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On the numerical solution of identification hyperbolic-parabolic
problems with the Neumann boundary condition

In the present study, a numerical study for source identification problems with the Neumann boundary
condition for a one-dimensional hyperbolic-parabolic equation is presented. A first order of accuracy
difference scheme for the numerical solution of the identification problems for hyperbolic-parabolic equations
with the Neumann boundary condition is presented. This difference scheme is implemented for a simple
test problem and the numerical results are presented.
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Introduction

Partial differential equations with unknown source terms are widely used in mathematical modeling of real-
life systems in many different fields of science and engineering. They have been studied extensively by many
researchers (see [1-15] and the references therein).

Various local and nonlocal boundary value problems for hyperbolic-parabolic equations with unknown
sources can be reduced to the boundary value problem for the-differential equation with parameter p

u'(t) + Au(t) = p+ (), 0<t<1;
u'(t) + Au(t) = pFg(t), —1<t<0;
w(0+) = u(0—), o' (0+) = u'(0—);

u(=1)=¢, ud)=¢, -1<i<1

(1)

in a Hilbert space H with self-adjoint’ positive definite operator A. The solvability of problem (1) in

the space C(H) of continuous H-valued functions wu(t) defined on [—1,1], equipped with the norm
lullccry = _max lw(t) |l 2z, was investigated in [16]. In applications, the stability inequalities for the solution of
t

three source identification problems for hyperbolic-parabolic equations were obtained.

The first and second order of accuracy stable difference scheme for the approximate solution of problem
(1) were constructed and investigated in [17] and [18], respectively. The stability estimates for the approximate
solutions of two source identification problems for hyperbolic-parabolic equations were obtained.

In this paper we consider the boundary value problem for hyperbolic-parabolic equations

U= (a(x)uy) +06u=p(x)+ f(t,z), 0<z<1, 0<t<I;
ur — (a(x)ug) 4+ 0u=p(x) +g(t,z), 0<x<1l, —1<t<0;
w(0+,z) = u(0—, z), u(0+,2) = w,(0—,2), 0<z<1I; (2)
u(=1,z) = 80(96),“( ) =¢P(@), 0<z<l
ug(t,0) = uy(t,1) =0, —l<t<1,
where \p(z) is an unknown source term. Problem (2) has a unique smooth solution {u(t,z),p(z)} for

the smooth functions a(z), ¢(z), ¥(z), f(t,x), g(t,z) and positive constant §. Note that the boundary
value problem (2) can be reduced to the abstract boundary value problem (1) in a Hilbert space H = L2[0, 1]
with a self-adjoint positive definite operator A* defined by formula A*u(x) = —(a(x)uw)z + du with domain
AT) = {u(z) : w(@), ue(x), (alx)us), € Ly[0,1], ug(0) = uy(1) = 0}.
We construct the first order of accuracy difference schemes for approximate solutions of boundary value
problem (2). We discuss the numerical procedure for implementation of this scheme on the computer. We
provide with numerical illustration for simple test problem.
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Numerical procedure for problem (2)
The solution of problem (2) can be written as following:

u(t,z) =v(t,z)+ 2(x), 0<zx<1, —-1<t<1, (3)

where z(z) is the solution of problem
—(a(2)Z' () +62(x) = p(x), 0<z<I1;
{ Z(0)=2'(1)=0

and v(t, ) is the solution of boundary value problem
vy — (a(z)vg), +0v = f(t,z), 0<z<1, 0<t<I;
vy — (a(x)vgg)x +ov=g(t,x), 0<ax<l, —1<t<O0;
v(0+,x) = v(0—,z), v (0+,2) =v:(0—,2), 0<z<1; (5)
v(l,z) —v(=1,z) =¢(x) —p(x), 0<x<];
va(t,0) = v (t,1) =0, —1<t<1.

Note that from (2)—(4) we get
p(z) = (a(@)vs(L,2)), —6v(L,2) — (al2)y'(x) + 6¢(x), .0 <z < 1. (6)

Taking into account all of the above, the following numerical@algorithm can be used for approximate solutions
of the boundary value problem (2):

1. Obtain approximate solutions of the boundary value problem (5);

2. Approximate the source p(z) by using (6);

3. Obtain approximate solutions of the boundary value problem (4);

4. Obtain approximate solutions of the boundary value problem (2) by using (3).

The first step of the algorithm

Let 7 = 1/N and h = 1/M. We define the grid points z,, = nh, 0 <n < M and t;, = kr, —N < k < N. For
the approximate solutions of the boundary value problem (5) we construct the first order of accuracy difference
scheme in ¢

k—1 ko k1 Rl kel k1 _ kel
v =208 okt ] Upt1l — Up s k+1 _
a(%yﬁ)f - a(xnfé)f + v, =

T2 h

= f(tgy1,2,), 1<k<N-1 1<n<M-1;

k_ k=1 k k k_ .k
vy — v 1 Upyp — U vy — Uy _q &
W—z(%yw—amww - 0u = g (th2n)

_N41<k<0, 1<n<M-—1 (7)
vl £90 1 I

UO —’UO
T 8 _ E (a(l‘n_,'_é)nJrlhn —a(l‘n_l)hnl) +6'U2 :g(thmn)a 1 Sng M — 17

ol — v N =(x,) - (z,), 0<n< M,

of =k, ok =9k, —N<E<N,

where v¥ denotes the numerical approximation of v(¢, z) at (¢, ¥,,). Note that (7) is the second order of accuracy
scheme in z.

The second step of the algorithm

Once the numerical solution of the boundary value problem (5) is computed, we use (6) to approximate the
source p(z) at grid points as following:
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N
— Un—1

h

)—51}2’—

() — w(xn—l)) +6¢(z,), n=1,2,.... M —1.

h

The third step of the algorithm

For the approximate solutions of boundary value problem (4) we have

—% (a($n+;)

21 = 20, AM = ZM—1-

Zn+1 — Zn

h

— Zn-1

3 >+(5zn=pn, n=12,...,M —1;

Solving this system for zg, 21, 22, .
boundary value problem (2)

..,zp and then using (3), we finally obtain the approximate solutions of

k

ub =vF +2,, n=01,...,M, k=-N+1,... .N—1. (8)

) )

Numerical Illustration
We consider the initial-boundary value problem
Ut — Uy +u = p(z) + ((7* +2)e™" — 1) cosmrz,

e~

O<z<1,0<t<l;

t

utfumz+u:p(x)+( O<z<1l, —1<t<O0;

w(0+, ) = w(0—, x), u(0+,z) = u (0—, ),

— 1) cos X,
0<x <1,
u(—1,z) = e cosmz, u(l,2) = e~ cos

u,(t,0) = ug (t,1) = 0,

0<z<1;

-1<t<L 1.
The exact solution of the problem (9) is
u(t,z) =€ tcosray 0<x<1, —1<t<1

with the source term p(x) = cosmz, 0.< z < 1.

The first order of accuracy auxiliary difference scheme (7) for the initial-boundary value problem (9) has
the following form

k—1 k k41 k+1 _ o k+1 k+1
v —2v) +w v 2v + v
“ T2” LA M }72 2L bt = (1% 4 2)e T — 1) cos Ty
1<k<N-1, 1<n<M-1;
k k—1 k k k
g vr_ =208+
- . 4 nol h; ntl 4ok = (n2e7 — 1) cos Tan;
~-N+1<k<0, 1<n<M-1 (10)
1 0 0 0 0
v — v vy _1—2v) +v
nT n_ n-l h; n“—&-vg:(ﬂ%_to—l)coswmn, 1<n<M-1;
vflv—vgN = (e 1 —el)coswxn, 0<n<M,;
of —ob =0k, —ok, =0, —N<Ek<N,
which can be written in the matrix form
AVn+1+BVn+CVn71 =¢n, 1<n<M-1

{
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where
0 0 0 0 0 0 T
0 a O 0 0 0
0 0 a 0 0 0O 0
0 0 0 a 0 0 O 0
A = C =
0 0 0 a 0 0 O 0
0 0 0 0 0 b O 0
0 0 O 0 0 0 b 0
L0000 -~ 0000 - bl (2N+1)x (2N +1)
-1 0 0 --- 0 0 0 0o 0 --- 0 0 17
-1 ¢ 0 0
0 -1 ¢ 0 0 0 0
B 0 0 0 -1 ¢ 0 0 0 0 0 0
10 0 0 0 ¢ 1 0 0 0 0 0
0 0 0 0 1 -2 d 0 00 0 0
0 0 0 0o 0 1 -2 d 0O 0 0
L 0 o0 .- 0 0 0 0 Q& -~ 1 -2 d] (2N+1)x(2N+1)
TN M (e7! —el)cosmay, 1
v N+ 7(m2e~t-N+1 — 1) cos may
v N2 7(rle~t-~+2 — 1) cos T,
Vo 00 6, = 7(r%e~t — 1) cos may
" vl " 7(r%e~t — 1) cos may
v2 72((7r2 +2)et2 — 1) COS Ty
vl 72((7r2 +2)e b — 1) COS Ty
N 2((.2 —t
L Uy 4 (2N+1)x1 L T ((ﬂ- + 2)6 N = 1) COSTIyn | (2N+1)x1
2 92 272 2
with a = f%, b= T2 c=1+ h—; +7,d=1+ % +72and o = —1+ h—;— + 7. To solve the matrix equation

(11), we use the modified Gauss elimination method [19]. We seek the solution of the matrix equation (11) by
the following form:

Vn:an,+1‘/71,+1+ﬂn+la n:M717~'~7271;
Var = (I —an) ™" Bur,

where [ is a (2N 4+ 1) x (2N + 1) identity matrix, o, (1 < n < M) are (2N + 1) x (2N + 1) square matrices
and 3, (1 <n < M) are (2N + 1) x 1 column vectors, calculated as

{ i1 = — (B +Cay) " 4
Bus1 = (B + Cay) ™ (¢ — CB)

forn=1,2,...,M — 1. Here o is an identity matrix and /3 is a zero vector.
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The numerical solutions are computed using the first order of accuracy scheme (10) for different values of
M and N. With the obtained numerical solutions we approximate the source p(z) at grid points as following:

oy =20 ol LGN 1905 T Tt — 2COS Ty, + COS Ty 41 |
Pn = 72 n 72

+e “cosTx,, n=1,...,.M — 1.

Finally, solving the system

_Zn—l — 2Zn + Zn+1
h2

21 = 20, AM = ZM—1-

+ 2o =Pn, n=12,....M—1,

for zg, 21, 22, ..., 2y and then using (8), we obtain the numerical solutions of problem (9).
We compute the error between the exact solution of problem (9) and corresponding numerical solution by

”EUHOO =

) ||Ep||oo = max |p($n) —pnl,

ok
|u(tk’ Tn) = Un 0<n<M

max
—N<k<N, 0<n<M

where u(ty, z,,) is the exact value of u(t,z) at (tx,z,) and p(x,) is the exact value of source p(r) at z = x,,; uk

and p, represent the corresponding numerical solutions. Table shows the errors between the exact solution of
the problem (9) and the numerical solutions computed by using the first.order of accuracy scheme for different
values of M and N. We observe that the scheme has the first order convergence as.it is expected to be.

Table

The errors between the exact solution of the problem (9) and the numerical solutions computed
by using the first order of accuracy difference scheme for different values of h =1/M and 7 =1/N

| Epll oo Order 1B oo Order
1.3246 x 107! S 2.1520 x 1071 -
7.4275 x 1072108346 | 1.1722 x 10~ | 0.8764
4.0124 x 1072 | 0.8884 | 6.1093 x 102 | 0.9402
60 | 2.1234 x10=2 [ 0.9181 | 3.1190 x 10~2 | 0.9699
20 | 1.1072% 10~2 | 0.9394 | 1.5758 x 10~2 | 0.9850

o

e I e el
I
SIS
I

o

Conclusion

In the present study, the numerical study for source identification problems with the Neumann boundary
condition for a one-dimensional hyperbolic-parabolic equation has been conducted. In particular, the first order
of accuracy difference schemes for the approximate solutions of the boundary value problem (2) has been
constructed and the numerical‘algorithm for implementation of this scheme has been presented. Numerical
example has been provided.

Finally, we note that the second order of accuracy difference schemes for the approximate solutions of
boundary value problem (2).can be constructed and implemented in the similar way.

References

Dehghany M. (2001). Applied Numerical Mathematics, 37, 489-502.
Kimura, T., & Suzuki, T. (1993). SIAM Journal on Applied Mathematics, 53, 1747-1761.
Gryazin, Y.A., Klibanov, M.V., & Lucas, T.R. (1999). Inverse Problems, 25, 373-397.

Eidelman, Y.S. (1984). Boundary Value Problems for Differential Equations with Parameters, Voronezh
State University, PhD thesis,

Ashyralyev, A. (2011). Ukrainian Mathematical Journal, 62, 9, 1397-1408.

Orlovskii, D.G., & Piskarev, S.1I. (2013). Differential Fquations, 49, 7, 895-907.

Ashyralyyev, Ch., & Akkan, Y. (2015). Electronic Journal of Differential Equations, 2015:188, 1-15.
Ashyralyev, A., & Ashyralyyev, Ch. (2014). Nonlinear Analysis: Modelling and Control, 19, 3, 350-266.
Erdogan, A.S., & Ashyralyev, A. (2014). Applied Mathematics and Computation, 226, 212-228.

SR ULEE NI

© 00 g O Ot

Cepust «Maremarukas. Ne 3(91)/2018 73



M.

A.

Ashyralyeva, M. Ashyralyev

10
11
12
13

14
15
16

17
18
19

Ashyralyev, A., Erdogan, A.S., & Demirdag, O. (2012). Applied Numerical Mathematics, 62, 1672-1683.
Kabanikhin, S.I. (2015). Journal of Inverse and Ill-posed Problems, 12, 5, 519-527.
Sazaklioglu, A.U., Ashyralyev, A., & Erdogan, A.S. (2017). Filomat, 31, 4, 1057-1064.

Ashyralyev, A., & Sazaklioglu, A.U. (2017). Numerical Functional Analysis and Optimization, 38, 10,
1276-1294.

Orazov, 1., & Sadybekov, M.A. (2012). Siberian Mathematical Journal, 53, 146-151.
Aliev, F., Ismailov, N., & Namazov, A.A. (2016). Applied and Computational Mathematics, 15, 3, 370-376.

Ashyralyev, A., & Ashyralyyeva, M.A. (2015). Contemporary Analysis and Applied Mathematics, 3, 1,
88-103.

Ashyralyyeva, M.A., & Ashyralyyev, A. (2015). AIP Conference Proceedings, 1676, 0200241-0200246.
Ashyralyyeva, M.A., & Ashyraliyev, M. (2016). AIP Conference Proceedings, 1759, 0200231-0200236.

Samarskii, A.A., & Nikolaev, E.S. (1989). Numerical Methods for Grid Equations: Iterative Methods.
Basel: Birkhauser.

M.A. AmbipansieBa, M. Ambipaibies

IlIerTik mapTel Heiiman Typinge 0osiaThid MAEHTU(DUKAIIASAIIBIK,

rmnep60ﬂa—napa60ﬂaﬂbn§ eCGHTep,ZLi CaHAbIK IIEly TypaJibl

IlerTik mapter Heitman Typingeri 6ip esmremai rurepbosia-napadoialIblK, TYp/Ieri TeHaey VIIH Ke3Jep-
i maeHTUGUKAIUAIAY ecebiH CaHMBIK 3epTTey HoTmzKeci yebblFad. [llerrik maprter Heitman Typiageri
runepboJia-rapabosIabIK TYPEri TeHaeysep YIiH Ko3Aepii naeHTudUKaInsIay eceOiH CaHIbIK, eIy YIITiH
Josiri GipiHi peTTi afbIpHIMIBIK dopMystackl Kearipiared. By dpopmysia KapamaiibiM ecemn yImiH maiiaa-
JIAHBIJIFAH, COHBIMEH KaTap CAHJIBIK €CEeNTeyJIep HOTIKECI OeplIreH.

Kiam cesdep: xe3nepai nnentudukanusiay ecebi, runepbosa-mapabosanbik auddepeHnuaaibl TeHIEY,
AMBIPBIM/IBIK, CXEMA.

M.A. AmpipassieBa, M. Ambipabies

O 4gucjgeHHOM peaiennnm I/IﬂeHTI/ICl)I/IKaJ_II/IOHHLIX

FI/IHep6OJIO—Hapa6OHI/I‘IeCKI/IX 3aJa4 C I'PaHUYHbIM YCJIOBHUEM Heiimana

74

B craTbe npencraBieHo YnMC/IEHHOE MCC/IEIOBAHNE 33191 UACHTU(MUKAINN HCTOTHUKOB C TPAHUIHBIM YCJIO-
BueM Heiimatra fyist omaoMepHOro runepbosio-napaboandeckoro ypasaenus. llpemcrasiena pagnoctHas cxe-
Ma II€PBOr'O IIOPsIIKa TOYHOCTH JJIs YUCJIEHHOIO PEIIeHNs 33024 HAeHTU(MUKAIINY [T THIePO0I0-11apabosin-
9eCKUX. yPaBHEHWII C TPAHUYHBIM ycaoBrmeM Heiimana. DTa pasHOCTHAsI CX€Ma PEAJM30BaHA JJTsl IIPOCTOM
TECTOBOI 3a/Ia9N.

Kmouesvie’ crosa: 3a1ada nAeHTUMUKAIIMA UCTOYHUKA, TUIepOosio-Tiapabosmdeckue auddepeHiuaibHbie
ypaBHEHNSsI, PA3HOCTHBIE CXEMBI.
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