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Abstract. The non-linear hyperbolic equation is used to model many non-linear phenomena. In this
paper, we consider an initial boundary value problem for non-linear hyperbolic equation. We determine
a time-dependent coefficient multiplying non-linear term by using an additional condition, and prove
the existence and uniqueness theorem for small times. We also propose a numerical scheme to solve the
inverse problem for non-linear hyperbolic equation, and give test examples for sine, quadratic and cubic
non-linearity.
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1 Introduction

Inverse problems for non-linear hyperbolic equations provide an important value for phys-
ical applications, but there are limited results in this area, ([3], [4], [S], [6], [14], [20], [24],
[29]). The inverse problems associated with the recovery of the coefficient for non-linear
hyperbolic equations are also scarce ([12], [30], [32]) and need more consideration for fur-
ther studies.

Consider the inverse problem of finding a pair of functions {a(t),w(z,t)} for a non-
linear hyperbolic equation

wi(z,t) = wee(z,t) + F(2,t;0,w), (2,t) € D, (1.1)
with the initial conditions
w(z,0) = o(x), wi(z,0) = P(z), 0 <z <1, (1.2)
and non-classical boundary conditions
w(0,t) =0, 0<t<T, (1.3)

wg(0,t) = wy(1,¢), 0 <t < T, (1.4)
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and over determination condition
w(l,t) =h(t), 0 <t < T, (1.5)

where Dr = {(z,t):0<xz <1, 0<t<T} for some fixed ' > 0, F(x,t;a,w) =
a(t)g(w(x,t)) + f(x,t) w(z,t) represents the wave displacement at position = and time
t, g(w(z,t)) is the non-linear force and the functions (), and ¢ (x) are wave modes or
kinks and velocity, respectively.

Because of the presence of the non-linearity g(w), the problem (1.1) - (1.4) for the
unknown function w(x,t) is over-specified for arbitrary functions f, g, ¢, and 1. Thus
there may exist no solution w(x, t). In the case of g(w) = w, the equation (1.1) is linear.
The inverse coefficient/source problems for the linear hyperbolic equation with different
boundary conditions were satisfactorily studied in various literature, see [11], [16], [21],
[25] and more recently, [8], [9], [15], [23].

The homogeneous equation (1.1) is called sine-Gordon equation, Klein-Gordon equa-
tion with quadratic non-linearity and Klein-Gordon equation with cubic non-linearity given
by

Wit (2, 1) = Wye(x,t) + sin(w(x, 1)),

wy(z,t) = weg (2, t) + wQ(x,t),
wy(z,t) = weg(z,t) + wg(af;, t),

respectively.

The sine-Gordon equation appeared in many scientific fields such as the propagation of
fluxons in Josephson junctions between two superconductors, the motion of rigid pendula
attached to a stretched wire, solid state physics, non-linear optics, and dislocations in metals
where sin w is due to periodic structure of rows of atoms, stability of fluid motions, and in
soliton theory of DNA molecule, see [22], [33], [34], [36], [37].

The non-linear Klein-Gordon equation appears in many types of non-linearities (quadratic,
cubic, etc.). The non-linear Klein-Gordon equation arises in relativistic quantum mechan-
ics, field theory, and non-linear optics. This equation also used to model many different
phenomena, such as propagation of dislocations in crystals and behaviour of elementary
particles, [1], [2], [7], [35].

For the some numerical aspects of initial and initial-boundary value problems (IBVPs)
for the linear and non-linear hyperbolic equations are considered in [8], [9], [15], and [27],
[28], [30], respectively. It is important to note that authors compared the properties of four
explicit finite difference schemes used to integrate the non-linear Klein-Gordon equation in
the papers [13], [31] .

In this paper, we have an initial boundary value problem for non-linear hyperbolic
equation with non-classical boundary condition. Giving an over determination condition,
a time-dependent coefficient multiplying non-linear term is determined and the existence
and uniqueness theorem for small times is proved. The finite different method is also pro-
posed for solving the inverse problem. Also to achieve stable numerical solutions we will
use the mollification method which is one of the regularization procedure that is appropriate
to stabilize a variety of ill-posed problems by restoring continuity with respect to the data.
The method can also be interpreted as a simple and efficient data smoothing algorithm and,
as such, it can be used to fit noisy data (a well-posed problem) and to stabilize unstable
numerical marching schemes for well-posed parabolic and hyperbolic problems, [18].

The article is organized as following: In Section 2, we first present equivalent inverse
problem, and its auxiliary Sturm-Liouville spectral problem and its eigenvalues and eigen-
functions. Then we introduce two Banach spaces to investigate the inverse problem. In
Section 3, the numerical method for solving the direct problem of hyperbolic equation
with non-linear source based on the finite difference method is presented. In Section 4,
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the inverse problem under investigation is formulated. The existence and uniqueness of a
classical solution to the inverse IBVP is proved for small times. In Section 5, we solve
the inverse problem numerically by applying finite difference method. We present three
numerical examples intended to illustrate the behaviour of the proposed method and the
tests are performed by using MATLAB. First one of these examples is sine-Gordon case
of (1.1) that is not satisfies the conditions of existence and uniqueness theorem. Second
one is the Klein-Gordon equation with cubic non-linearity which coefficient is continuous
but non-differentiable. Third example is the Klein-Gordon equation with quadratic non-
linearity which satisfies the conditions of theoretical results. The possibly ill-posedness of
the inverse problem is regularized by employing a suitable mollification method.

2 Equivalent problem and its auxiliary spectral problem

In this section, we will introduce the equivalent inverse problem of the inverse problem
(1.1)-(1.5) and examine its auxiliary spectral problem and its properties. We will also give
two functional spaces which are Banach spaces, ([17]).

Definition 2.1 The pair {a(t), w(z,t)} from the class C[0,T] x C?(Dy) for which the
conditions (1.1)-(1.5) are satisfied, is called a classical solution of the inverse problem

(1.1)-(1.5).
From this definition, the consistency conditions
v(0) =0, ¢'(0) = ¢'(1),
(Ao) § #(0) =0, ¥'(0) = 4'(1),

h(0) = (1), h'(0) = ¢(1),

holds for the data (z),(x) € C*[0,1] and h(t) € C1[0,T).
It is easy to verify that the following lemma holds ([26]):

Lemma 2.1 Let the consistency conditions (Ag) holds. Moreover f(x,t) € C(Dr), and
g(h(t)) # 0, (Vt € [0,T)) are satisfied. Then the problem of finding the classical solu-
tion {a(t),w(x,t)} of the inverse problem (1.1)-(1.5) is equivalent to the inverse problem
composed of the equations (1.1)-(1.4) and

h(t) = waa(1,1) +a(t)g(h(t)) + f(L,t), 0 <t < T. (2.1)

Since the equation (1.1) is non-homogeneous, we may use Fourier (Eigenfunction Ex-
pansion) Method. For using this method to the inverse problem we need to obtain the aux-
iliary spectral problem from the homogeneous part of the equation (1.1), i.e. wy(x,t) =
Wz (x,t). Thus, the auxiliary spectral problem of equivalent inverse problem (1.1)-(1.4)
and (2.1) can be obtained as

X"z)+ XX (z)=0, 0<z<1,
2.2)
{X(O) =0, X'(0) = X'(1).

This spectral problem has the eigenvalues A\, = (,uk)2 with p = 27k, k = 0,1,2,... and
corresponding eigenfunctions (see [10])

Xo(x) =z, Xop_1(x) = xcos(urx), Xop(z) = sin(ugx), k =1,2, ... (2.3)
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The spectral problem (2.2) is not self adjoint. The adjoint spectral problem of (2.2) is
(10D

Y'z)+ XY (z) =0, 0<az<]1,
{ 24)
Y/

(1) =0, Y (0) = Y(1).

This spectral problem has the same eigenvalues of (2.2), and corresponding eigenfunctions
are

Yo(x) =2, Yop—1(z) = 4cos(ugx), Yor(x) = 4(1 — z) sin(ugx), k =1,2,.... (2.5)
It is easy to verify that the systems (2.3) and (2.5) are biorthonormal on [0, 1], i.e.

: 0, i 4],
(@), ¥i0) = [ XY (e = {

1,i=j.

Moreover the system (2.3) forms a Riesz basis in L3[0, 1]. Then any function r(z) €
L5[0, 1] can be expanded in biorthogonal series

where rj, = fol r(x)Yi(z)dz, k =0,1,2, ...
Let us consider following spaces to investigate the inverse problem (1.1)-(1.4) and (2.1):

Bjr= {w(wjt) =Y wk(®)Xx(2) : wi(t) € C[0, T, Jr(w) = [[wo(®) oy
k=0

~ 1/2 - 1/2
+(Z(M%Hw%(tﬂ\cm,ﬂ)?) + (Z(Ni”w%1<t)HC[O,T])Z> < +o0 o,

k=1 k=1

with the norm ||w(z,t)|| B, = Jr(w) which is related with the Fourier coefficients of

the function w(z, t) by the eigenfunctions Xy (z), k =0,1,2, ...
I B3 = Bg”T x C[0,T7] of the vector function z(z,t) = {a(t), w(z,t)} with the norm

lz(@, )l . = lla@®llcrory + lwla, )lp; .-

3 Direct problem

Consider the one-dimensional direct non-linear hyperbolic equation in Dr given by the
equations (1.1)-(1.4). Because of the presence of the non-linearity g(w), no analytical
method is available and hence the finite difference method (FDM) is applied for numer-
ical discretization. We divide the domain (0,1) x (0,7") into nx and nt subintervals of
equal length hx and ht, where hx = 1/nx and ht = T /nt, respectively. We denote by
Wit = W(zj,tn), a" = a(ty) and f}' := f(x;,tn), where z; = jha, t, = nht for
j = 0,..,nz, n = 0,...,nt. Then, a central difference approximation to the equations
(1.1)-(1.3) and (2.1) at the mesh points (z;,t,) is

Wit = P2W2 o+ 2(1 = )W + 72 Wiy = WP+ (ht)* (a”g(W]) + f1), B.1)
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j=1.,nz—1, n=1..,nt—1,
I _ il

w?:¢ﬁj:Qme_J3Eif=¢hj:mex—L (3.2)

W;LLQU B :le,1 _ Wln — Wﬂn
hx - hx

,n=0,..,nt, (3.3)

where r = ,%22 Putting n = 0 in the equation (3.1) and using (3.2), we obtain

Wi = %(TQ%'H+2(1—7“2)<Pj+7“2903>1+2h751/)j+(ht)2(a09(%)+fy(‘)))v J=1ne=1.
(3.4
Equations (3.1)-(3.4) represent an explicit finite difference method which is stable for

r <1 when g(w) = wP, p=1,2,3 and g(w) = sinw.

4 Existence and uniqueness of the classical solution of the inverse problem

In this section, we will examine the existence and uniqueness of the solution of the inverse
initial-boundary value problem for the equation (1.1) with non-classical boundary condi-
tion.

Since the system (2.3) forms Riesz basis and the systems (2.3) and (2.5) are bi-orthogonal
in L2[0,1] and the function a(t) is time dependent, seeking the solution of the problem
(1.1)-(1.4) and (2.1) in the following form is suitable:

t) = wy(t)Xi(x), 4.1

where wy, (¢ fo (x)dz, k =0,1,2,....
For an arbltrary a( ) C[O T1, the solution of the problem (1.1)-(1.4) and (2.1) can be
written as

w(z,t) = wo(t) Xo(z +Zw2k 1(t) Xok—1( +Zw2k )Xok ().
k=1 k=1

By using the Fourier’s method,from the equations (1.1)-(1.2) we obtain

wi(t) = Fo(t;w, a),

wh () + pRwap—1(t) = Fop_1(t; w, a), k=1,2,..,
“4.2)
why (1) + pwer(t) = For(t;w, a) — 2upwap—1(t), k=1,2,...,
L wk(O) = Pk, w;C(O):wk, k:0,1,2,...,
where F,(t;w,a) = a(t)gr(t)+ fr t) w(t) = fo x, )Yy (x)dw, gp(t fo x)dz,

@k:folw( Yi(z)dz, ¢k—f0 (2)Yg(x)dx, k =0,1,2,....
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Solving the Cauchy problems (4.2), we obtain

t

( wo(t) = wo(0) + twtf)(()) + fo (t —T)wy(r)dr 0<t<T
= o + tho + [y (t = T)Fo(7;w, a)dr,

wag—1(t) = Pax—1COS puyt + i?lizk—l sin pugt
—I—iftF (15w, a)sin ug(t — 7)dr k=12,
e JO 2k—1\T, W, Mk 3
wak (t) = por, oS gt + ok sin pugt + - Jo Far(miw, a) sin o (t — 7)dr
—tpop_1 sin gt — iwgk,l [i sin pt — t cos ,u,kt} k=1,2,...
— 2 [0 7 okt (&w, a) sin p (7 — €)d€ sin g (t — 7)dr, .

Let substitute the expressions (4.3) into (4.1) to determine w(x, t). Then we get
w(z,t) = ((,00 + tipo + fot(t — 1) Fo(15w, a)dr) Xo(z)
+ 2211 (SOQk—l cos (it + !lewzkz—l sin gt
+ “ik fg For_1(T;w,a) sin g (t — T)dT) Xok—1(x)
+ ZZO:1 <<p2k cos uxt + u—lkqbgk sin pgt + /%k fg Fop (75w, a) sin pg(t — 7)dr
—tpok—1 SN pgt — iwqu L%k sin pugt — t cos /Jkt}

— 2 Jy 5 Far-a(€w, @) sin (7 — E)d€ sim ug(t = 7)dr ) Xon(a), (44)

Consider = = 1 in the equation (1.1) to find the coefficient solution a(t). Then by using the
condition (2.1), we obtain

1 - Yok—1 .
a(t) = B'(t) — f(1,t) + 2< _1cos upt + sin it
1 t
+— | Fop_1(m;w,a)sin pug(t — T)dT>:| ) 4.5)
HE Jo

Thus, the solution of problem (1.1)-(1.4) and (2.1) is reduced to the solution of system
(4.4) and (4.5) with respect to the unknown functions {a(t),w(z,t)}. Therefore to prove
the uniqueness of the solution of the problem (1.1)-(1.4) and (2.1) is equivalent to prove the
uniqueness of the solution of system (4.4) and (4.5).

Let us denote z = [a(t), u(z,t)]” and rewrite the system of equations (4.4) and (4.5) in
the following operator equation

z=9(z) (4.6)

where @(z) = [¢o, qﬁl]T and ¢ and ¢q are equal to the right hand sides of (4.4) and (4.5),
respectively as:

VYok—1 .
sin pugt
Mk

¢o(z) = : [h”(t) —fL)+> <902k—1 cos gt +

k=1

1t
+— / Fo_1(m;w, a) sin pg (t — T)dT>:| , 4.7)
Kk Jo
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$1(z) = <<,00 + o + [ (t — ) Fo(r; w,a)dT) Xo(z)

+ 22021 <<P2k-71 cos it + !lewgk,l sin ugt

+ ;%k fg Fo_1(m;w, a) sin pg(t — T)d7-> Xop_1(x)

+ 2 het (@% Cos gt + jlszk sin pgt + jlk fé For(m5w, a) sin puy(t — 7)dt

Bk

_% fot Jo For—1(& w, a) sin pug (1 — €)dE sin . (t — T)dT) Xop (). (4.8)

—lpog—1 8in gt — ,%k%bqu [i sin pgt — t cos Mkt}

Let us demonstrate that & maps E% onto itself continuously. In other words, we need
to show ¢g(z) € C[0,T] and ¢1(2) € BS”T for arbitrary z = [a(t), u(z,t)]” with a(t) €
C[0,T], u(x,t) € BiT. We will use the following assumptions on the data of problem
(1.1)-(1.4) and (2.1):

(A1) @(x) € C3[0,1], p(0) = ¢"(0) = 0, ¢'(0) = ¢'(1),
(A2) (x) € C?[0,1],(0) = 0, ¢'(0) = ¢'(1),
(A3) h(t) € C0,T], h(0) = p(1), h'(0) = (1),
(Ag) f(z,t) € C(Dr), fz, fzz € C[0,1],Vt € [0,T], £(0,t) =0, f.(0,t) = fu(1,1),
g(w) € C*(R), g(0) =0, (g(w)),|,_; = (g(w)), |,
g'(h(t)) = ¢'(0), g(h(t)) # 0Vt € [0,T7,
(45) ¢  |9(wh) = g(w?)| < do |w —w?],
J'( , d;i,i=0,1,2 are positive constants.

By using integration by parts under the assumptions (Ag) — (A4) and the first condition
of (As), we have

( pon1 = = f) " (x)v/2sin ) d,

Hi
Yok—1 = _u\i/g fol V" (2)V/2 cos(ur)de,
for—1(t) = _u\ég fol fmx(x,t)\/icos(pkx)dx,
g1(t) = S8 Jy [o" () (.1) + g/ (W)wra(2,1)] V2 cos(jupr)da
por = S8 [ [ (@) (1 — @) - 3¢/"(2)] V2 cos(ua)da, (49)
o = 28 o [ (0)(1 = @) = 2/ (2)] V2sin(up) de,
For(t) = 8 Jy Ural, )(1 = @) = 2fo (2, 1)] V2sin(ugr)d,
gar(t) = 2 Jy [{g" (w)wd(w,1) + g/ (wywse(a, 1)} (1~ )
—24" (w)wg (x, )] V2 sin(ppx)d.

First, let us show that ¢o(z) € C|0,T]. Consider the equalities (4.9) into (4.7), we obtain

(h(t))] — \ ik

T
ﬂié[mhwn+wmm%mmwﬁ} (4.10)

60(2) < L {Wwﬂ+mLm+§j(H%kl+lw%n
9 — ok
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where M2k — 1 ffo [ 1; t) +g( )wxz(x t)] \/icos(,ukx)da?
Qop_1 = —\ffo " (x 25111(,ukx)da: Bop—1 = —\ffo V" (x)V/2 cos(ppx)dx, and
Yor—1( -8 fo fax(z,t ﬂcos(,ukx)dx. Using Cauchy-Schwartz inequality
1 o0 1 2 1/2 o0 1/2
o) < — L) + 1)+ () A

o0 1/2 T 00 1/2 0o 1/2
+ (Z\ﬁQkﬂQ) +/ la(t)] (Z !?72k1(t)!2> + (Z |72k1(t)|2> dt
k=1 0 k=1 k=1

is obtained from the equation (4.10). Since v/2 sin ju,z (or v/2 cos i, x) forms a biorthogo-
nal system of functions on [0, 1], by using Bessel’s inequality we get

Z|042k 1? < HSDINHLZM]a ZW% 1)? < W"HL2[01

o [o.¢]
2 2 2 2
Z Inok—1 ()" < ||g" w3 + glw:wHLQ(DT) ; Z vor-1 (O < [ faallz, (g -
k=1

Taking these estimates into account we conclude that the majorizing series (4.10) is conver-
gent. This implies that by the Weierstrass-M test, the series (4.7) are uniformly convergent
in [0, T']. Thus ¢o(z) is continuous in [0, 7).

Now, let us show that ¢, (2) € BS,T’ i.e. we need to show

o0

1/2
JT(¢1) = Hﬁzsl,()(t)Hc[o,T} + (Z(Mz ‘¢1,2k(t)‘c[07T})2>

k=1

oo 1/2
+ (Z(Mi”dﬁ,%1(t)HC[O7T])2> < +o0,

k=1

where ¢1 o(t), ¢1,2x(t) and @1 21 (t) are the equal to the right hand side of wq (), way (t)
and woy_1 as in (4.3), respectively. After some manipulations under the assumptions (Ag) —
(As), we obtain

610l oz < ol + T [tho| + T (Eltax [fo(O)] + la(t)] max lgo(t )I) :

2 2
S (61201 ()l o) < 23002 vz + 25552 [Bai

2 2 2
a1 (g o)) 20 (g, @)+ 97 52, (g a6

0<t<T 0<t<T

S 01010 Ol < AT o+ 4T, I
vz (e a0 ) 5% (g be0) 4472552, (g et

0<t<T 0<t<T

2
HAT? 0% oo |+ 401+ T)2 3232 | Bawa [* + 477 072, < 005 2w 1“)‘)

+4772 (Qtax |a(t ))22,30_1 <max Mok 1(t)!>2,

0<t<T
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where

M1 () = —V/B / "), 1) + g (1) wra (3, 1)] VI cos(up)de,

Mok (t \f/ {g" (x,t) + ¢'(w )wm(x,t)} (1—x)
24/ (w)wy (2, t)] V2sin(ur)da,

Qo1 = —\[/ "( 2Sln(ukx)d
1
ook = —V/8 /0 [¢"(2)(1 - 2) — 3¢ ()] VZcos(a)da,
1
Yor—1(t) = —\/é/ faa (2, 1)V 2 cos(ppa)de,
0
Yok (t \[/ [fow(z,t)(1 — 2) — 2f, (2, )] V2sin(ppz)dz
Bok—1 ——f/ V" (2)V'2 cos(upz)dz,

1
= =8 [ (@)1 - 2) ~ 26/ ()] V2sinua)de

The series on the right side of above equations are convergent from the Bessel inequali-
ties

[ee) 9 o0 9
Z ja2k-a]” < H(’DWHLQ[OJ] ’ Z [Baal” < Hw”HLﬂOJ] ’
k=1 k=1
o o0
Z nar—1()* < [|g"w3 + g meLz(DT)’ Z Yar—1(8)]? < fom”%z(DT)?
- k=1
[e's) 9 © 2
> loael? < 0~ 2) = 3672 S8 < [0 —2) 26 g
k=1
> 2
D Imak@®F < [[{g"wi + g'wee} (1 - 2) - 29"wal| 1, pyy

Y ek < lfow(l = 2) = 2fall Ty -
k=1

Thus Jr(¢p1) < +oo and ¢ belongs to the space B§’7T.
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By virtue of the definition of the space BS,T’ it is easy to obtain that
el < e lwll g and fwge| < e [w] g (.11

where c;, © = 1, 2 are real constants.
Now, let 21 and 29 be any two elements of E3.. We know that || ®(21) — ®(z2)]| B3 =

- . T .
60(21) = do(z2) lcqo + 19(21) = D(2)ll g - Here 2 = [ (1), w(w, 6)] i = 1,2
From the equations (4.7) and (4.8), we get

Po(21) — ¢o(22) Z“k/ <F2k71(T;w(l),a(1)) _F2k—1(7'§w(2),a(2))>

X sin ug(t — 7)dr,

or(e1) = () = [ ) (Forsu®,a) — Fo(riu®,a®)) drXo(x)

D 1 t )
+Z ﬁ [/ (FQkfl(TSW(l)aa(l)) - F2k71(75w(2)7a(2))> Slnﬂk(t - T)dT] X2k71(3€)
k=1 0
+Z[ / (Por(rs 0, a®) = o (rsw®, a®)) sin (¢ — )dr
=1
2] (B, a0 — B (02.a)) s — €t — )]

XXQk(x).

After some manipulations in last equations and using the estimates (4.11) and the Lips-
chitz continuities in (As), we obtain

. r
min_|g(h(t))]

0<t<T

Oy (w?) Hau) _ “(2)H

H¢0(21) _ ¢0(22)||C[0,T] < [Cl(a(l),w(l),w@),T) Hw(l)

C[O,T]] ’

lé1(21) = d1(22)ll g, < T [cg(am’ w®, 0@, T) me

+Ca(w H _a(Z)HC[OT] ’

where C},, k = 1,4 are the constants depend on the norms Ha(i) HC[O AL w(i)HB3 , 1
) 2,7

1,2, and T'. From the last inequalities it follows that

12(21) = 2(22) | g, < AT)C(aD, 0P, w0, w®) |21 — 23]l g
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where A(T) =T (1 +
0

émam) with g(h(t)) # 0,v¢ € [0, T] and C(aM),a®, w®), w®)) =
<t<T

max {C1, C,C3,Cy4} is the constant depends on the norms Ha( and Hw(i) H

1=1,2.

For sufficiently small 7, 0 < A(T)C(aM,a®,w™ w?)) < 1. This implies that the
operator @ is contraction mapping which maps E% onto itself continuously. Then according
to Banach fixed point theorem there exists unique solution of (4.6) .

Thus, we proved the following theorem:

) HC[O,T} B3

Theorem 4.1 Let the assumptions (Ag)-(As) be satisfied. Then, the inverse problem (1.1)-
(1.4) and (2.1) has unique solution for small T

5 Numerical solution of the inverse problem

In this section,we study the numerical solution of the inverse problem (1.1)-(1.4) and (2.1)
for non-linear hyperbolic equation.

The discrete form of direct problem is given in Section 3 with the equations (3.1)-(3.4).
By using the condition (2.1), we obtain

After discretizing last equation, we have

(W = 20" + W) /()2 — (W, — 2W ) + W)/ (he)* = 2

n nr—2 ne
— = 1 ces t_l
¢ g(h™) T el
5.1
(7= 2R ) /()P — (W= 2W Wik ) () — g
a = ,
g(h™)
(5.2)
0 (h2 - th + ho)/(ht>2 - (ng - 2W7gx—1 + W??x—?)/(hx)Q - noz
20— i . (53)
g

Now let us consider (5.1)-(5.3) in (3.1), we obtain the system with respect to WJ” ,
7 = 0,..,nx, n = 0,...,nt which can be solved explicitly. Then using the calculated
values of W]” in (5.1)-(5.3), we obtain the values of a” , n = 0, ..., nt.

51 Numerical examples and discussion

In this section,we perform numerical experiments to validate the FDM in solving the direct
problem of determining w(x,t) and inverse problem of determining a(¢). In all examples
in this section we take, for simplicity 7' = 1.

Example 1 (sine-Gordon equation case) Consider first the direct IBVP (1.1)-(1.4) with the
input data

o(x) = cos(mzx) — 1, Y(x) = %COS(TI’JJ) — 1, a(t) = exp(t),

f(z,t) = %((1 + 47?) cos(mx) — 1)exp(t/2) — sin((cos(mx) — 1)exp(t/2)) exp(t),
g(w(z,t)) = sin(w(x,t)), x € [0,1], ¢t € [0, 1].
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The analytical solution of the direct problem (1.1)-(1.4) is
w(z,t) = (cos(mz) — 1)exp(t/2)

The numerical solution of the direct problem given by Equations (1.1)-(1.4) is obtained
using the FDM described in Section 3. It can be seen from the Figure 1 that the mesh
ht = 0.01 and ha = 0.01,i.e. nt = nx = 100, is sufficiently fine for accurately solving the
direct problem.

For the inverse problem consider the equations (1.1)-(1.4) and (2.1) with the over deter-
mination condition data

h(t) = —2exp(t/2).

One can easily check that h(t) € C1[0, 1], ¥ (x) € C?[0,1] and p(z) € C3[0, 1] satisfy the
conditions (Ag) — (As) except ¢ (0) = 0. As the condition of Theorem 1 is not satisfied
we can not conclude the unique solvability of the inverse problem. However, the solution at
least exists and is given by

{a(t), w(z,t)} = {exp(t), (cos(mx) — 1)exp(t/2)}
which can easily be checked by direct substitution. Figure 2 shows the exact and numerical
inverse solutions of {a(t), w(1/2,t)} for nt = nx = 100.

Example 2 (Klein-Gordon equation with cubic non-linearity case) As in Example 1, con-
sider first the direct IBVP (1.1)-(1.4) with the input data

g(w(z,t) = wi(x,t), f(z,t) =22 — 23>+t +1)3 |t — 1/2|,

p(a) =, P(z) =z, at) = |t = 1/2],
z €0,1], t € [0,1].

The solution of the direct problem (1.1)-(1.4) is
w(z,t) = z(t> +t+ 1)

It can be seen from the Figure 3 that the mesh ht = 1/80 and hxz = 1/80,i.e. nt = nx = 80,
is sufficiently fine for accurately solving the direct problem.

For the inverse problem consider the equations (1.1)-(1.4) and (2.1) with the over deter-
mination condition data

h(t) =%+t +1.

Note that for this example, the force a(t) is continuous but non-differentiable at the peak
t = 1/2. Since a(t) is non-differentiable, Theorem 1 is not satisfied. Thus we can not con-
clude the unique solvability of the inverse problem. Nevertheless, we can find the numerical
solution of the inverse problem. Figure 4 shows numerical solution {a(t),w(1/2,t)} of the
inverse problem (1.1)-(1.4) and (2.1) with nt = nz = 80.

Example 3 (Klein-Gordon equation with quadratic non-linearity case) As in Examples
above, consider first the direct IBVP (1.1)-(1.4) with the input data

g(w(z,t) = w’(x,t), f(zx,t) = 2rz — (1 + 47x?) sin(27z)) exp(t) — (27z — sin(27z))?,
o(x) = 2rx — sin(27x), ¥(x) = 27x — sin(27z), a(t) = exp(—2t),
xz € [0,1], t € [0,1].

The analytical solution of the direct problem (1.1)-(1.4) is

w(z,t) = (2mx — sin(27x)) exp(t)
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It can be seen from the Figure 5 that the mesh At = 0.01 and hz = 0.01,i.e. nt = nx = 100,
is sufficiently fine for accurately solving the direct problem.
For the inverse problem consider the equations (1.1)-(1.4) and (2.1) with the over deter-
mination condition data
h(t) = 2w exp(t).

It is easy to check that h(t) € C*[0, 1], ¥(x) € C?[0,1] and ¢(z) € C3[0, 1] satisfy the
conditions (Ap) — (As). Moreover, the conditions (A4) and (As5) are also satisfied. Hence,
according to the Theorem 1 the solution of the inverse problem exists and unique. In fact, it
can easily be checked by direct substitution that the analytical solution is given by

{a(t),w(z,t)} = {exp(—2t), (2wx — sin(27zx)) exp(t)}.

Figure 6 shows the exact and numerical solutions of {a(t),w(1/2,t)} for nt = nx =
100.

Next, we investigate the stability of numerical solution with respect to the noisy over-
determination data (1.5) (or (2.1)), defined by the function

(h)y(t) = h(t) + 10, (5.4)

where + is the percentage of noise and # are random variables generated from a uniform
distribution in the interval [—0.5,0.5] which are generated using rand command in MAT-
LAB.

Figures 7 and 8 show the exact and numerical solutions of {a(t), w(1/2,t)} when the
input data (5.4) is contaminated by v = 0.01 and 0.05 noise for Examples 3, respectively.
From the Figure 7, it can be seen that the numerical coefficient solutions become unstable as
the input data is contaminated with noise, because the derivatives in (5.1)-(5.3) are unstable
under the random noisy input (5.4) if they are calculated using simply finite differences. But
from the Figure 8, it can be seen clearly that the agreement between the numerical results
and the analytical solutions w(1/2,t) is good for exact data. In order to obtain a stable
numerical derivative we employ the mollification method with a Gaussian mollifier ([18]),
given by

1

S/
where § > 0 is the radius of mollification acting as an averaging filter. Its choice is based on
standard methods for choosing regularization parameter in ill-posed problems such as the

generalized cross-validation criterion. The mollification of the noisy data (5.4) is performed
through the convolution

Js = exp(—t2/(52)

—+00

(Js % h)(¢) = / Js()h(t — 7)dr,.

—0o0

We notice that the mollifier Js is always positive and becomes close to zero outside
the interval centred at the origin and of radius 35. Good results for the derivative h”(t)
are therefore expected in the interval [3,T" — 34]. Notice that although (h)-(t), given by
(5.4) is non-smooth, its mollification (Js* h)(t), is C°° functions, hence differentiable. The
mollified derivative is then computed using that

(s (h)7)"(8) = (Jo * (R)3)(t) = (J5 * (R)4)(D).

We use these mollified data to approximate (5.1)-(5.3), i.e. we replace the finite difference

quotients (hi)z (Rt — 2h™ + ™71, in (5.1) by (J5 * (h)4)"(t) for n = 0, ..., nt. This

mollification of the first-order derivative has been performed using MATLAB version of
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the computational program supplied by D. A. Murio in ([19]). For v = 0.01 noise, error
of mollified input data (5.4) is 0.00494 and the radius of mollification § = 0.03402. For
v = 0.05 noise, error of mollified input data (5.4) is 0.00624 and the radius of mollification
0 =0.03271.

Figures 9 shows the exact and numerical solutions of a(t) obtained after mollification,
when the input data (1.5) is contaminated by v = 0.01, and 0.05 noise for Example 3, re-
spectively. From this figure it can be seen that the application of the mollification to stabilize
the derivative of the noisy function (h)-(t), produce stable numerical solutions for a(t).

6 Conflicts of interest
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7 Conclusion

In this paper, we solve the inverse problem to determine the unknown time-dependent coeffi-
cient of a non-linear source from an additional measurement. The existence and uniqueness
of a classical solution to the inverse IBVP are proved under the assumptions (Ag)-(A4s),
which include that g(w) and its derivatives of up to the second order are Lipschitz continu-
ous functions. The inverse problem is also numerically solved by applying finite difference
method. The examples illustrate how to implement the numerical method. Figures demon-
strate that this method is effective for non-linear hyperbolic equation with sine, quadratic
and cubic non-linearity.
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Fig. 1 Exact and direct numerical solutions w(1/2, t) for Example 1.

—exacta
2.6 [|=-—inverse a
1
24 %
/

01 02 03 04 05 06 07 08 09
t-axis

1

01 02 03 04 05 06 07 08 09
t-axis

Fig. 2 Exact and inverse numerical solutions {a(t), w(1/2,¢)} for Example 1.
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Fig. 3 Exact and direct numerical solutions w(1/2, ) for Example 2.
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Fig. 4 Exact and inverse numerical solutions {a(t), w(1/2,t)} for Example 2.
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Fig. 5 Exact and direct numerical solutions w(1/2, ¢) for Example 3.
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Fig. 6 Exact and inverse numerical solutions {a(t), w(1/2,t)} for Example 3.
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Fig. 8 Exact and numerical w(1/2,t) solutions for Example 3 with 0.01, and 0.05 noise.
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Fig. 9 Exact and numerical coefficient solutions a(t) for Example 3 after mollification with 0.01, and 0.05 noise.
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