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1. Introduction. This paper deals with an inverse problem for wave propagation in
an absorbing medium. Specifically, the problem we consider is a generalization of that
considered in [5]. The motivation for the work in that paper came from a one-dimensional
electromagnetic inverse scattering problem in which the conductivity ¢(z) and permittivity
€(z) of a slab of finite thickness situated between z = 0 and z = L were obtained by
working in the space-time domain. The data required for the reconstruction of ¢ and o
were determined by a portion of an incident plane wave and portions of the resulting
reflected and transmitted waves. It was then shown that the actual reconstruction could be
achieved by solving a single Gelfand-Levitan type integral equation.

The hypotheses used in [S] were motivated by the assumption that for 0 < z < L the
functions ¢ and o were continuous. In the present paper we relax this assumption by
allowing e and o to have any finite number of jump discontinuities on 0 < z < L, as well as
being discontinuous at z = 0 and z = L. Our solution of this problem is again carried out
in the space-time domain. We show that the data for the solution can again be obtained
from finite portions of a single incident, reflected and transmitted wave, although slightly
“more” data are needed than in [5]. The reconstruction of € and ¢ can then be achieved by
solving a linear integral equation containing advance and delay terms.

The problem we consider is modeled by

Ugr — Uy + A(X)u, + B(x)u, + C(x)u = 0, —ow < x <o —o < » (l.1)
where we assume there exist constants x;, 0 = x, < x; < -+ < x, = [ such that

(a) Support 4, B, C C [0,/].

(b) A, B, C are piecewise continuous on [0, /] with all discontinuities occurring at the
points x; , i = 0, 1, -+, n.

(c) A' and B' are continuous on the subintervals (x; , x;4,), i = 0, 1, -+, n — 1.

(d) The solution wu(x, t) is everywhere continuous and piecewise CZ.

(e) There exist nonzero constants ¢, such that c,u.(x, +,1) = u(x;, —, ¢),i=0,1,-- -,
n. (Notice that the quantity ¢, in this paper is equivalent to ¢,~* in [5].)

We assume that the coefficients 4, B, C of Eq. (1.1) (and therefore the location and
number of discontinuities; i.e., the points x; and the integer n) are unknown on (0, /), and
seek to determine information about these coefficients by using information concerning
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the solution u of (1.1) in “free space”, x < 0 and x > /. Specifically, we have that a plane
wave u'(x — t) propagating in the +x direction gives rise to a reflected wave u” propagating
in the —x direction for x < 0 and a transmitted wave u' propagating in the +x direction
for x > /. Thus, in the “free space” region, Eq. (1.1) has the solution

u(x, ) = u'x — )+ u(x + 1), x<0
=ul(x — 1) , x> 1.

We require that u'(s) = w'(s) = w'(—s) = 0 for s = 0, and that these functions be
continuous and piecewise C? (as mentioned in (d) above).
Now let us impose the additional hypotheses

(f) u'(0-) #0.

(g) LetS denote the set of all quantities (x; — x;), 0 < j < i < n. We assume that no
element of S can be expressed as a linear combination (with positive, integral
coefficients) of other elements of S.

(h) A finite upper bound for x, is known.

We show in this paper that if hypotheses (a)-(h) are satisfied, then knowledge of the
scattering data u'(s), u'(s), w(—s) for —4] < s < 0 is sufficient to determine the coefficient
B(x) and the combination of coefficients C — A4'/2 — 4%/4 on (0, /), as well as the points
x; and the integer n. The hypotheses (f)-(h) are imposed only to guarantee that the kernels
of the reflection and transmission operators (see Sec. 3) and certain constants related to
these operators can be determined. (This is elaborated in Sec. 4 and 5.) However, there are
cases in which (g) is not satisfied and these quantities can still be determined. (For
example, let n = 3 and x, = 0, x;, = .15, x, = .85, x3 = 1)

If hypotheses (f)-(h) are not satisfied, the inverse problem is still solvable, but certain
data may have to be obtained by means other than looking at scattered waves. In
particular, the synthesis problem is still solvable. In other problems, such as biological
applications, the number and location (or approximate location) of the x;’s is known and
so hypothesis (h) can be dropped and it may be possible to relax (g), depending on the
geometry.

As mentioned above, the motivation for our work comes from an electromagnetic
scattering problem. To see the connection between this and Eq. (1.1), consider an electro-
magnetic wave propagating along the z axis normal to the slab. The transverse electric
field E(z, t) satisfies

E., — e(2)uoEu — 0(2)uoE; =0, —®<z< 0 —0 <1< oo, (1.2)

where u, is constant and e and ¢ have jump discontinuities at the points z, , where 0 = z, <
z, < -+ <z, = L. As shown in [5], the change of variable

= [ lelomlrds, () = x, ux, 1) = B 1) (1.3)

reduces (1.2) to the form (1.1) with
a = [e(zit)/e(z—)]"

The solution of inverse wave propagation problems in absorbing media has been
studied by several authors. The work of Buzdin [1] is concerned with a half-space
problem, but results in a system of seven coupled nonlinear integrodifferential equations.
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Jaulent [2] considers both one-dimensional and radial inverse problems in absorbing
media by means of a steady-state approach. Under certain hypotheses the solution of the
inverse problem then reduces to the solution of two sets of dual linear integral equations
and a nonlinear initial value problem. Weston [8, 9] and Weston and Krueger [10]
consider a one-dimensional slab problem (using a space-time technique) whose solution is
obtained from a dual set of linear integral equations. In all of the above problems,
however, the hypotheses imposed imply that the properties of the absorbing medium must
vary smoothly in the spatial variable. In other words, when writing these problems in the
form (1.1), the coefficients 4 and B are C* for — < x < o and C is continuous for — <
x < o, Such conditions are quite restrictive since they do not allow for the fact that the
interface between two different media is characterized by discontinuities in 4, B, C.

Of course, considerable analysis has been done for the case 4 = B = 0, C piecewise
continuous. (For example, see Roseau [7] for a time-dependent approach, and Kay [4] for
a steady-state approach.) However, these analyses do not take into account the jump
discontinuities in u, given in (e) and consequently are not applicable to certain types of
problems, such as electromagnetic inverse problems using a fixed angle of incidence.
Therefore, as was brought out in [5, Sec. 2], the results presented here also have appli-
cation to some unresolved inverse scattering problems in nondissipative media.

The outline of this paper is as follows: In Sec. 2 we generalize the weak Riemann
function developed in [5] to allow for multiple jump discontinuities. Using this function
we can then express the solution u of (1.1) in terms of the waves ¥! and «, or u’. Sec. 3 is
concerned with the development of the scattering operators for (1.1). In Sec. 4 an analogue
of the Gelfand-Levitan equation is developed. This equation contains, in general, both
advance and delay terms and its solution yields the coefficient B and the combination C —
A'/2 — A*/4. We also present a numerical method of solution. Sec. 5 is concerned with
how certain data for the solution of the inverse problem can be obtained. Finally, Sec. 6
deals with the special case of an electromagnetic inverse problem in which the conductivity
and permittivity are piecewise constant functions.

2. The weak Riemann function. As in [5] we begin by solving the Cauchy problem
for (1.1) with the data being u(x, t), u,(x, t) with x = 0+ or x = /—. In this case we use a
generalization of the weak Riemann function developed in [5]. Lettingé = x + t,7 = x —1,
we require that the weak Riemann function g(¢, n; & , no) now satisfy

(a) L*g=0forfi+n#2x;,i=0,1, -+, n(where L* is the formal adjoint of L);
(b) g is a continuous function of £, n, &, 70 ;

(Eg+m)/2

(c) g ,m; & ,m0) = €xp {-;—f( (A(s) + B(S))dS} ;

Eo+mg)/2

E+my)/2

@ gemoiboom) = oxp | T [ ae - B

Eo+1m0)/2
(€) [g + & " ™ pinann = [A1* ™o, 8lesnozs, for i = 0, 1, -++, n, where we
denote differences in function values with [f]9% = f(P).

It is clear that such a function exists and is unique.
We begin by expressing the solution u of (1.1) in terms of Cauchy data on x = /—. In
what follows, 8 is the Heaviside function, 8(s) = 0if s < 0, 6(s) = 1 if s > 0.
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Lemma 1. For x </ and any ¢t we have

n-1 S,
2u(x, 1) = gulp + gule + > 0(x,—x)(c,—])f gu, ds
i=o R,

Q
+ f {u(ge + ) — uxg — A(—)ug) ds @.1)

where ¢y =x+t,po=x—t,P=(—,t+x—-0,0=(—,t—x+1),R, =(x; +,t —x+
x:), S; = (x; +,¢ + x — x;). The integrals under the summation sign are along the lines x =
x;+ and the last integral on the right-hand side is along the line x = /—.

Proof: To fix our ideas, consider a given point (& , 7,). We integrate the expression
gLu — ul*g = 0 over all regions in the (£, n) plane (bounded by the characteristics through
(%0, m0) and the line £ + 5 = 2/—) in which the expression is continuously differentiable. In
general, these regions are bounded by the lines £ + n = 2x, and also by the characteristics £
= 2x;, — no and n = 2x; — &, along which the discontinuities in g; and g, are propagated
respectively. Applying Green’s formula and adding the resulting integrals, we find that the
properties of the weak Riemann function cause the integrals along the lines £ + n = 2x; to
reduce to the summation of integrals on the right-hand side of (2.1) and the integrals along
the characteristics £ = 2x;, — 7o, 7 = 2x; — & cancel out. Thus we arrive at (2.1) and the
proof is completed. (Notice that the integral on the right-hand side of (2.1) along x = /- is
actually composed of a sum of integrals along x = /—, the integrand in each single integral
being continuously differentiable.)

We now introduce operators JC, and X, which will be used to trace internal reflections
in the slab. If v is any function of x + ¢, we define the shift operator 3¢, by

Hwx £1)=Hea + NDo(x 1) — He, — Do(2x; — x £ ) exp {=F fxi B(s)ds} ,

taking either the upper or lower signs throughout. Furthermore, we require that for any
functions of x, say f and g, we have

I (x)o(x £ 1) + glx)w(x £ )] = f(x) Iw(x £+ 1) + g(x) I,w(x £ 1).
We define the linear operator X, similarly, with
Kv(x £1) =¥e; + Do(x £ 1) + e, —1)o(2x; — x £ t) exp {? fxi B(s) ds} .

We define composition of these operators in the obvious way,
(3C; 0 ICv(x £ 1) = I,(BCu(x £ 1)) = I, o Iu(x * 1).
Observe that if we let 9 denote the identity operator,
g fxlx £ 1) = f(x)ox £ 1),

then we have

LEMMA 2. C,-‘IJCt ] 3(:1 = Ci_l 3@1 o (K, =d.
Proof:

JCi o JCIU(X + t) = %(Cl + ])KtU(X + t)
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—3c; — 1)exp {=F fxt B(s) ds} KivQx; — x 1)
=Ha+ Do(x+1t) — e, — DPo(x 1)

= qu(x £ 1).

Clearly, a similar result holds for 3¢; © X, , and the proof is completed.

Now for any integer k, | < k < n, let J(k) denote the set of all sequencesj = (ji , jrs1 »
-+« jn) such that:

(a) Eachj is either —1, 0 or +1;

(b) The last nonzero j; in any sequence is 1;

(c) The nonzero entries in the sequence (. , jr+1, " , jn) alternate in sign.

Notice that if we set

1.0y = {j € Jx 3 = of
and

s =€ s $ =1},
then

J(k) = J(k, 0) U J(k, 1).
Now for j & J(k) set

n

n=2%jx. € =p I] @)% G

i=k

where

T H (G+1),  @=@-D/c+1), Gx)= exp{—fox B(s)ds} .

i=k
It can now be shown that

3k 0 3hyy0 - 0Fw(x £1) = D C/fu(ry + x £ 1)— G(x)™ e; Cio(r,— x £ 1)
J (k,1)

JEJ(R,0)
(2.2)

taking either the upper or lower signs throughout. The expressions for X, © X4, © - -+ ©
Xnv(x £ t) are similar to (2.2), except that the minus sign between the two summations is
replaced with a plus sign.

In an analogous manner we define J(k) to be the set of all sequencesj = (o , /1, * * * »Jjr)
such that:

(a) Eachjj is either —1, 0 or +1;
(b) The first nonzero j; in any sequence is 1;
(c) The nonzero entries in the sequence alternate in sign.
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J(k, 0) = {1'6 Jky: Y = } . Sk 1) = {jE Jik): [Z::) Ji = 1} ,
and, for j € J(k),

k
F=22jx, Ct=p [I @)*"Gx)™

= 1=0

where

k
Pe=2""IT (e + 1)

i=0

It follows that
Kie© Kp_10 - 0FKov(x £ 1) = Z Cru(F, + x £ 1)+ G(x)* Z Crv(F, — x £ 1).
JEJ(R,0) JEJ(R,1)

We now show that it is possible to express the solution u of (1.1) in terms of right and
left moving waves at x = /. In the statement of the theorem, we assume £ is an integer, | <
k < n,and D.(x) = C(x) — 34'(x) £ $B'(x) + }B*(x) — A*x)).

THEOREM 1. Assume the Cauchy data for Eq. (1.1) is
ul, )y =ov(l —t) + wll +1)
u(l,t)y=c'd—t)+ W'l + 1)

where v and w are continuous, piecewise C? functions. Then there exist piecewise continu-
ously differentiable functions M .*(x, y, I) defined for x < x, , x < y £ 2/ — x such that if
Xy < x < xp, then

u(x,t) = exp {%j: (A(s) — B(s))ds}{ﬂck 0 Frs1 © - OFp0(x — 1)
+ [0 - om . D dy)
+ exp {%f;(A(s) + B(s)) ds}{tfck 0 BChsr O - 0 Bouw(x + 1)

2-x
+f Wy + DM _*x, p, 1) d } . (2.3)
Furthermore,

d
Ix M *(x, x, 1) = ppD (x), Xpo1 < x < Xxp. 2.4)

Proof: In the same manner as in [5, Lemmas 3 and 4] it can be shown that functions
K.(x, y, x;), Ls(x, y, x;) can be defined by the following relations:

K, (x, y, x;) exp {%f (A(s) - B(s))ds} —gQxi—y+tLy—Lx+6,x—1)
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K_(x, y, x;) exp {;_fx (A(s) + B(s)) ds} =gy +t,2x,—y—tx+t,x—1)
L.(x,y, x;)exp {%fx’ (A(s) — B(s)) ds} =gx;—y+ttLy—tx+tit,x—1)

L_(x,y, x;)exp {%fxl (A(s) + B(s)) ds} =gy +4,2x,—y—tx+tt,x—1).

These functions satisfy the following conditions:

K.o(x,2x;, — x,x;) = }(4 + B)|x,_ exp {if l B(s) ds}, Xioy < x < x4

dx K:i:(xs X,Xz) = %Dt(x)’x # xl ’ 1 S] S n,

L.(x,2x;, — x,x;)= exp{if ' B(s) ds},
Li(x,x,x;)=1.

We now show that for any integer k, 0 < k < n,

n-1

S; Q
%[gu|p+gu|o+ 2 (e l)f gux ds +f {u(ge + g1) = usg — AU—)ug} dS]
=k R, I3

i=

= exp {%f’ (A(s) — B(s))ds}{l}(ih o0 Bewlx — 1)

+f oy — M. A(x, p, 1) dy}* eXp {%f (4(s) + B(s) ds}

{ack 003, w(x + t)+fﬂ_x w(y + OM_*(x, y, 1) dy} (2.5)

where M *(x, x, /) satisfies (2.4). (Ifk = n, the summation on the left-hand side does not
appear). To simplify matters in what follows, we exploit the linearity of (1.1) by assuming
w = 0. Clearly we can likewise consider the case v = 0, w # 0 and add the results to ob-
tain our desired conclusion.

To verify (2.5), we proceed by induction on the number of discontinuities considered
(i.e., the number of terms included in the summation on the left-hand side of (2.5)). The
case k = n has already been shown in [5, Theorem 1]. (Notice that the quantity N, (x, y, /)
in [5] is equal to 2M ."(x, y, /).) Thus, assuming (2.5) is valid for k = i + 1, we now con-
sider k =. Our induction hypothesis implies that u(x, ¢) is given by (2.3) for x > x, by

setting k = i + 1. Using (2.3) to express u,(x; +, t) (making use of the remark following
the proof of Lemma 1), we now form the integral

t+x—x,
f gxi + s, x — s x +t, x — Duldx; +,5)ds
t

—x+x,

and integrate by parts the terms involving v'. This gives

fl gu, ds = exp {%f: (A(s) — B(s))ds}[ S Crolr +x—1)

JEJ(i+1,0)
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+G(x) Y, Cror— 2+ x — D=G(x)G(x,) '{ > Crolr + 2 —x — 1)

JEJ T+, JEJ(T+1,0)

FGx) S Cetr - x -0

JEJU+1,1)

rj+21,»x
o [ oy = K (x, y = 1)y x1)
r+x

jedii+1,0)

= GxX)G(x) 'K_(x, ry + 2xi =y, xi) —HAWx +) — B, £))Lo(x,y —ry, xi)bdy

+G6x) 3 C,.+f T by = Ky — 1y + 2% %)

JEJU+1,1) jo2x i+ x

~ GG x) K _(x, r; =y, x) + KA +) + Blxi +)G)G(x)'L_(x, r, = p, x)} dy
— Mt D [ o = 0Ly x) dy

= G(x)G0x) "ML o +, 2 = (xa 1), D)

2i-x

. f2 N oy — )L _(x,20 — y, x;) dy + f o(y — )Z* N (x, p, 1) dy] (2.6)

l—-2x,+x
where Z'*Y(x, y, [) is a sum of integrals, and Z"*}(x, x,/) = 0.
To complete the induction step, multiply (2.6) by #¢; — 1) and add to (2.5) with & =
i + 1. The terms on the right-hand side of the resulting expression which do not involve
integrals sum up to JC; © 3C;,, © - -+ 0 3C,v(x — 1). The remaining terms can be written as
and add to (2.5) with k = [ + 1. The terms on the right-hand side of the resulting
expression which do not involve integrals sum up to JC; © 3C;,, © - -+ 0 3C,v(x — t). The
remaining terms can be written as

2l-x
f U()’_t)M+[(X»)’» [)dy

X

where
i i = i i+1
dxM-#(XvX»l)_dxM-f- (X,x,l)

+ e — l);g; [p:+1K+(x, Xy Xi)= Pi+1 €XP {f ' B(S)dS} K_(x, 2x; — x, x;
— (At ) — B+ )L o(x, x, x;) — M (x +, xi+, DL (x, x, x;)
+ 2 (x, x, 1)} =D (x), xi i <x<x.

Hence, Eq. (2.5) is justified, and the proof of the theorem now follows from Lemma 1.

CoRrOLLARY 1. Assume the Cauchy data for Eq. (1.1) is

w0, 1) = v(—1t) + w(z), u0, 1) = ¢, W'(—1) + ¢, W (1)

where v and w are continuous, piecewise C? functions. Then there exist piecewise continu-
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ously differentiable functions M .*(x, y, 0) defined for x > x, , —x < y < x such that if x,
< x < Xpyp . then

u(x. t) = exp {% fo (A(s) — B(s))a’s} {JCk O Kr-_19 - 0 Kov(x — 1)

- f oy — M K(x, v, O)dy}+ exp {; fo (A(s) + B(s))ds}

{Jck © Ky 0 o 0 Kowl(x + 1)— f w(y + M _*(x, y, 0) dy} : 2.7)
Furthermore,
LMk 0) = gD (0, < x < (2.8)

where

gr = 27571 fI (™' + 1)
i=0
Proof: Using the change of variables { =/ — x, = =t + [ and u(x, t) = @({, 7) we
convert the given problem to one in which data is given on { = [/, namely,
e = iy + AV + B, + G0 = 0
where A({) = —A(x), B({) = B(x) and C({) = C(x). The data itself is obtained from
vx — ) =0 —¢—1)=W(C + 1),
wx +1t)=wr —¢) =0 — 1)

Finally, the { derivative of 4 has jump discontinuities at {; = / — x,_; , 0 < i < n, given by
(¢ —, 1) = Gte(§ +, 7) where &, = ¢, 7!, 0 < i < n. After applying Theorem 1 to this
new problem, we obtain our result by converting back to (x, t) coordinates.

3. The scattering operators. The scattering operators for Eq. (1.1) map any incident
wave ' satisfying the hypotheses given in Sec. | into the corresponding reflected and
transmitted waves. To simplify our expressions for these operators, we introduce some
notation. Let JC", 3C' denote shift operators defined by

JCro(—1) = 3a_{3C, 0 JCh0 -+ 0 FChv(x — 1) — I, 0 Kp0 - O Kpv(x — 1) |xoo s
JCiv(—1t) = 3a_{3C, 03,0 -+ 0 FChv(x — 1) + XK, 030 - 0 Kuo(x — 1)} |xoo

where

a, = exp {% ];l (A(s) £ B(s))ds}

Thus, for any s we write

Jeru(s) = —da_ {(c0 -1 X Crorn+s)+ @+ 1) X Cror+ s)} , (3.1)
jed(1,1)

Jed(1,0)

3C'u(s) = a. {(c0 +1) Y Crort+s)+t(—1) X Cror+ s)} . (32)
Jed(1,1)

Jed(1,0)
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THEOREM 2. There exist unique piecewise continuous functions ¥ and W such that

w(t) = 3 u(—1t) +fo V(s + t)u'(s) ds, t >0, (3.3)

0
W) = ) + [ W= swis)ds, <0, (3.4)
t
Proof: For 0 < x < x, Theorem 1 gives us

u(x, 1) = exp {% fxl (A(s) — B(s)) ds}{ﬂ(ﬁ, 030, 0 -+ 0 Bouu(x — 1)

2l —-x
+f wy — M. (x, p, 1) dy}. (3.5)
Setting x = 0+, we obtain

u(—=n +u@)=a- {(SCl 030 0 FCuu(x — 1))] =0 (3.6)

20—t
+ f w( )M, 0, s + 1, 1) ds}.
-t

Now differentiate (3.5) with respect to x, set x = 0+ and integrate from 0 to ¢ (using the
fact that «', «”, u' are continuous and piecewise C?) to get

—u'(—t) +u'(t) = coa_{—(ﬂcl 0Kz 0 -+ 0K (x = 1))] o0 (3.7)

+f0 u'(s)Vy(s + t)a's}

where V, is piecewise continuous. The theorem now follows from (3.6) and (3.7).

By inverting (3.4) (i.e., by solving for u’ in terms of u*) we obtain the forward scattering
operator or transmission operator. Before this can be done, we need some additional
notation. We put the elements of J(1, 0) in a one-to-one correspondence with the first 27!
nonnegative integers, 0, 1, - - -, 2"~! — | with the sequence (0,0, - - - , 0) corresponding to
0: (0, 0, ---, 0) - 0. The particular ordering of the other elements of J(1, 0) is not
important as long as the ordering which is chosen is used consistently. Similarly, we put
the elements of J(1, 1) in a one-to-one correspondence with the integers 277!, 2*~* + 1,
«++,2" — 1. Now if j & J(1) and i is the corresponding integer, j «— i, we denote r; by ;.
With this notation, Eq. (3.4) can be written

W) = ape 3 ault+ ) + [ W = syui(s) ds (3.8)

where we have set N = 2" — | and
Ct/pp if i —j€EJ(1,0)
= gCit/p if i —jeJd,1).

ai;

Finally, let [[7]] denote the greatest integer less than or equal to 7, and let

_ (k|+k2+ T +kN)!

Clhy koo k) (multinomial coefficient).

kllkg!"'kN!
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We now apply [6, Corollary 2] to Eq. (3.8) to obtain
COROLLARY 2.
u'(t) = 3, ,ui() + j;o T(t — s)u'(s) ds, —x<t<0 3.9)

where

Sl(x) sznx) SN(X)

Jex0(t) = (@_po)? kz kz kz (—a,)(—a,)

2

c (—an v Clks Ky - ,kN)v<t:t i k,r,),
and s,(x) = [x/nl,
six) = [[(x— mz; kmrm)/rll.  2<i<N.
Here, T satisfies
JOT() + By W(T) + fto TEW(t —s)ds =0, —x<1<0, (3.10)

We next derive the back-scattering operator or reflection operator by substituting (3.9)
into (3.3). This yields

0
w(t) = Ry ui(—1) +f R(s + t)u'(s) ds, 0<1<x, (3.11)
-t
where, for any s
sl(xl SZlI) SN(I) N
G%',\:.:i:v(s)z Z Z e Z K(klsk27 o 9kN)U<s:t z kiri)a
ky=0 ky=0 kn=0 i=1

K(ky s kay -y kn) = (ma)(=ap)= - - (—an ™ {—glClhy, ko, -+, k)

—Clky — 1, kg ks, o+ L kn) — Clhky ko — 1, ks, -+, k)

— o =Clky kg, k= 1, k)]

+ g Clhky ko o ks ke — 1 kyaa s -0, kN)

+ o+ Clhy kay oo knoy kv — D] (3.12)
and we define M = (N — 1)/2 and C(a; , @ , - - - ,ay) = 0if any

a; < 0. Furthermore, R satisfies the relation
RO =T+ 3.V + [ Vit 9T ds. 0<i<x  (13)
—t

where we define 7(¢) = V(—t) = 0if t > 0.
Notice that if at least one of the k;’s is nonzero, then

C(klv'..skN)=C(kl_ ],kg,"',kN)+C(k1,k2_ 1$k39“'9kN)
+od Clhyy ke = 1)
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and so we can write

Kkyy o kn)=(—a)) - (—aw)"'-\‘(go“ - go)[C(kl k)

_C(kl_ Lk2, «kN)— cee — C(kl’ ’kM - ]’ ’k\,)].
It follows that if k; = 0 for M + 1 < i < N and at least one k; isnonzerotor | </ < M,
then K(k,, -+, kn) = 0. Furthermore, certain other terms in |, ,u'(—1) also vanish. For

example, the coefficient of u'(—t¢ + 2/ — 2x, + 2x,) sums to zero.

As we now show, the vanishing of certain terms in the reflection operator is to be
expected, and means that we can sense the location of the discontinuities within the
medium. To see this, assume '’ is continuous everywhere except at 0, u”'(0—) # 0. Then,
since this discontinuity can only propagate along characteristics x + ¢ = constant, it
follows that only certain discontinuities in the derivative of the reflected wave v’ are
possible, namely, those which correspond to physically attainable reflections within the
medium. For example, looking at the situation pictured in Fig. I, we see that the first
reflected discontinuity locates the leading edge of the slab, the second reflected discontinu-
ity locates x, , the third locates x, , the fourth can be shown to be a second reflections off of
x, , and the fifth locates x; = /.

We now derive a result analogous to [5, Lemma 5]. For convenience, we define M _*(x,
1,0) = 0if |1] > x and set M _*(x, 1,0) = M**(r). Also, for any integer k, 0 < k < n — |
and i = 0 or |, define

Lri(x £ 1) = (coc; ) @z; - CRuF, = 2ix + x £ 1)
J iR

LEMMA 3. If x, < x < Xxj4, for any integer £, 0 < k < n — 1, then

M. *(x,1,0) = L R(x + 1)
+ G(x) [}.’,k‘oR(x + 1) — Roy ME¥(=1) — fx R(s + 1)M**(s) ds} ,

—x<r<x.

Proof: 1f we use v = u', w = " as the Cauchy data in Corollary 1, then it follows by
causality that u(x, t) = 0if 1 < x. We now use the reflection operator to express «” in terms
of u' in (2.7). Thus, for 1 < x we arrive at a delay Volterra equation for «' of the type
considered in [6]. By the uniqueness result of [6, Corollary 1], it follows (since u' is
arbitrary) that the kernel in this integral equation must be identically zero, and our result
follows.

Finally, we develop an expression for G(x) in terms of M _*(x, 1, 0).

LEmMMA 4. If x, < x < x,4, for any integer k, 0 < k < n — 1, then

G(x) ' = ap(x) {ﬁk f LroR(x + 1) dt— f M*(1) [l + Rox,0(x + 1)

+ [ R(s + t)ds] dt}
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FiG. 1. Pattern of reflected discontinuities.

where
x -1
ak(x) = ( Z Cj+ — Z Cj" - f (,Gk,lR(x + t) dt) )
JEJ(R,0) JEJ(R,1) -x
b= 2 Cr- ¥ Cr
JEJk,0) JET(R,1)
Proof: Setv =1, w= —1 in Corollary 1. It follows by uniqueness that the left-hand

side of Eq. (2.7) is identically zero. Now use Lemma 3 to express M * in terms of M _*,
and the proof is completed.

4. The inverse problem. In this section we present our main result (Theorem 3), an
integral equation whose solution leads directly to the coefficients of Eq. (1.1), We begin
with

LEMMA 5. For any integer £, 0 < k < n — 1, and for all x, ¢ we have

exp {—;— fxo (A(s) — B(s)) ds};:k o Jelu(x — 1)
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+ exp {% fo (A(s) + B(s)) a's}£k o u(—x —t)

!
= exp {-;- f (A(s) — B(S)dS}C’Cm © Jhaz © 0 Hnr'(x — 1),

where £, = (co¢; *** k) ' KoKy 0 -0 XK,.

Proof: Using Lemma 2, our problem is reduced to showing that
Hiut(x — 1) + G(x)Iul(x + 1) = a_Jy0 JC, 0 -+ o Jul(x — 1). 4.1)
Now the right-hand side of (4.1) can be written

JEJ(,1)

a_GCo[ > G+ x—1-Gx) Y, Cru(r,—x —t):l
JE€J(1,0)

=£a_(co+l)[ > Cru(r+x—1)-Gx) X

Crut(ry—x — t)]
JE€JQ,0) JEIO,
- 50_(c0 - 1) I:G(X) Z C,+u’(r, - X — t) - z C,*u‘(r, +x - t)].
JEI1,0) JEJAL

But, as can be seen from (3.1) and (3.2), this is the same as the left-hand side of (4.1) and
our result follows.

In the following theorem we use the notation

Fro(x, 1) = ap(x) [Bk + j:x Lro R(x + 5) a’s]fk'o (x, 1) + fra (x,0),

Gr(x, t,5) = —ap(x) l:l + Rop- O(x + 5) + fx R(s + ) dyj|fk,0(x, 1)

tia. D Cy b+ x—1)0(x+t—r)Rs+t—r)
JEJ()

BN 2x)

Kn=0
N N
'K(kl,kz,"’,kN)0<x+S_ Zk,h)W(Z k,~r,~—s—t>
i=1 i=1

+fx R(s + )Wy — 1) dy — V(s + 1),

y, = (e + 1) if JEJ(1,0)
vy = (e — 1) if jEJ(1, 1)

and, fori = 0 or |
fui 1) = LaWx = 1) + Lo Vx + 00— [ Wls = 1) BuiRCx +5)ds

—da_ Y Gyt x — 1) LaR(x + 1 — 1),

Jed)

Here, oBkJR(X + S) = (£k‘,-R(x + t)|t=3.
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THEOREM 3. For any integer k, 0 < kK < n — 1 and any x, x, < x < x,;, we have
JCrMEE(r — 21) — ICHO(x + 1t — 2D)Ryx, s MPF(t — 20)}

= Fu(x,2l — 1) + f ME*($)Gr(x, 20 — t,8)ds, —x<t<x 4.2)

where JC* acting on 6(x + ¢t — 2/) Ry, . M**(t — 2I) shifts the arguments in both functions.

Proof: We fix x, xp, < x < X4, , and express u(x, ) in terms of «* by using Theorem 1,
and also express u(x, t) in terms of «!, ¥ by using Corollary 1. Equating these expressions,
we then use Theorem 2 to write &, ¥ in terms of #'. In the resulting equation the terms
not involving integrals can be shown to cancel out by means of Lemma 5. Setting 1 = x
in the remaining integrals yields an expression of the form [ _,*(: Ju!(y — x) dy = 0, which,
by virtue of the fact that «* is arbitrary, shows that the portion of the integrand in paren-
theses is identically zero. (This is in fact a restatement of the causality result of Lemma
3, but in a more complicated form.) Now using the fact that the integrals of the form
J_*(- Wt(y — t) dy are identically zero, we set t = 2/ — x and, by the same reasoning as
above, conclude that the integral [,*~*(-u!(y — t) dy is identically zero because its
integrand is zero. Finally considering 2/ — x < ¢ < 2/ + x and using the fact that u' is
arbitrary yields an integral equation involving M .*(x, y, 0). Using Lemma 3 to eliminate
M .*(x,y,0) and Lemma 4 to eliminate G(x) and replacing the variable ¢ with 2/ — ¢ yields
Eq. (4.2) and completes the proof.

Although the integral equation (4.2) looks quite formidable in its most general form, it
simplifies considerably when considering a specific problem. (We shall demonstrate this
presently.) In some cases this equation can be reduced to a Fredholm equation of the
second kind (for x fixed) by using the technique in [6]. In other cases, because of the
presence of both advanced and delayed arguments, this reduction may not be possible.
However, we present in this section a numerical method of solution which is applicable in
either case.

Upon solving Eq. (4.2) for M _*(x, ¢, 0), —x < t < x, x < x < Xk, we then apply
Lemma 4 to obtain G(x) for x, < x < x4, . We next determine B(x) on the same interval
from the relation B = —G'/G. Finally, we obtain the quantity C — 4'/2 — 4%/4 for x, < x
< xp41 from Eq. (2.8). Doing this for all subintervals (x. , xx+,) completes the solution of
the inverse problem. Notice that it is not necessary to solve for M_°, M_', --- con-
secutively.

Looking at (4.2) it is readily determined that the data required for the construction of
that integral equation can be derived from the following items:

(a) Reflection kernel R(s), 0 < s < 4/,
(b) Transmission kernel T(s), —4/ < s <0,
(¢) Constantsa_p, , g,.G(x,)"*, x, and ¢;, x;, G(x;), i =0, 1, --- ,n — L.

For example, knowing T(s), we can determine W(s) from (3.10) using the results from [6]
on delay Volterra equations. We similarly obtain V{(s) from (3.13).

Observe that we are required to know T(s) for —4/ < s < 0, whereas for the problem in
[5] we only needed the transmission kernel for —2/ < s < 0. The difference here occurs in
solving Eq. (3.13) for V. For the special case in [5] the resolvent kernel for the analogous
equation is W, while for the present problem W is not the resolvent kernel.

As indicated in the introduction, the data (a), (b), (¢) can be determined from u'(s),
u'(s), u'(—s) for —4l < s < 0 if hypotheses (f), (g), () of Sec. | are satisfied. This can
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be done in much the same way as indicated in [5, Section 2]. The constants in item (¢) are
most easily derived from the coefficients of the shift operators Ry 4 4 , 32i4,+ and from the
corresponding shifts (see Sec. 5). The kernels R, T are obtained from Volterra integral
equations as shown in [5].

The nature of the integral equation (4.2) can be determined by examining the terms on
the left-hand side of that equation. We do this for the case of a single discontinuity at x,
(and, of course, discontinuities at x, = 0, x, = /). We restrict our attention to the case x; <
1/2, the case x, > [/2 being similar to what is done here. For 0 < x < x, the left-hand side
of Eq. (4.2) reduces to

doM _°(x, t, 0)
where
dr = —a,coc; + 1)(c2 — 1[—gug1G(x1)"' /41" /(2(co + 1)),

and so (4.2) is a Fredholm equation of the second kind. For x, < x </ — x, the left-hand
side of (4.2) becomes

i fOM _Y(x, t + 2kx, , 0)
where s(x) = [[x/x.]],

fu(t) = du[l — 0(x + 1 — 2x,)g,%/4], 0<k<s(x)—1, Fon(t) = dsi) -

It follows that in this case (4.2) can be reduced to a delay equation of the form considered
in [6], and is therefore equivalent to a Fredholm equation of the second kind. Finally, for
| — x, < x <[ we obtain

Z fe(OM _Nx, t + 2kx,,0) + sff ho(OM (x, t — 2/ + 2(k + 1)x,,0)
k=0 k=0

where
ho(t) = drgigo 'G(x)GMNA(x + t + 2x, — 20), 0 <k < s(x).

Thus, the integral equation contains both advanced and delayed arguments. However, for
this particular case notice that for —x <1 < 2x, — x, Eq. (4.2) is

S(x) X
S dM .1+ 2kxy 0) = Fx 2 =0+ [ M x5, 00Gix, 2 = 1,5) ds.
k=0 —x

It follows that

$(X)
S @M (0, 1 = 20+ 2k + Dxy, 0) = Fi(x, 4 — 2x, — 1)
k=0

+ f M _N(x, s, 0)Gy(x, 4 — 2x, — 1, 5) ds, 20 —2x, —x <t<x.

Therefore, our integral equation for / — x, < x </ can be rewritten as

§(Xx)
SY FOM_i(x, £ + 2kx,, 0)
k=0

=Fi(x,2l —t) — 8.8, 'G(x)) 'GYFi(x, 4 — 2x, — )#(x + ¢ + 2x, — 2/)
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+ f M _Yx,s, 0)[Gi(x, 20 —1t,5)

— 882 'C(x)TIGNG(x, 4 — 2x; — £, 5)0(x +t + 2x, — 2] ds

and this equation is again reducible to a Fredholm equation of the second kind.

Although in the more general case the above reduction is not always possible, we now
show that it is in fact quite straightforward to set up a system of equations for the
numerical solution of (4.2). This is done in a manner similar to that for a Fredholm
equation [3]. We begin by fixing k,0 < k <n — 1. Forafixed x, x, < x < xp,, , We assume
we can choose a grid size d such that 2x; is an integral multiple of d, | <i < n,and 2x/d =
m, an integer. This can be done, for example, if the x;’s and x are rational numbers. Now
set

M, =M *x, — x + pd, 0), p=01, - ,m. (4.3)
We choose a quadrature formula
f M_*(x,5,0)Gr(x, 2l —1,5)ds = Z 2 (M, (4.4)
-x p=0
where the z,(¢)’s are known. Using (4.3), (4.4) in (4.2) and evaluating att = —x, —x + d,
—x + 2d, - -+ —x + md we arrive at a system of (m + 1) linear algebraic equations for the
(m + 1) unknowns My, M,, --- , M,.

5. The scattering data. It was mentioned in Sec. 4 that the data in item (¢) could be
determined from the shift opeartors Ry, 4 o 3oy .+ . We now demonstrate this. Assuming
u”(s) is continuous everywhere except at s = 0, 4"'(0—) = § # 0, it follows from hypothesis
(g) in Sec. | that the reflected discontinuities in ¥” specify the number and location of the
points x; in consecutive order, i = 0, I, - -+, n. Specifically, 2x, is the time interval be-
tween the initial discontinuity in &' («'(0+)) and the discontinuity in &’ at the point
2x ([ (D] ~#1* 4,2 ). In this way it can be determined whether a discontinuity in 4" is
due to multiple internal reflections off of previously located interfaces x;, or is due to a
new point of discontinuity x; . Hypothesis (h) of Sec. 1 implies that after a finite time we
need look for no additional discontinuities.

To determine the other required constants, first notice that since u”'(0+) = —g,0 and
u'(0—) = (a_po)'6, it follows that ¢, and a_p, are known. To obtain the remaining
constants it is easiest to use the transmitted wave. Knowing the x;'s, we can associate
discontinuities in ¥’ with internal reflections off of specific interfaces by using hypothesis
(g) and the fact that the velocity of propagation is unity. We introduce the notation

Dt = g,G(x;)*, i=0,1,---,n
E, =D, D;,_*, i=1,2 -,n (5.1)
F[ = D[_D[_2+ _ZE,'E,‘_I, i = 2, 3, LRI (N (52)

Now from (3.9) it can be shown that

t=(2x,-2x;_ )+

(W' (—1)]

t=(2xi—-2Xi-1)— — _(G-Po)AEia, | = l, 2, e n
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t=(2x;—-2x;_,)

[ (—1)] t tem—2xio - —(a_po) " 'F6, i=2,3-,n

and so the E;’s and F;’s are known (i.e. can be determined by observing the transmitted
wave). Since g, is also known, it follows from (5.1) that D, is known, and from (5.2) that
D, is known. We next obtain D,* from (5.1), then D;~ from (5.2), D,* from (5.1), D,~
from (5.2), D;* from (5.1), etc. In this way we obtain D;*, D;” fori = 1,2, --- ,n — 1 and
D,~. It follows that all of the required data has been determined.

There are other methods for determining this data. For example, the coefficients of the
reflection operator can be of some use. These are somewhat more unwieldy than the
transmission operator coefficients, but we list the first few here to show the nature of
(3.12). Letting h; = 1 — g;%, we have

W' (D] "2 peere = h(=Dy7 Y6,k =1,2, -+,
(W' () =2 o, = —hohy Dy 6,
(W' (D) 47"t caxpe = hohi(1 — 3g,*)(Dy )%,
(D) =25 _axye = —hohihy,Dy76.

Notice that in using (3.11) to derive the third equation, the coefficient of u'(—t + 4x,) is the
sum of three terms using different sets of values of the k,’s. This follows from the fact that
D=1 kir, = 4x, can be written in three ways:

2(2x3), 2x2 +(2x; — 2xy) + 2xy, 2(2x; — 2x,) + 2(2x,).

If hypothesis (g) of Sec. 1 is not satisfied, the reflected and transmitted discontinuities
will interfere with each other and it may not always be possible to associate a jump in u”
or ¥’ with a specific set of coefficients of ®,;, , or 3, , . In fact, it appears possible that
discontinuities can remain hidden. However, this depends on the specific geometry of the
problem. There are cases in which hypothesis (g) is not satisfied but the required data can
still be obtained from scattered waves.

6. The electromagnetic inverse problem with piecewise constant conductivity and
permittivity. We now show that the previous results can be easily used to reconstruct the
conductivity and permittivity profiles for the case in which it is known a priori that these
functions are piecewise constant. This corresponds to the case in which the medium is
composed of a stack of conducting plates of different (unknown) thicknesses, each plate
having constant electric properties. Thus, we consider Eq. (1.2) where

e(z) =¢ for z,.,<z<z;,, i=12 - ,n

€ Otherwise

o(z) =0, for z;,,<z<z, =12+ .,n
= 0 otherwise

and E, E, are continuous across the interfaces z = z;,. Under the change of variables (1.3)
we obtain (1.1) with 4 = C = 0 and B(x) = —oa(z)/e(z). As indicated in Sec. 5, the
locations of the discontinuities in the derivative of the reflected wave yield the constants ¢,
and x;, 1 £ i < n(provided hypothesis (g) is satisfied). The strengths of the discontinuities
in the derivative of the transmitted wave yield the constants ¢; , G(x;) for 1 <i<n — 1 and
g,G(x,)~*. Notice that, physically, x; denotes the propagation time between z = 0 and z =

Z;.
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Since ¢; = €;4,/€; for 0 < i < n(with €,,, = ¢) it now follows that the permittivities e, ,
€, ', € are known. Thus, ¢, is also known and so is G(x,). Furthermore, since

X — X = (Gz#o)”z(zt - z;4), 1<i<n
we can now determine z,, z,, ‘- -, z, consecutively. Finally,
o, = (6/p0)"™(zi — zi-y) In [G(x:)7'G(x;-,)], I <i<n

This completes the solution of the inverse problem. We see that in this special case it is not
necessary to solve an integral equation.
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