Trans. Natl. Acad. Sci. Azerb. Ser. Phys.-Tech. Math. Sci.
38 (2018), no. 4, Mathematics, 70-78.

Fourier series analysis of a time-dependent perfusion coefficient
determination in a 2D bioheat transfer process
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Abstract. In this work, an inverse problem of determining the time-dependent perfusion coefficient of
two-dimensional (2D) heat equation with a classical and total energy integral overdetermination con-
dition is considered. The existence and uniqueness of the problem is obtained by generalized Fourier
method combined with the unique solvability of the second kind Volterra integral equation. Moreover, the
proof of the continuous dependence upon the data of the inverse problem is given.
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1 Introduction

The inverse coefficient problems for heat equation are of importance in some engineering,
industrial and medical point of views. Among these inverse problems, much attention is
given to the determination of the lowest order coefficient in multidimensional heat equation,
in particular, when this coefficient depends solely on time [4,7,9,12-15,21], although many
researchers have reported its difficulties.

The bioheat model is composed of a partial differential equation [20]:

pcUr — RAU + wypep(U — Uy) = hyy + he, (1.1

where r is the thermal conductivity of the tissue, U is the temperature of the tissue, wy
is mass flow rate of blood, ¢ is specific heat of the blood, U, is the temperature of the
arterial blood, h,, is a volumetric rate of metabolic heating generation, h. volumetric rate
of external heat, p is the density, and c is specific heat of the tissue.

In two-dimensional (2D) case, (1.1) takes the following dimensionless form

Ut :uxx+uyy_p(t)u(xuyat)—’_f(‘rvyvt)a (‘T’yvt) GDTy (12)
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by using the change of variables, letting gg as a reference source of heating generation

UZH(U_UCL), t:ﬂ, p:wbcz;7 f:he+hm7
g0 pc Kk go

where the domain Dy = D x (0 < t < T) with D = {(z,y) : 0 < x,y < 1}, the
parameter p(t) is blood perfusion coefficient, and f is the dimensionless source of heating
generation.

Inverse blood perfusion determination techniques for one dimensional (1D) case based
on known initial and classicial boundary conditions (Dirichlet, Neumann, Robin) and ad-
ditional classical measurements have been described in [6,16-18,21]. Moreover, these in-
verse problems in multidimensional cases had been studied in [3,22]. The determination of
the coefficient for one dimensional case based on nonlocal or nonclassical and additional
integral boundary conditions have been described in [8,10,11].

The determination of a time-dependent blood perfusion coefficient in a 2D bioheat equa-
tion is formulated as an inverse problem of finding the coefficient of the lowest term in a
2D heat equation with classical boundary conditions (Dirichlet boundary conditions) will
be considered in the present paper.

We consider (1.2) with the initial condition

u(@,y,0) =p(z,y), 0<z,y<l, (1.3)
Dirichlet boundary conditions

w0,y t) =u(l,y,t)=0, 0<y<1, 0<t<T, 4

u(z,0,t) =u(z,1,t) =0, 0<zxz<1, 0<t<T. (1.4
In the mathematical model of this problem, we consider a rectangular perfused tissue with
both thickness and length are 1. The boundary conditions (1.4) include 0° temperature at
z = 0, z = 1, on the upper skin surface at y = 1 and on a wall between the tissue and an
adjoint large blood vessel at y = 0.

The model which is considered a rectangular perfused tissue with length and thickness
equal to some value L and 1, respectively, including (some) given temperature on the upper
skin y = 1, adiabatic conditions at x = 0 and x = L, and convective heat transfer between
the tissue and an adjoint large blood vessel at y = 0 as a space-dependent bioheat transfer
problem presented in [1,2].

The problem of finding a pair {p(t), u(z,y,t)} € C[0,T] x C**!(Dr) satistying the
equation (1.2), initial condition (1.3), boundary conditions (1.4) and overdetermination con-
dition

11
/ / u(z,y,t)dedy = E(t). (1.5)
0 JO

will be called an inverse problem.

The paper is organized as follows. In Section 2, we recall some necessary results on
basisness of root functions concerning the two-dimensional spectral problem with classical
boundary condition. Then the well-posedness of the inverse problem (1.2)-(1.5) for global
T is showed by using generalized Fourier method combined with the unique solvability of
the second kind of Volterra integral equation in Section 3. Finally, the concluding remarks
are presented in Section 4.
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2 Spectral problem

Consider the following spectral problem:

0’7z  0°Z

— + —= Z =0 D 2.1

81'2 + ayg +/‘L , T,Y € ) ( )
Z(O’y):Z(Ly):Ov Z("an):Z(x71):O7 0<zy<I, (2.2)

where p is the separation parameter. We present the solution as follows
Z(x,y) = X(2)V(y). (2.3)
Substituting this expression into (2.1) and (2.2), we obtain the following problems

X"x)+vX(z)=0, 0<z<l1l, X(0)=X(1)=0, 2.4

V() +A\V(y)=0, 0<y<l1l, V(0)=V(1)=0, (2.5

where v = p — A. It is known that the solutions of (2.4) and (2.5) are

Ym = (Wm)2, Xm(x) = \/isin(wmx),

Ao = (7k)?, Vily) = V2sin(rky),

fork,m = 1,2, ..., respectively. Here, we give the constants multiplying the eigenfunctions
suitable for normalization conditions.

Consequently, the eigenvalues and eigenfunctions of problem (2.1), (2.2), with the rep-
resentation (2.3), are

/’Lm,k :f)/m—i_)\k = (Trm)z—’—(ﬂ—k)Za Zm,k(xay) :Xm(l')VkQ/), mak: 1727""
(2.6)
The problem (2.1)-(2.2) is self-adjoint in the sense of the following inner product

1 1
(16,€) = /0 /0 (e y)E (e, y)dedy,

Additionally, since X, (x) and Vj(y) are complete orthonormal system on [0, 1], then the
set of eigenfunctions Z,, j.(z,y) is complete in L(D) and form an orthonormal system of
functions on D; i.e., for any admissible indices m, k, [, and p, we have (Zm g, Z1p) = Lif
m =land k = pand (Z, 1, Z1,) = 0 otherwise.

For any integrable function ¢ (z,y) in D, the Parseval’s relation is

//D P a,y)dady => > oo

k=1m=1

where om i = [[p (2, ) Zm (@, y)dxdy, (see for example [19]).
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3 Global well-posedness of the inverse problem
We have the following assumptions on ¢(z,y), f(z,y,t) and E(t).

(A1)1 o(z,y) € C**(D),
(Al) (AI)Q @(07y) = 90(17 y) = Oa (70(1"70) = QO(.T, 1) = 07
(A1)s 011 >0, wom—126-1>0, mk=23,...,

(AZ)I f(JU,Z/, ) S C(ET)v f(fE,y, ) € 022( ) vt € [O T]
(A2) (A2)2  f(0,y,t) = f(Ly,t)=0, f(x,0,t)=f(z,1,¢)=0,
(A2)s  fam—12k—1(t) >0, m,k=1,2,...,
(A3)1 E(t) € CI[O T]
(A3) (A3)2 E(0 fo fo o(z,y)dzdy,
(A3)3 E( ) >0, Vte [O ],
where

fmge(t) /fxy, Zm(z,y)dedy, m,k=1,2,.

The main result on existence and uniqueness of the solution of the inverse problem
(1.2)-(1.5) is presented as follows.

Theorem 3.1 (Existence and uniqueness) Under the conditions (A1)-(As) the inverse
problem (1.2)-(1.5) has a unique solution.

Proof. Since (2.6) is a basis in Lo (E), we present the solution of (1.2)-(1.4) in the following
form for arbitrary p(t) € C[0,T):

(@, y, t —ZZamk Zon (2, 9), 3.1)

k=1m=1

where
t

() = o o~ (TR o= [ pls)ds / Fonso(r) e [T+ @R =)= [ p(s)ds g
0

Under conditions (A7) and (As), the series (3.1), its t—partial derivative, the xz—second
order and yy—second order partial derivatives converge uniformly in D that their majoriz-
ing sums absolutely convergence. Thus u(z,y,t) € C>%'(Dr). By considering (3.1) and
the overdetermination condition (1.5), we obtain the following Volterra integral equation of

the second kind with respect to r(t) = elo P(s)ds,

t
+/ K(t,r)r(r)dr, (3.2)
0
where
- — ¥2m—1,2k—1 7[((2m71)7r)2+((2k71)7r)2]t
2E gmzl @m—D2k-1)° ’
= Som—1,26-1(T) —[(@m—1)m)2+((2k—1)m)?] (t—7)
K7 71'2E Z (2m —1)(2k — 1) ’

k:1 m:l
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In the case that (3.2) has a positive solution in C'[0, T'], the function p(t) can be determined

from the equation

r'(t)
t) = .

p(t) 0

Under the assumptions (Aj)12 — (A3)1,2, the right-hand side of F'(¢) and the kernel
K (t,7) are continuously differentiable functions in [0, 7] and [0, T] x [0, T, respectively.
Moreover, under the conditions (A;)3 — (As)s, F(t) > 0in [0,7] and K(¢,7) > 0 in
[0,T] x [0,T7]. In addition, applying the Gronwall inequality [5] to (3.2), the following
inequality holds:

3.3)

Il < IIF]lcp.me” K lewrixor, (3.4)

Then we obtain a unique positive function r(t) € C*[0,T], which the function (3.3)
together with the solution of the problem (1.2)-(1.4) given by the Fourier series (3.1), form
the unique solution of the inverse problem (1.2)-(1.5). Theorem 3.1 is proved.

The following result on continuously dependence on the data of the solution of the in-
verse problem (1.2)-(1.5) holds.

Theorem 3.2 (Stability) Let S be the class of triples in the form {p, f, E} which satisfy
the assumptions (A1) - (A3) and
[fllc2205,) < Nos ellc22m) < Nis 1Ellerpr) < Ne,
0 < N3 < min |E(t)|,
t€[0,T]

)

for some positive constants N;, i = 0, 1,2, 3. Then the solution (p, u) of the inverse problem
(1.2)-(1.5) depends continuously upon the data in 3.

Proof. Let ® = {o, E, f},® = {, E, f} € S be two sets of data and (p, u) and (p, u) be
the solutions of inverse problem (1.2)-(1.5) corresponding the data ¢ and @, respectively.
Denote |8 = ¢l gz + |l o) + 1z,

According to (3.1) and (3.2), we get

/KtT 7)dr, and 7T(t) = F(t) /KtT 7)dT,

where

8 o P2m—1,2k—1 —[(@m—1)m)2+((2k—1)m)2]¢
F(t) = >0 @m—1)(2k - 1)° ’

k=1m=1
K(t,7) = 8 i i f2m71,2k71(7_> e*[((mel)ﬂ)2+((2k71)7r)2](th)
’ m2E(t) == (2m —1)(2k — 1) ’
and
= 8 — Pom—1,2k—1 —[((@m-1)m)2+((2k—1)m)2]t
F t == — ’ )
O ="250 ;; 2m—1)(2k—1)°
-5 8 > > ?217’11— 72k— (T) — m—1)m 2 —1)m 2 —T
K(t,7) = Sy L2k=1T) - [(@m—1)m)>+((2k—1)m)?](t—7)

(2m —1)(2k — 1)
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At first, let us estimate the difference » — 7. We obtain from (3.2)

t t
r(t)—7(t) = F(t)—F(t)+/ [K(t, T) — F(t,T)] 'r(T)dT—i—/ K(t,7)[r(r) —7(7)] dr.
_ " _ ’ (3.5
Lety = |[|[F—Fl|co,r + T K — K| c(o,71x[o,m) I lc[o,r) and denote R(t) = |r(t) —7(t)].
Then (3.5) implies the inequality

t
RO) <7+ [ Rt 0IR()dr 36
0
By applying the Gronwall inequality, we obtain from (3.6)
R(t) < 5 - efot SUDse[r 1] |F(s,7)|d7‘i

Moreover, by using Schwarz and Bessel’s inequalities, we get

|F(t)] < Z,E 27;02_"”‘11;211) j\,gclcznoHCQ,Q( < le C1Co,
and similarly 7
[K(t,7)] < :j}r\% (3.8)
where
0o 1 2 1/2 0o 1 2 1/2
= (E6)) e (B

Finally, from (3.4), (3.7) and (3.8), we have
I = Tllop.r) < C3(IF = Flloom + Call K = Klleo,ryxo.1)):

where C3 = ¢T(&No/7*N3)C1C2 and O = T(8N1/m2N3)CyC2C3. Therefore, r continu-
ously depends upon F' and K.

Now let us see that F' and K continuously depend upon the data. It is easy to derive the
following inequalities:

— 8 1 _ Ny —
[F(t) = F(t)] = 5C1C2 (N;),H(P — Pl + @\\E - E”cl[o,:r]) )

— 8 1 — N, _
[K(t,7) — K(t,7)] < pcl@ (]Vg”f — flle220m,) + —IE - E||01[0,T]> :

4
These inequalities imply that

IF = Flicp,r) < Mi(lf = flloz2omyy + 10 = Pllceeam) + 1B = Elloror)
< M2 - 2|,
and similarly - B
1K — K|lcqorxor) < M2||® -2,

where M7 and M, are constants obtained from the constants Cy, Cy and N, k = 0,1, 2, 3.
Thus, F' and K continuously depend upon the data. So,  also continuously depends upon
the data.
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We also need to show that v’ depends continuously upon the data in order to show that
p depends continuously upon the data. Differentiating both sides of (3.2) with respect to ¢,
we get the followings:

r'(t) = F'(t) + K(t,t)r( /KttT

7 (t) =F (1) + K (t,t)7( /Kttr
Then, the following estimation holds:

" =7l <IIF' — F/HC[O,T]
+ (IK = Klleqorxo.m + TN — Killeqo,m<o,m) ITllcpn
+ (IKlleqoryxo.rn + TIE dleo,rxoom) Im =Tl
3.9

Since we know that r, F', and K are continuously dependent upon the data, we need to show
continuously dependence of the remaining statements. Since the following inequality holds
by two times over the x—axis and two times over the y—axis integration by parts

\E(t 7)l

/

ZZfzmlzkl (1) EAU) .

s 2m — 1 2k — 1
k=1 m=1 E(t)<2k‘1 2m1>+E2()(2m1)(2k¢1)

8 2C1Cy  N2C1Co 8 9 Ny
<illcwann (“ g ) < 7aociCa (g, + )

7T

r’ depends continuously upon F’ and K, we can easily obtain the following inequalities
similarly:

— 8 [/ Ny + 2N3 _
’F/(t) —F(t) < pchz (1\[2> llp — 90"02,2(5)
L 3

2No + 3N3 —
+N <Ng) £~ EHCl[O,T]] ;
3
Ny + 2N3

_ 8 I _
| K (t,7) — K(t,7)| < 50102 <N32> If - fHCz,z,O(ﬁT)

2Ns + 3N3 —
+No <Ng> £~ EHC’l[O,T]] ;
3

Hence, by using the last inequalities, from (3.9)
Ir" =7 llcp,m < Ms||@ — 2,

where M3 is a constant which is determined from C7, C5 and Ng, k& = 0,1,2,3. This
means that ' depends continuously upon the data as well. Thus, from (3.3) p also depends
continuously upon the data.

Similarly, we obtain the estimate the difference v — w from (3.1):

lu =l o, < Mall® — 2.

Theorem 3.2 is proved.

I
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4 Conclusion

The paper considers the problem of determining the lowest coefficient that depends on time
only, for a two-dimensional parabolic equation with classical boundary conditions and the
total energy measurement. The existence and uniqueness of the solution of such an inverse
problem and global well-posedness of this problem are examined by using the method of
series expansion in terms of eigenfunctions of corresponding spatial differential operator
which is self-adjoint and hence the system of eigenfunctions is complete.

The numerical method of the inverse problem (1.2)-(1.5) will be considered with a suit-

able combination of the finite difference scheme and numerical integration as a future work.
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