I* with equally spaced partitioning
of the domain with uniform step size (Ax). If the spline U*(x) uniquely interpolates f (x) at
the knots then there exists a constant p, such that

(@) - @Y <. (a0, )
Proof See [3] and [9]. O

5 Convergence analysis

Suppose U(x, t) = Zf\fﬁ Cf Qs;(x) is the quintic B-spline approximation to the exact solu-
tion u(x, £;). Due to computational error, we assume that U*(x, £;) = Zf\fﬁ C;kj Qs;(x) is the
computed spline approximation to U(x,t;) where C;kj = (c%,c?,cy ,...,CX+1,CZ+2)T.
So, we estimate the error ||u§ - L[l.*j||Oo and ||LI;kj - Llf||Oo separately to estimate the error
||u£ - LI{HOO. By putting Lli*j in the simplified form of equation (22), we obtain

RCVY =57, (43)
From above equation, we have

R(CI — ™) = (7 -S)). (44)

1

Also equation (16) can be written as

U™ 4 BB + Bl)[™ + 0™ = X, (45)

i
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where

j+1 ji+17 j+1
- _A/t
o) =AU,

. o . . (AD)?

(& +2)-
Applying the triangle inequality and Theorem 4, equation (45) gives
7 = ) = (U + BB, + B)! + )
— (U] + BB(Uss), + BUssas), + )|
= (U7 - ) + BB((U)] - (U]
+ B((uxxxx)zﬂj - (Uxxxx)i:) + w;'kj - (U”
< |u? - Ul + BBI(U)Y - (U]
Thus we can write
[(5* = 8))|| < (1 +8)pol*(Ax)° + BBpal* (Ax)* + Boal*(Ax),
or

(5"~ 5))] = 6(an?,

where & = (1 + 8)pol*(Ax)® + BBpol*(Ax)* + Bpal*(Ax)?.
Now from (44) we have

R(C*-C) = (5" -59),

L 1

which can be written as

(=i -s).
By using (46), we obtain
[(c*~cyll < IR Jeaxy

and, by the properties of matrices, we have

1
R <=,
o) = o

(46)

(47)

(48)

where v; is the sum of the ith row of the matrix R. Now substituting the above equation

into (47), we have
(C*-C) <&(ax)?,

where & = If_l is some finite constant.
L

(49)

Page 13 of 27
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Since
) ) M+2 ) )
U = 3G - M st

i=-2

by taking the norm of both sides and using equations (49) and (41), we have
|9 — ™| < 1865 (Ax)>.
Using the triangle inequality, the latter equation yields

Hu?l _ u{+l ” _ “”I;rl _ U;k(j+1) n ui*(j+1) _ u{+1 ||oo
< it -

< pol*(Ax)® + 186£(Ax)?

oo # N -1

=y(Ax)?,

where y = pol*(Ax)* + 186 . If LI/*!(x, t) is the approximate solution of the exact solution
W (x, t) then

||L{I:+1 —ut! | < v(ax)® + a(Ar). (50)

4

Hence, the theoretical order of convergence of the proposed scheme is O(Ax? + At?).

6 Inverse problem of HEB equation

We now try to identify the stable and accurate solution for terms g(t) and u(x, t) satisfy-
ing (1)—(4). Keep in mind that, since the inverse problem under investigation is ill-posed
and very sensitive to noise (small errors in the additional input data cause large errors in
the output potential), the solution needs to be regularized. Therefore, the Tikhonov regu-
larization method is employed in order to obtain a stable and accurate solution. More-
over, the total variation regularization algorithm’s technique may also be applied [32].
The quasi-solution of the inverse problem (1)—(4) is approximated by the minimizer of
the Tikhonov regularization functional, which is the gap between the computed and mea-
sured data, namely

% (51)

1 2
Flg) = H /0 F@utet)dx - ()| +2]q(0)

where u solves (1)-(3) for known ¢(¢), and A > 0 is a parameter of regularization that is

introduced to stabilize the approximation solutions. For the discrete form, (51) turns into

N 1 2 N )
F@=Y [ fo F@)ulx, t;) dx - K(r,-)] 2> ()" (52)
j=1 j=1

The MATLAB subroutine [24] is utilized to minimize the cost function (52).
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To measure the errors in this data, «(¢) in (52) is replaced by perturbed (noisy) data

Kk€(t;) as follows:
k() =k(t) +¢€, j=0,1,...,N, (53)
where ¢; are random variables with mean zero and standard deviation

) (54)

o =p max |k(t
pte[O,T]| ()

where p represents the noise.

7 Numerical experiments
The solutions for g(£) and u(x, t) are constructed in this section for the case of noisy (53)

and exact data. We use

N

1/2

T )

rmse(q) = |:ﬁ Z(qnumerzcul(tj) _ qexact(t/))2:| (55)
j=1

for measuring the accuracy. Now, we choose T = 1, for simplicity. The lower bound for

q(t) is taken as —10? while 102 is used for the upper bound.

Example 1 First, when the problem proposed in equations (1)—(4) is taken with a smooth

potential
Q(t) =-1-¢ O <t=< 1, (56)

the analytical solution is

ulx,t)=x"(1-x)"e?, 0<x<1,0<t<]l, (57)
the BCs are
u(0,8) = u(1,1) = 1y (0,8) = ux(1,£) =0, 0<t<1, (58)

the nonlocal integral condition is

—L

<1, (59)

1
K(t)Z/Of(x)u(x’t)dx=51,480’ 0<t<

where f(x) = 1, and the rest of the data are as follows:

() =ul0) =" (1-%)", @) =w@0)=-x"1-x", B=1,
glx,8) = —e7'(=1 + x)°x° (840 — 9240x + 33,306x” — 48,314” + (24,614 + t)x*  (60)

—2(277 +26)x° + 2(97 + 36)x° — 42 + £)x” + (2 + £)2°).
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5 x10°
x x M=N=10
1.8F & o M=N=20
" > M=N=40
16l o M=N=80 |
’ ——exact solution

08

0.6

t

Figure 1 The approximate and exact (59) solutions for k (t) of Example 1

Table 2 The rmse error norm for k (t), for the direct problem

M=N 10 20 40 80
rmse(k) 24E-6 3.8E-8 8.6E-9 32E-9

It is shown that the criteria of Theorems 1 and 2 are met, indicating that a unique so-
lution is guaranteed. First, when ¢(¢) is supplied by (56), the accuracy of (1)—(3) is tested
using the data (57) and (60). The approximate nonlocal integral measurement in (4) is
compared to the analytical solution (59) derived using the QBS collocation technique with
M =N € {10,20,40,80} in Fig. 1. Figure 2 shows the analytical (57) and estimated u(x, £),
as well as absolute errors, for various grid sizes. As the mesh size is reduced, there is a
good agreement between the analytical (59) and the estimated « (¢), as seen in Table 2.

In the IP (1)-(4), we take the initial guess for g as

) =4q0)=-1, j=12,..,N. (61)

When p = 0 in (53), we use M = N = 40 to begin the analysis for recovering ¢(¢) and
u(x,t). The term F in (52) is depicted in Fig. 3(a), where a monotonically decreasing con-
vergence is achieved in 20 iterations for a specified tolerance of O(107°). Figures 3(b)
and 3(c) show the exact (56) and approximate g(¢) without and with regularization, re-
spectively. These figures show that, for A = 0, we get inexact and unstable solutions for
q(t) with rmse(q) = 0.3861, as predicted from to the ill-posedness issue. As a result,
regularization is used to stabilize the answer. It is determined from all chosen A that
A € {10718,1077,1071¢} provides an acceptable and stable accurate estimate for the co-
efficient g(¢), yielding rmse(q) € {0.0437,0.0394, 0.0560}.

Now, as in equation (53), we add p € {0.01%, 0.1%} to the nonlocal integral « (¢) through
(54). In Figs. 4 and 5, the potential g(¢) is shown. As noise p is increased, the approximate
results start to build up oscillations with rmse(q) € {0.8750,24.6756}, as seen in Figs. 4(a)
and 5(a). Figures 4(b) and 5(b) illustrate the reconstructed potential coefficient for a variety

of A, and one can observe that the most accurate solution is achieved for A € {10717,1071¢},
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Exact solution

u(x,t)

u(x,t)

u(x,t)
(4]

IR
ity
[
0
ity
i

u(x,t)

(d) 80, for the direct problem

x10®
6

0

Numerical solution

u(x,t)

u(x,t)

(®)

u(x,t)
(4]

i )
el
A
I
T
1 s
i

(d)

x10°8

x
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® &

S~ o

Absolute error
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Absolute error

Error graph
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N

Absolute error

Error graph

x
=
D &

Absolute error

x10®
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08

0.6

0.4

0.2
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0.5
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Figure 2 The analytical (57) and approximate u(x, t) with absolute errors for M = N: (a) 10, (b) 20, (c) 40, and
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Unregularized objective function
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0 5 10 15 20
Number of iterations
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0.5
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(b)
-0.8 T T T T
——exact solution
1 %*X\ —< =108
\;g A - \=10""7
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-1.2r
%-1 4r
-1.61
1.8+ 000007
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2 . . . .
0 0.2 0.4 0.6 0.8 1
t
(c)

Figure 3 (a) The function F in (52) and the exact (56) and approximate q(t), for p = 0 with (b) A =0 and
(€ A={107"8,107"7,1071}, for Example 1
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——exact solution
1r ——p=0.01% (A\=0)| 1

a)

(a)
-0.8
—exact solution
-1 ~#p=0.01% (\=10"%)|
~6-p=0.01% (A=10"")
1.2¢ —-p=0.01% (A=10"%)] |
S-14
161
1.8+
-2 L L L L
0 0.2 0.4 0.6 0.8 1
t
(b)

Figure 4 The exact (56) and approximate q(1), for p = 0.01% with (@) A = 0 and (b) A = {107'8,107"7, 107"}, for
Example 1

yielding rmse(g) € {0.0406,0.0825}; see Table 3 for additional details. The absolute error
norms between the exact (57) and estimated solutions u are shown in Fig. 6, where the

influence of A > 0 in minimizing the unstable behavior of the reconstructed u can be seen.
Example 2 Now, we consider the problem proposed in equations (1)—(4), with a nonlin-

ear potential coefficient g(£). Therefore, it is a critical test for the proposed technique of

regularization for the governing equation

Ut + Uxxxx + ﬂ”xx = q(t)u +g(x1 t)r 0 S X 5 1)0 S t S 1) (62)

subject to the ICs

£(x) = u(x,0) = 7x — 102> + 3x°,
(63)
n(x) = us(x,0) = 7%+ 105> = 3x°, 0<x<1,
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60

——exact solution
40+t —-p=0.1% (\=0)
20t

ﬂxvﬂvﬁ\/ﬂ ;\[7\

Example 1

-20
40T
-60 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
t
(a)
-0.8
——exact solution
A —<p=0.1% (A=10""7) |
—7-p=0.1% (A\=10""6)
—*-p=0.1% (A\=10""%)
127 1
E14y
-1.61
187
2 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
t
(b)

Figure 5 The exact (56) and approximate g(t), for p = 0.1% with (@) A =0 and (b) A = {10717,107",107"°}, for

Table 3 The rmse values (55), for p € {0,0.01%,0.1%} with A =0,1071°,107'8,107"7, and 1071° of

Example 1

BCs

and nonlocal integral condition

A p=0 p=001% p=0.1%
0 0.3861 0.8750 246756
10719 00767 0.0853 0.1012
10718 0.0437 00513 0.0733
10717 0.039%4 0.0406 0.0848
10716 0.0560 0.0578 0.0825
u(0,8) = u(1,£) = uye(0,£) = ure(1,£) =0, 0=<t<1, (64)
1 3e—t
€)= [ ot nds-2, 0se<1, 65)
0

Page 20 of 27
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Figure 6 The errors between the exact (57) and approximate u(x, t) with A being: (@) 0, (b) 107", (c) 1076,
and (d) 107, with p = 0.1% noise, for Example 1
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Figure 7 (a) The function F in (52) and the exact (68) and approximate g(t), with p =0, and (b) without and
() with regularization, for Example 2
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Figure 8 The exact (68) and approximate q(t), for p=0.01% with (@) A=0and (b) A = 108,107/, for
Example 2

where f(x) = 1 and
glx,t) = e7'x(314 + 40x% + 6x* + 7 (7 — 10x% + 3x*) sin*(r t)). (66)
The exact solution is

u(x, t) = (3x5 —104% + 7x)e”, (67)

q(t) = =1 — 7w sin®(rt). (68)

Then, with this input data, the conditions of Theorems 1 and 2 are fulfilled and so the

solution is unique. The initial guess for g for this example has been chosen as

) =q0)=-1, j=12,..,N. (69)
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Figure 9 The exact (68) and approximate q(t), for p = 0.1% with @) A =0and (b) A = 1078,107, for Example 2

As in Example 1, we start with / = k = 0.025 and pick the situation where p = 0 in the
data «(t), as in (54). Figure 7(a) illustrates F from (52), which shows how a monotonically
declining convergence is attained in 20 iterations with a specified tolerance of O(107%).
Figures 7(b) and 7(c) show the computed potential g(t) without and with regularization,
respectively, yielding rmse(q) € {0.1916,0.0731,0.0549,0.0591}, as shown in Table 4. De-
spite the fact that no random noise is simulated using perturbed data (53), numerical noise
arises owing to the discrepancy between the QBS collocation solution with a fixed mesh
and the actual values of (63)—(68). As a result, regularization is required to reestablish
the stability in the g(¢) solution. It is determined that A = 1071° produces a more stable
potential coefficient solution.

Now we will test the solution’s stability using noisy data. We use (53) for «(¢) and in-
clude p € {0.01%,0.1%} for replicating the input noisy data. In Figs. 8 and 9, the poten-
tial g(¢) is shown. Figures 8(a) and 9(a) demonstrate the determined potential g(t), where
the unstable results are obtained if A = 0, with rmse(q) = 1.7669 and 24.5476. To stabi-
lize g(t), we use regularization with A € {107,1078,1077} for p = 0.01% noise, resulting in
rmse(q) € {0.0693,0.0688,0.1369}, and A € {107%,1077,107°} for p = 0.1% noise, resulting
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Figure 10 The exact (67) and approximate u(x, t), and absolute errors with p = 0.1% and A (a) 0, (b) 107, and
(c) 1077, for Example 2

in rmse(q) € {0.1939,0.1678,0.3608}. Figures 8(b) and 9(b) demonstrate the reconstructed
potential for various A, with the best solution achieved for A = 1078 and 1077, respectively.
The influence of 1 > 0 in lowering the unstable behavior of the reconstructed u(x, t) can
be identified in Fig. 10, which shows the precise (67) and approximated u(x, £) with ab-
solute error norms. We refer to Table 4 for further information on the rmse values (55)
and the minimum value of F (52) at the last iteration. For the stable reconstruction of g(¢),

identical results may be derived.
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Table 4 The rmse and the least value of (52) for p € {0,0.01%,0.1%}, with A = 1071°,107°, 108,107,
and 107 at the last iteration for Example 2

p A rmse(q) Minimum values of (52)
0 0 0.1916 2.9E-8
10710 0.0731 3.6E-7
107° 0.0549 2.2E-6
1078 0.0591 1.9E-5
001% 0 1.7669 19E-7
1079 0.0693 3.5E-6
1078 0.0688 2.1E-5
1077 0.1369 1864
0.1% 0 245476 24E-6
1078 0.1939 1564
1077 0.1678 3.1E-4
1070 03608 16E-3

8 Conclusions

The reconstruction problem of the potential g(¢) along with u(x,¢) from the nonlocal
integral condition in a higher-order PDE has been solved numerically. The QBS col-
location technique has been applied for discretizing the direct problem. The solution
has been stabilized using the Tikhonov regularization method. From the obtained re-
sults, it has been deduced that stable accurate approximations for g(¢) have been ob-
tained for A € {1071%,107%7,107!¢}, when the noise p = 0, and for A € {107,107}, when
p €{0.01%,0.1%}. For a nonlinear potential coefficient g(¢), it has been observed that sta-
ble accurate approximations for g(t) have been obtained for A = 107!, when the noise
p =0, and for A € {107%,1077}, when p € {0.01%,0.1%}. The stability has been analyzed,
demonstrating that the present technique is unconditionally stable for the discretized sys-

tem of the higher-order equation of motion of a homogeneous elastic beam.
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