DERIVATION OF FORMULAS FOR THE GRADIENT OF THE ERROR IN THE
ITERATIVE SOLUTION OF INVERSE PROBLEMS OF HEAT CONDUCTION.
I. DETERMINATION OF THE GRADIENT IN TERMS OF THE GREEN'S
FUNCTION

0. M. Alifanov ' UDC 536.24

We consider the construction of the gradient of the error functional for the
iterative solution of inverse problems involving equations of the parabolic type.
The linear formulation of the problem is analyzed.

In the solution of incorrectly posed inverse problems of mathematical physics, a widely
used method is iterative regularization, where the stability of the approximate solution is
attained by limiting the number of iterations in a way that is consistent with errors in the
initial data [1-6]. Regularizing gradient algorithms [2, 3, 6-11] possess high computational
efficiency and universality of practical application. In this method, the gradient of the
error functional is calculated in each iteration

2

: (1)

F

J (1) = —;- Au—f

where this functional is associated with the extremum formulation of the inverse probiem
Au=Ff, uclU, fEF.

Here u and f are the unknown and known elements: U and F are certain normalized spaces;
A:U > F is a given operator. The procedure of calculating the gradient J',; determines to a
significant degree the accuracy and speed of the solution algorithm of the inverse problem.

The present paper is one of three parts. We consider two general analytical approaches
to the construction of the error gradient for inverse problems of generalized heat conduc-
tion. The first is based on the integral representation of the solution in terms of a Green's
function and is applicable in the case of a linear operator A (this approach is given in the
present paper). The second approach applies not only to linear problems, but also to non-
linear ones, and is based on the solution of a boundary-value problem conjugate to the problem
for the field increment of the variable state (this approach will be considered in the second
and third papers of this series). These methods of finding the gradient are distinguished
by their high accuracy and fast execution time.

Below we consider the usual case in practical situations where the space of square-
integrable L, functions is chosen as U and F. We consider only the case of a single spatial
variable. As shown in {[12], it is a rather simple matter to transform from a known gradient
of the functional in the space L, to the gradient of this functional in the space of Wzk func-
tions, which, along with their derivatives up to the k-th order (the derivative is understood
in the sense of generalized functions) are square-integrable. Then a priori information on
the smoothness of the required function can be taken into account

The determination of the error gradient in terms of the Green's function assumes that
the solution of the corresponding direct problem is known, and written in terms of this func-
tion. We discuss this matter in more detail.

In the region Q = (0, b) x (0, 1) we consider the following parabolic equation with
variable coefficients

Ler (xv T) = q(xv T)’ (2)
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where
0 02
Lyg=——Ag, A =a,(x, 1) -
T 07 T T 1 ( ! 6x2

d
+ Qs (xs T) + Qg (x7 1")‘
ox

We consider (2) subject to the initial condition

T(x, 0)= lim T(x, ©) =E(x) ’ (3)
10+
and the boundary conditions
BT (0, ©) = p1 (1), Ba:T (b, T) = p2(7), (4)
where the operators B, and B,. have the form:
0
By = [Yl (v E“I‘ 01 (T)LZO, (5)
0
By = ['Y‘.’ (1) — + 0, (T)] . (6)
ax x==b

We assume that Yy, # 0, vy, # 0. The corresponding results for boundary conditions of the first
kind can be obtained in a similar way and will be presented without detailed derivation.

We consider the system of operators {AXT, BIT, ZT}, where T is treated as a parameter,
and we construct the conjugate system {Ay.%, B, ¥, BzT }. Assuming that the coefficients
a;(x, 1), a,(x, 1), az(x, 1) are sufficiently smooth in x, we write the following differential
expression, which is referred to as being formally conjugate to Ay, T:

; 0 (as_: )

Az = 2 (— 1) ™

.MIQ

It
<

L

Let the functions T(x, 1), y(x, t) have continuous derivatives with respect to x up to
the second order inclusive in [0, b]. The second Green's relation is

b

\ (\PAWT - TA;r\P) dx = [allpTx *1‘ T (a'llp - (allp)x)]ij()) . (7)
0

The system of operators {Ax.*, B, %, B,.*} is called conjugate to {Ax¢» Byg, By} if
the right-hand side of (7) vanishes when

By T(0, 7) =0, BoT (b, 7) = 0; (8)
Bip (0, ) =0, B (b, ) = 0. (9)
From (5), (6), and (8) we have
To(0, )= — LT, 1), To(b, 7) = — 2T (b, 7).
Y1 V2

We substitute these quantities into the right-hand side of (7) and equate the result to zero:

[—— —G—’LaﬂpT— T (a1y), + azlpT} + [_?1_ a9l — T (a)), — a.zlpT] = 0.
V2 x=b L V1 x=0

It then follows that

. o}

B0, 9= | @it (a2 —a)| (10)

V]_ x=0
B0, 9= @i+ (a2 —a)] (11)

V2 / x=h

We determine now the operator Lg%, formally conjugate to Lyg:
Li=—2 4, (12)
Jt
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and we consider the integral

Tm b . ’I.'In b
g dv | ($Lol — TLie$) dt = — [ [afTo + Tl@p — (@)1 +j [T 5. (13)
0 0 0 0

The right~hand side of this expression is zero, if we assume the conditions (8) and (9) and
also the conditions

T(x, 0)=0, Pp(x, Tn) = 0.
Hence the following boundary-value problem is conjugate to the problem defined by (2)-

(4): .
Lep(x, 1) =S(x, 1), (¥, T)EQ; (14)

1|J(x, Tm) = §(x); (15)
Biep (0, 1) = g1 (1) Bap(, 1) = g2 (1), (16)
where S(x, 1), £(x), g,(t), g,(t) are certain functions.

We introduce in the usual way the Green's functions for the systems of operators {Lgr,
Byrs By} and {Lyc*, By.*, B, *}, denoting them by G(x, t; x', ') and G*(x, 1; x', t'), re-
spectively. These functions satisfy the conditions

L.G(x, v, £, ©')y=0, x€(0, b), 1>1; (17)

B1.G(0, 7 &', T) =By G(b, 7; ¥, V) =0, X €(0, b), T>1 (18)
b

fim § Ot ¥ e &, ) ([ dr = F), FHECIO, bl o>0, (19)

LnG* (x, 1; %', ©) =0, x€(0, b), 1< (20)

BiG*(0, T; %', v)=ByG*(b, ; &', ¥)=0, £ €(0, b), T<<"; (21)
b

lim SG* (x, v —e& %', v)[(x)dx = [(x'), [(x)€CIO0, b], e=>0. (22)
g0 o

It is known [13, 14] that for any two points (x, 1) and (x', t') of Q for which t > 1',
Gix, ©; &', T)=G*(x', 5 x, ). (23)
The relation (23) can be obtained by putting
Ty, 9=G, & «, ), $(y, ) =GC*(y, & x, 1),
and integrating Green's identity with these values of T and y over the region

T—e b—0

YyE[O+8, b—39], te[ +e T —el, (dtj' [G*(y, ¢ % vL,G(y, t
e 08
T-—.E
x, 1)Yy—Gly, & x, r’)L;,G*(y,t; x, )ldy = — j {aa ly, ) G*(y, & (24)
. T'+e

%, VG, (g, b &, VV+ Gy, & &, V) [axw, HG*(y, & % T)—
]
Gy, t; ¥, )Gy, & %, TiZoy

i=1'-18,
i}

b

—(as(y, HG* (y, & x, V), 1Mi=658dt +
0

ey

_I.

where g, 8§ > 0.

In this expression the integral on the left-hand side is equal to zero in view of the
conditions (17) and (20). From (18), (5), (6) and (21), (10), (11), the first integral on
the right-hand side of (24) will go to zero in the limit § » 0. Therefore, we arrive at the

relation .

b
(G, v—e &, T)G*(y, T—8; x. T)dY = {G(y, v e ¥, T)GF(Y, T +g x, T)dy,
0 0
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from which we obtain the required relation (23) in the limit € - 0 if we use (19) and (22).

We consider again the integration of Green's identity, taking for the integration vari-
ables x' € [0, b], ©' € [0, T — €] and using the function G*(x', t'; X, 1) as v(x', ')

18 b . . , , ,
[av [16° (¢, ¥ % D LewT (&, )= T, Y Lo GF (¢, 5 %, Dldx’ =
0

. 0 ’ 7.
= — [la W, )0, 75 n DT, 1) = TE V) (@, 90, 7
)

% ), + e, )T E, ¥)G(, v x DY dT —

b b | ’ |

_S"T(x,’ G, 0 % Tdd 3 T{x, 1—e)G*(x', ©v—¢g x, 1)dx.
0

b
Using (20) and (23), we obtain in the limit e - 0 the following expression:

T(x, 1) =1 1)+ L& 1)+ 1) (25)

where
T b ©
Iy (x, T)= fdr’g Gx, 7, X', UYLy T (¥, v)dx’ = gdr'j G(x, v, x', V)g(x/, v)dx,
0 b 0 ]
5 4 »
Lix, 0= | T, 0G(x, 7 «, 0)dx' = [ G, 5 2, OEE)AY,
6 ¢

T
Iy (x, 1) = § {a, (%', T)Tu (&', )G (&', 5 x, T)—T(x, U)X
b

X{ay (x', TG (¥, v x, W +ax(x, V)T, U)EF (S, T x, DM
In the formula for I;(x, T) we substitute the values of the derivatives T4(0, t') and
Tx(b, t') from the boundary conditions (4):

T ’
p?(r) T/__

L.(x, D=\ a; (b, T)G* (b, T'; x, T) -

a(x, 1) 0\ 1(b, )G ( ()
— g a; (0, TYG*(0, ©'; x, T)—ﬂ—(z;-)— dt’ -+ \"{T(O, T') [al 0, vy X
] y1(t) il

0
X G*(0, "5 x, T) % (T,)— 4 {a; (0, THYG* 0, 5 x, T —
Y1 (7T

—a, (0, T)G* (0, t; x, T)J—T(b, T’)[al(b, Ty G* (D, 5 x, 1)

Y
. "
+{a (h, UV)GH(b, T £, D — (b, TYEF(D, T %, "C)JJ at’.

Using the conditions (23) and (21), (10), (11), we obtain finally

T ’ T ’
Is(x, D= [ Glx, 7 b, T)a; (b, T —p—‘z—(-r—,)—dr'h {G(v, © 0, ) a; (0, 7) () g,
i vz (V) 0 vy (1)

0

Therefore, we have found expressions for the three terms I,, I,, and I; which deter-
mine the solution T(x, 1) (from the superposition result (25)) of the boundary-value problem

(2)-(4) in terms of the Green's function.

If instead of the boundary conditions used above we were given conditions of the first
kind (y; =y, = 0, 0; = 0, = 1), then the solution (25) would change only in the term Ij,

which in this case would take the form
T
47— | p2 (V) (@ (b, T)C (x, T b, TNedT,

T
Ii(x, ©={ p () (@0, ©)G (x 7 0, )k
i 0

where Gl is the Green's function for (2) with boundary conditions of the first kind.
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If we now consider any of the functions q(x, t), £(x), p;(t), p,(t) as unknown, we arrive
at a formulation of the inverse problem with a linear, given operator A in the functional
(1). In this case an explicit expression can be obtained for the error gradient J' = A*(Au —
f), defining the conjugate operator A¥*.

Let the required function be q(x, T). From the point of view of the uniqueness of the
solution of this inverse problem, it is necessary to use the field T(x, T) as the initial
data, and write the error in the form

J(9)= Ydrwquzm
0

rol»—-

where

T b .
Agq :S dv’ \ g(x', ©)G(x, © ', T)dx, AL, (Q)— L2 (Q);
0 0

=T v)—L(x D—1Ix 7).

We introduce the notation A(x, t) = Aq — f, and using the definition of the conjugate
operator, we write the following identity for the scalar products:

(49, A =@ A*) o (26)
We write out the left-hand side of (26):

Tm b T b
(A9, D) = S’d'c YA(x, r)dxf dr’ (q(x', )G (x, T; ¥, v)dx
b 0 0 b
and change the order of integration
Tm b Tm b
(Ag, A), o) = { dv’ [ g, v)dx’ Ydr g' Ax, ©)G(x, T ', T)dx. (27)
0 0 0

Comparing (27) with (26), we obtain the required expression for the gradient

T, b
Jowr o = A*A = Vdr Y A(x, ©G(x, T ¥, T)dx.
v 0

We assume now that q(x, t) = ¢(x, t)s(t), where @(x, 1) is known, and assume that we are
given the functions f,(t) = T(d,, ©), n =1, N, N2 1, 0 £ d, £ b. It is required to find
the gradient J'g(¢) of the functional

1 N Ty
IO =5 2 | Ams—Fapdr,
n=10

where
< b
Ags = g dv’ fcp(x', ) 5(t")G(dy, T X', T)dx';
b 0

Asn : L2 [0’ Tm] _>L2 [07 Tm]; fn = fn (T) - 12 (dn’ T) - [3 (dm T)'

N

It is not difficult to show that [, = :S,q;(Asns—~fn) , therefore it is necessary to find
n=1

the conjugate operators A¥%g,. Writing the identity

(Asnss Asn)Lle,'cm] = (S’ A:”AS")L’[O’T”‘] ’ (28)

where Agn(t) = Agps — £, and writing out the left-hand side of (28), we obtain the following
result after changing the order of integration

m Tm
(A, Agn) = | 5 (¥) a7 [ Bpn (D) Dldy. 7, T) T,
0

T
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where

b
@ (dy, 1, T)= (mugrqcmmr;f,fymn
5

Hence the required result for the conjugate operator is
Tm

£¢m=§Amm®wmnxmn
E2

Following the same reasoning, it can be shown that if g{(x, 1) = ¢(x, Dw(x) (o(x, 1) is
a known function) then the gradient of the functional

J (w) —"E g (Aundu - fn)zdr’
n—l 0

where
T b ‘
Awnmrzzfdr’fm(xﬂ Yw(x)G{d,, 1, ¥, T)dx, A, L]0, b~ Ly [0, T,
il 0

will be equal to

et

N m
2 wnAwm un = 5 AunK (dnv X’, T)dTr
n=1 Q
. ’
Aun = At — fry K(dny 2, 0= [0, ©)G{dn, w5 ¥, ¥)d7".
0

Similarly we can derive expressions for the gradient of the error functionals with re-
spect to £(x), p;{t), p,(t). Omitting the subscript n for simplicity, we write down the cor-
responding formulas for the operators A and A¥*:

b
A= [EE)GW, T &, 0dx', AgiLe[0, b Lo10, Tul;
4

Tm

Ay = [y v &, 0dv
¢

Apnpl - S a4 (0 T ) & E i G (d T 0 T )dT pa- L‘.’. ‘Ov Tm} - L2 {07 ka
Aply - = (O’ :U ) ‘l y{T)G(da T Oy T') dT;
()

T ’
Apzp2 = s. 431 (b’ 1'.,) piﬁl% G(dy T b7 T,) dT’! A/Jg : L‘2 [Ov Tm] - L2 [07 Tm];
Yo T

0 b

’ Tm

Apy = %f_) {y(G@, v b, TVdr
v2(¥)

Similarly for boundary conditions of the first kind, we obtain

Tm

Ay = [y (@0, 7)C'd © 0, V)edr;

T

(29)
Ay =— [y (@O, v)G'd, v b, V)i

It was assumed above that (2) was specified with fixed boundaries and it was also assumed
that the functions f,(t) were known at certain points dp, fixed in position. In practice it
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is sometimes necessary to take into account the movement of both the boundaries of the
region and also the measured points. That is, we require the solution of the inverse prob-
lem in the region Qp = {X;(1) £ x € X,(1), 0 £ t £ 1}, knowing the functions f,(t) =
T(d,(t), 1), n =1, N.

One of the possible approaches to the solution of this problem is based on the method
of fictitious boundaries [3]. The essence of the method, in the context of the case con-
sidered here, is as follows. The region Q; is expanded to the rectangular region Q = [a,

b] x [0, tp]l, where g=min X, (1), b=max Xy(t) are so-called fictitious boundaries. It is then
€l 0,Ty,1 Te[0, Ty ]
required to determine the coefficients of equation (2) in such a way that the required smooth-
ness of these coefficients as functions of x, T will be assured over the entire region Q.
From the solution of the auxiliary inverse boundary-value problem in the region Q with the
data fn(T), n =1, N, the conditions on the boundaries a andb are found. We note that it
is convenient to consider boundary conditions of the first kind, i.e., to look for the func-
tions T(a, t), T(b, 1), since a problem of this kind for (2) is better determined than the
other formulations [3]. Then from the solution of the boundary-value problem of the first
kind in the region Q, the required quantities are determined along the lines X,(t) and X,(t),
e [0, 1q].

The transition to an expanded rectangular region with fictitious boundaries is useful
in simplifying the solution algorithm of the original inverse problem, since for many cases
(Eq. (2) with constant coefficients, for example) the Green's function can be obtained in
explicit form (see [15], for example). In the formulas for the error gradient, dp(1) must
be substituted for the fixed constants d,.

It must be pointed out that the expansion of the region of the solution decreases the
determinability of the inverse problem to be solved in this region. Therefore it is best
to choose an expanded region as close as possible to the original region and yet such that
the Green's function is known for it.

We consider one of the practically important cases: the inverse problem for the heat
equation with constant coefficients in a region with one moving and one fixed boundary:

Ti=aTyy (%, DEQ: = {0<x <X (1), O<<vC 1)
We take the boundary conditions in the form
T (x, 0)=E(x), x€[0, X(O);
T(0, 1)y =f (1), YT (X (z), 1)+ oT (X (1), 1) = p(r), TEI0, Tnl
We take as an expanded region the following trapezoidal region Q = {0 < x < y(1) = ¢ +
vt, 0 < T £ 1} closest to Q;. We thus require that the function y(t) satisfy the conditions

y (0> X (), y(©):min max |y () — X (o),

where £ 2 0 and v are parameters determining the uniformly moving fictitious boundary.
We consider the boundary-value problem of the first kind for the heat equation in the

region Q, with the condition T(y(t), 1) =%(1) on the fictitious boundary. Following {16],
we write the solution

(0) T T
T )= [E@)G w &, 0dx +a [ FE)GHE © 0, 1)e¥. —a | %(®)Gh(x © y(©), ¥)dv. (30)

0 0 0

In this expression the Green's function has the form

j==—+o0 ’ ’
1 vt ., XU ]
1 o ) e exp | — -2 — -] X
G m &, 1) 2Van (t — ) P [

v {exp [_(201’]’ Ly —x)p } — exp [__(201’]' + %' 4 x) ]} -

4a(t—1') 4a(t—7')
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Hence in the calculation of the gradient of the functional J'w(t) in the iterative solu-
tion of the inverse problem one can use (30) for the function®n(t) and (29) for the conjugate
operator, in which we put in place of a,(b, t') and b, the constant a and the function y(t'),
respectively. If the temperature is measured at the moving points dy(1), then the number d
is replaced by the corresponding function.

After calculating x(t), the boundary-value problem of the first kind is solved in the
region Q, and the required quantity p(t) is found on the line X(1). The integral represen-
tation (30) is also used for this procedure.

We note that Green's functions have been obtained for the heat equation with constant
coefficients for other regions with uniformly moving boundaries [16].

Therefore, the method discussed in this section is convenient to use in the calculation
of the error gradient whenever the Green's function can be found analytically. 1In the case
when the Green's function is unknown and can be constructed only numerically, it is more ef-
ficient to find the gradient by a different, more general method which uses the solution of
the conjugate boundary-value problem. This problem will be considered in the next paper of
the current series.
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