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AN INVERSE RANDOM SOURCE PROBLEM FOR THE
HELMHOLTZ EQUATION

GANG BAO, SHUI-NEE CHOW, PEIJUN LI, AND HAOMIN ZHOU

ABSTRACT. This paper is concerned with an inverse random source problem
for the one-dimensional stochastic Helmholtz equation, which is to reconstruct
the statistical properties of the random source function from boundary mea-
surements of the radiating random electric field. Although the emphasis of
the paper is on the inverse problem, we adapt a computationally more effi-
cient approach to study the solution of the direct problem in the context of
the scattering model. Specifically, the direct model problem is equivalently
formulated into a two-point spatially stochastic boundary value problem, for
which the existence and uniqueness of the pathwise solution is proved. In
particular, an explicit formula is deduced for the solution from an integral rep-
resentation by solving the two-point boundary value problem. Based on this
formula, a novel and efficient strategy, which is entirely done by using the fast
Fourier transform, is proposed to reconstruct the mean and the variance of
the random source function from measurements at one boundary point, where
the measurements are assumed to be available for many realizations of the
source term. Numerical examples are presented to demonstrate the validity
and effectiveness of the proposed method.

1. INTRODUCTION

The inverse source problem for wave propagation has been considered as a basic
tool for the solution of reflection tomography, diffusion-based optical tomography
[13], and more recently fluorescence microscopy [32], where the fluorescence in the
specimen (such as green fluorescent protein) gives rise to emitted light which is
focused to the detector by the same objective that is used for the excitation. This
problem is largely motivated by medical applications in which it is desirable to
use electric or magnetic measurements on the surface of the human body, such as
the head, to infer the source currents inside of the body, such as the brain, that
produced these measured data.

The problem has been extensively investigated in the literature both from the
point of view of applied biomedical engineering and also as a mathematical problem.
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There are a number of works on the scalar and the full vector electromagnetic inverse
source problem in the free space as well as in nonhomogeneous background media;
see e.g., Devaney, Marengo, and Li [I3], Eller and Valdivia [I5], and the references
cited therein. Most of the works make use of the fact that the radiation pattern
determines the field everywhere outside the source volume. In other words, the
inverse source problem is to determine a source function that generates a prescribed
radiation pattern.

It is also known that there exist an infinite number of sources that radiate fields
which vanish identically outside their support volumes so that the inverse source
problem does not have a unique solution, i.e., an infinite number of solutions can
be obtained by adding any one of these nonradiating sources to any given solution;
see e.g. Devaney and Sherman [I4]. Therefore, it is clear that the inverse source
problem is ill-posed. In order to obtain a unique solution, it is necessary to give
additional constraints that the source must satisfy. A typical choice of the constraint
is to pick up the minimum energy solution, which represents the pseudo-inverse of
the inverse source problem; see e.g. Marengo and Devaney [24]. Recently Bao
et al. [3HD)] investigated the multi-frequency inverse source problem in which the
uniqueness is shown and some stability estimates are established from the radiated
fields outside the source volume for a set of frequencies. We refer to Chen and
Rokhlin [I0] for an inverse medium scattering problem for the one-dimensional
Helmholtz equation. See also Gelfand and Levitan [16] for a related inverse Sturm-—
Liouville problem.

In many applications the source and hence the radiating field may not be de-
terministic but rather are modeled by random processes, such as the Gaussian
random field. Therefore, their governing equations are stochastic differential equa-
tions. In general, stochastic partial differential equations are known to be effective
tools in modeling complex physical and engineering phenomena including the wave
propagation; see e.g. Ishimaru [I8], Keller [21], and Papanicolaou [29]. In this pa-
per, we focus on the wave propagation governed by the one-dimensional stochastic
Helmholtz equation with sources generated by a spatial Wiener process. Unlike de-
terministic differential equations, solutions of stochastic differential equations are
random functions. Hence it is more important to study their statistical characteris-
tics such as mean value, variance, and even higher order moments in many practical
problems.

Stochastic inverse problems refer to the inverse problems that involve uncertain-
ties, which are widely introduced to the mathematical models for three major rea-
sons: (1) randomness directly appears in the studied systems; (2) incomplete knowl-
edge of the systems must be modeled by uncertainties; (3) stochastic techniques
are introduced to couple the interference between different scales more effectively,
especially when the scale span is large. The first two reasons are commonly en-
countered and they can happen simultaneously for many different problems. Only
recently has the third one been recognized as an effective tool for handling long
range multiscale problems. It is our intention to study the inverse scattering with
randomness and uncertainties which enter into the problem for all of these reasons.

In the context of the inverse random source problem, our goal is to deduce the
statistical structure such as the mean value and standard deviation or variance of
the source from physically realizable measurements of the radiated fields, such as
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AN INVERSE SOURCE PROBLEM FOR THE HELMHOLTZ EQUATION 217

the measurements taken on the boundaries. Although the deterministic counter-
part has been extensively investigated from both the mathematical and numerical
viewpoints, little is known for the stochastic case. To our best knowledge, the
only available result is the so-called uniqueness result by Devaney [12], who showed
that the auto-correlation function of the random source is uniquely determined
everywhere outside the source region by the auto-correlation function of the ra-
diated field. The computational result is at present completely open. Recently,
a novel and efficient Wiener chaos expansion based technique has been developed
for modeling and simulation of spatially incoherent sources in photonic crystals by
Badieirostami et al. [I]. See Bao et al. [2] for a related inverse medium scattering
problem with a stochastic source which is to reconstruct the refractive index of an
inhomogeneous medium from the boundary measurements of the scattered random
field. We refer to Cao et al. [9] for the finite element and discontinuous Galerkin
method for solving the stochastic Helmholtz equation, Kloeden and Platen [22] for
an account of various numerical methods and approximation schemes for general
stochastic partial differential equations, and Calvetti and Somersalo [§] and Kai-
pio and Somersalo [19] for statistical inversion theory for general random inverse
problems.

This work is devoted to the one-dimensional stochastic Helmholtz equation in a
homogeneous background medium. The random source function, representing the
electric current density, is assumed to have a compact support contained in a finite
interval. The problem is modeled with an outgoing wave condition imposed on the
lateral end points of the finite interval, which reduces the model to a second order
stochastic two-point boundary value problem. We first convert this model problem
into an equivalent first order stochastic two-point boundary value problem and show
the pathwise existence and uniqueness of the solution for the direct source scattering
problem. Then we explicitly deduce the solution from an integral representation by
solving the two-point boundary value problem. The solution for the direct problem
is given by a combination of a regular integral and an It6 integral. Furthermore, it
connects the random wave field with the Fourier transform of the mean and variance
of the random source function in an explicit manner. The boundary measurements
of the radiating field are assumed to be available for many realizations of the source
term. By studying the expectation and variance of the integral equation, we are
able to develop an efficient algorithm to reconstruct the mean and variance, which
is based on the fast Fourier transform (FFT). Our numerical examples, including
the reconstructions of both smooth and non-smooth functions, demonstrate the
validity and effectiveness of the proposed method. A related inverse random source
scattering problem in inhomogeneous media may be found in [23], where Fredholm
integral equations of the first kind are derived to reconstruct the mean and standard
deviation of the random source function. We also refer to [7] and [25] for closely
related works that address how the randomness affects the reconstruction of the
deterministic part and how to improve the estimate of the deterministic part by
introducing the uncertainty in a boundary value problem via a stochastic coeflicient
or source term.

The paper is organized as follows. In Section 2, we present the model problem
and formulate it as a first order two-point stochastic boundary value problem. The
existence and uniqueness of the direct problem are established, and the solution
formula is explicitly derived from the integral representation for the solution of the
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two-point boundary value problem. Based on the solution, we propose an inversion
method for the reconstruction of the mean and variance of the random source. In
Section 3, we discuss numerical implementation of the method and present three
numerical examples to demonstrate the validity and effectiveness of the proposed
approach. The paper is concluded with general remarks and directions for future
research in Section 4.

2. INVERSE SOURCE PROBLEM

In this section, we introduce a mathematical model for the inverse random source
problem in wave propagation. Although the emphasis of the paper is on the inverse
problem, we present a computationally more efficient approach to study the solution
of the direct problem in the context of the scattering model. The model problem is
first converted into a two-point stochastic boundary value problem. A theoretical
framework for the direct model problem is established via the integral representation
for the solution of the boundary value problem, which allows us to derive explicit
reconstruction formulas for the solution of the inverse random source problem.

2.1. The model problem. Consider the one-dimensional Helmholtz equation in
homogeneous background medium

(21) u//(l'vw) + wzu(wi) = f(l')a

where the magnetic permeability and the electric permittivity of the vacuum are
assumed to be the unity for simplicity, w > 0 is the angular frequency, and f,
representing the electric current density, is a stochastic source function assumed to
have the form
f(z) = g(x) + h(z)dW,.

Here g and h are deterministic real functions with compact supports contained in
[0,1], and W, is a one-dimensional spatial Wiener process, and dW,, is its stochastic
differential in the Itd sense which is commonly used as a model for the white noise,
i.e, a spatial Gaussian random field. Following from the standard stochastic theory
on the white noise, we have

E[f(z)] = g(x) and V[f(z)] = h*(z),
where [E and V are the expectation and variance operators, respectively. Obviously,
because of the random source, the solution u, the radiating field, is also a random
function. Typical boundary conditions imposed on u are the so-called outgoing
radiation boundary conditions, which are equivalent to the boundary conditions

(2.2) u' (0,w) + iwu(0,w) =0,
which accounts for the left-going wave at = 0, and
(2.3) v (1,w) —iwu(l,w) =0,

which accounts for the right-going wave at z = 1.

There are two types of source scattering problems posed for the above equations:
the direct (forward) random source scattering problem and the inverse random
source scattering problem. Given the mean g and the standard deviation h of the
random source function f, the direct problem is to determine the random wave field
u. On the contrary, the inverse problem is to determine the mean value g and the
standard deviation h or the variance h? of the random source from the boundary
measurements of the random wave field u(0,w), which are assumed to be available
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for many realizations of the source term over a range of frequencies. Our main
goal is to investigate both the direct and inverse problems and propose a novel and
efficient numerical algorithm to solve the inverse source problem. We remark that
we use the left boundary point x = 0 in our discussion, all of the results are still
true if the measurements are taken at the right boundary point x = 1.

First, we show that the direct problem has a unique pathwise solution for each
realization of the random field dW,,, and the solution is given by an explicit formula,
which serves as the foundation of our numerical algorithm for the inverse problem.
To begin with, we convert the second order wave equation in the direct problem
into a first order two-point stochastic boundary value problem.

Let ui(z,w) = u(z,w) and us(z,w) = u'(x,w), the second order stochastic
boundary value problem 2I)—(23) can be equivalently written as the first order
stochastic two-point boundary value problem

(2.4) du = (Mu+ g)dx + hdW,,
together with the boundary conditions given in the form of the linear equations
(2.5) Agug =0,
(2.6) Byiu; =0,
where

-] so-] ] e[
and

AQ = [1w 1], Bl = [—iw 1]
Here we have set
up =u(0,w) and u; =u(l,w).

We will study this stochastic two-point boundary value problem to establish our
analysis for the direct and inverse source scattering problems in the rest of this
section. Before presenting the results for the stochastic source scattering problem,
we first briefly describe the solutions for the direct and inverse deterministic source
scattering problems, i.e., when the standard deviation h is zero, in the following
section.

2.2. Inverse deterministic source problem. Consider the one-dimensional de-
terministic Helmholtz equation in the interval [0, 1]

(2.7) W () + wPu(e,w) = g(a),
together with the outgoing radiation boundary conditions
(2.8) v (0,w) +iwu(0,w) =0 and u'(1,w) —iwu(l,w) = 0.

Given the deterministic real source function g, the direct source scattering problem
is to determine the wave field u; the inverse source scattering problem is to deter-
mine the function ¢ from the boundary measurements of the wave field u(0,w) over
a range of frequencies.
It is known that the two-point boundary value problem ([27) and (28] has a
unique solution [20]. More precisely, let
elwlz—yl

Gz, y,w) =

2w
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then the solution to the direct source scattering problem for (27) and (28] can be
written explicitly as

1 1
29w = [ Gy = o [ ey
0 W Jjo
So G is the Green’s function for the one-dimensional Helmholtz equation ([277) with
the outgoing radiation condition (2.§]).
Next we derive reconstruction formulas for the source function g. Evaluating
(Z3) on both sides at z = 0 yields

1
(2.10) 2iwu(0,w):/0 e“Vg(y)dy.

Therefore the source function g can be reconstructed by taking the inverse Fourier
transform on both sides of (ZI0). Let

u(0,w) = Reu(0, w) + ilmu (0, w).
We may split (ZI1)) into real and imaginary parts:

(2.11) 2wReu(O,w)=/0 sin(wy)g(y)dy,

1
(2.12) 2wImu(0,w) = —/0 cos(wy)g(y)dy.

Equivalently, the source function g can be recovered from either the inverse sine
transform (ZIT) or the inverse cosine transform (ZI2]).

2.3. Inverse random source problem. In this section, we discuss the solution
for the stochastic two-point boundary value problem [Z4)-(20) in terms of the
source scattering problem. Using the theory presented in Appendix, we first obtain
the existence and uniqueness for the direct random source problem for Eqgs. (24—
[230). Then we deduce the integral equations to recover the mean and the variance
of the random source function based on the constructive proof in Appendix A.
We refer to Bal [6] for an alternative approach for the proof of the existence of
the solution for the direct random source scattering problem from the point of the
classical central limit result.

Corollary 2.1. The two-point stochastic boundary value problem (Z4)-210) at-
tains a unique solution.

Proof. Following Theorem [AT] it suffices to prove

for Ag = [iw 1], By = [—iw 1], and

0 1
e[ %1
Since M is a non-singular matrix, it can be verified that there exists a non-singular
matrix @ such that

Q'MQ = A,
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where
_|iw |1 1 1w 1
A= [ —iw} o @= [iw —iw} »oand Q=0 [iw —1} '

A simple calculation yields

AO - iw 1 o —iw
det |:Ble‘h4:| = ‘ —iwe_i“" e_iw = 21&}6 # O
It follows from Theorem [A-J]that the two-point boundary value problem (2:4))-(2:6)
has a unique solution. |

It is known that the solution for the initial value problem of the stochastic
differential equation (24]) is given by

219 ulwe) = fuos [T Mgy + e mgan, |
0 0

where

u(z,w) = [Z;ggﬂ . gl@) = L,(O:E)} » h(z) = [h(ox)] , M= [—Sﬂ (1)} '
Here we have set

o =w0) =[5 5]

It follows from the radiation condition (23] that
u1(0,w) = u(0,w) and wuz(0,w) =u'(0,w) = —iwu(0,w).
Evaluating the solution (2I3]) at = 1 yields

1 1
(2.14) u; = eV {uo +/ e Mg (y)dy +/ e_Myh(y)dWy} ,
0 0

where

o=t =[]

Explicitly, we can compute
1 .
Ccos w = sinw i 1
M= . w , eMug=u(0,w)e | | |,
—wsinw  cosw —iw

and
R i i e
—wsin[(1 —y)w]  cos[(1 — y)w]

Substituting the above expressions into (2I4]), we get the two components for the

vector uy:
(2.15) up(1,w) = u(0,w)e ™ + 5/ sin[(1 — y)w]g(y)dy
0
1
w2 [ sinl(r = plntaw,,
(2.16) uz(1,w) = —iwu(0,w)e +/ cos[(1 — y)w]g(y)dy
0

1
+ [ ol = plnty)aw,.
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222 GANG BAO, SHUI-NEE CHOW, PEIJUN LI, AND HAOMIN ZHOU

It follows from the radiation condition (2.0) that
uz(l,w) = v'(1,w) = iwu(l,w) = iwuy (1, w).

Combining the above equation with (213 and (2I0), we arrive at the integral
representation for the radiating field at = = 0:

1 ! iw 1 ! i

= — Y dy + — “Yh(y)dW,.

50 /O e“g(y)dy + 5— /0 e“Yh(y)dW,

Once u(0,w) is available, we may plug it into ([ZI3]) and derive the explicit expres-
sion of the solution for the direct source scattering problem:

I I
(2.18) u(z,w) = — / e“"'w_ylg(y)dy—f—z_— / e“le=vlp(y)dw,,.
0 1w Jo

2iw

(2.17) u(0,w)

Remark 2.1. Tt is readily seen that the solution (ZI8]) for the direct stochastic
source scattering problem will reduce to the solution (29) for the deterministic
source scattering problem when the standard deviation h is zero. Therefore the
solution formula (ZI8) can be seen as a generalization of the solution formula (Z9)
from the deterministic problem to the stochastic problem.

Next we derive the formulas to reconstruct the mean and variance of the random
source function. Evaluating at 2 = 0 and multiplying 2iw on both sides of (28]
gives

1 1
(2.19) inu(O,w):/ eiwyg(y)der/ e“Yh(y)dW,,.
0 0

We easily obtain the relation between the data u(0,w) and the mean value g after
taking the expectation on both sides of (Z19):

(2.20) 2in[u(0,w)]=/O Vg (y)dy,

where the following basic property for the It6 integral is used

E Uol ei“’yh(y)dWy} =0.

Remark 2.2. Comparing the analogous reconstruction formulas (220) and (ZI0)
for the mean g, it is clear that the solution formula (Z20)) is a generalization of the
solution formula (ZI0) from the deterministic problem to its stochastic counterpart.

We split all the complex functions into the sum of real part and imaginary part
in order to derive the connection between the boundary measurements «(0,w) and
the standard deviation h.

Denote

u(0,w) = Reu(0,w) + iImu(0, w).
Then ([Z19) can be decomposed into two equations corresponding to the real part
and the imaginary part:
1

(2.21) 2wReu(0,w):/O sin(wy)g(y)dy—i—/o sin(wy)h(y)dW,,

1 1
(2.22) 2wImu(0,w) = —/0 cos(wy)g(y)dy—/o cos(wy)h(y)dW,.
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Recalling the basic property for the It integrals

e[ 1 s, | =& | [ cos(wn)h(y)dW, ] =0

we take the expectation on both sides of (Z21]) and ([Z22]) and obtain
1
(2.23) 2wE [Reu(0,w)] = / sin(wy)g(y)dy,
0

(2.24) 2wE [Imu(0, w)] = _/0 cos(wy)g(y)dy.

Therefore the mean value g can be recovered from either the inverse sine transform
from (223) or the inverse cosine transform from (2:24)).

Remark 2.3. Clearly, the reconstruction formulas ([2223]) and (Z24]) for the stochas-
tic problem are analogous to the reconstruction formulas (ZII) and 2I2) for the
deterministic problem.

Both ([223) and ([Z24]) are only valid for positive angular frequency w > 0. The
zero Fourier mode is missing which leads to the non-uniqueness of the reconstruc-
tion, i.e., any vertical shift of the reconstructed function will give the same non-zero
Fourier modes corresponding to the positive angular frequencies. In practice, the
zero Fourier mode is set to be zero. After the inverse sine or cosine transform, the
reconstructed function can be artificially shifted in the vertical direction to make
the value vanish at the lateral point = 0 or = 1 since the function g is assumed
to have a compact support contained in the interval [0, 1].

Using the Ito isometry, we have

E ( /0 1 Sin(wy)h(y)dWyY] = /O 1 sin®(wy)h?(y)dy = % /O 1[1 — cos(2wy)]h* (y)dy,

E [( /0 1 COS(wy)h(y)dWy)Q] - /0 1 cos® (wy)h*(y)dy = % /O 1[1 + cos(2wy) |1 (y)dy.

Taking the variance on both sides of (Z21]) and [222) and using the It isometry,
we get

4wV [Reu(0,w)] = %/0 [1 — cos(2wy)]h?(y)dy,

1
402V [Tmu(0, w)] = %/0 [1 + cos(2wy)]h?(y)dy.

Subtracting the two equations above we deduce
1
(2.25) 40w {V [Imu (0, w)] — V [Reu(0,w)]} = / cos(2wy)h? (y)dy.
0

The variance h? or the standard deviation h of the random source function can thus
be retrieved from taking the inverse cosine transform on both sides of (Z.25]). Fur-
thermore, the zero Fourier mode can also be recovered by adding the two equations
above

(2.26) 4P {V [Tmu(0,0)] + V [Reu(0, w)]} = /0 B2(y)dy.
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Following equations ([2.21)), (2.22)), and (225]), we may conclude that the inverse
problem has a unique solution, i.e., the mean value g and the standard deviation A
can be uniquely determined, if the data E [Reu(0,w)], E [Imu(0,w)], V [Reu(0,w)],
and V [Imu(0,w)] are given for all frequencies w > 0. This is certainly an ideal
situation since the data may only be available at a finite number of a discrete set
of frequencies in practice. The uniqueness is still valid as long as the data covers
all the Fourier modes of the mean value g and the standard deviation h. Otherwise
the uniqueness will not hold if some Fourier coeflicients of the functions g and h are
missing. In the reconstruction, we adopt so-called filtered backprojection algorithm
which assumes that the Fourier coefficients at all of the unobserved frequencies are
zero. This algorithm produces the reconstruction with minimal energy solution
under the observation constraints where the Fourier coefficients at all of the unob-
served frequencies are set to be zero. Finally, we comment that the inverse sine or
cosine transform is realized by the fast Fourier transform (FFT) [30].

3. NUMERICAL EXPERIMENTS

In this section, we discuss the algorithmic implementation and present three
numerical examples to demonstrate the validity and effectiveness of the proposed
method.

The scattering data u(0,w) is obtained from two different approaches to avoid
the so-called inverse crime. One is based on an integral equation and another is
based on a differential equation. Both approaches are numerically implemented
and give the same performance of the reconstructions. We briefly introduce how
we obtain the scattering data in the following.

In the integral equation approach, we use the solution representation in (ZIS).

‘We evaluate both sides at z = 0:
1t 1t
0 = — wy d — YYh(y)dW,.
u(0,w) in/o e“¥g(y) y+21w/0 e“Yh(y)dW,

Numerically the integrals are approximated by the trapezoidal rule

u(0,w) ~ %

M—1 N—1
Ay Y ermglym) + Y elw’“’"h(yn)de] ,
m=0 n=0
where Ay = 1/M,y,, = mAy = m/M,y, = n/N, and the spatial Brownian
motion dW,, = &,/v/N, in which &, € N(0,1) is a random variable in the standard
Gaussian distribution with zero mean and unit variance. We generate &, by a
random number generator in FORTRAN90. In the following examples, M and N
are taken as M = N = 256.
Another approach is based on solving a stochastic initial value problem. It can
be verified that

v(0)
0,w)=——-+=.
u(0,w) 2iw
To obtain the data u(0,w), it suffices to solve the stochastic ordinary differential

equation
dv = (g — iwv)dz + hdW,,
v(1) = 0.

Then we apply a numerical method over [0, 1] to compute the solution. We first
discretize the interval. Let Az = 1/N for some positive integer N, and z; = iAx =
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AN INVERSE SOURCE PROBLEM FOR THE HELMHOLTZ EQUATION 225

i/N. Denote the numerical approximation to vy (z,) by v}. The Euler—Maruyama
method takes the form

U?-H =] + [g(xn-&-l) - iwv?"'l] Az + h($n+1) [W($n+1) - W(xn)]

forn = N—1,N—2,...,0. We refer to [I7] for an introduction to numerical
simulation of stochastic differential equations.

Example 1. Let
16 )
g(x) =03 | (1 —cos(2zx)) — ﬁ(l —cos(3z)) + %(1 — cos(4x)) |,

h(z) = 0.6 — 0.3 cos(z) — 0.3 cos(2x),
reconstruct the mean value and the standard deviation given by
g1(x) = g(2rx) and hy(z) = h(27x)

inside the interval [0, 1]. This is a relatively simple example as both functions g; and
hy contain few low frequency Fourier modes. For the reconstruction of the mean
value g1, the scattering data u(0,wy) is computed at discrete frequencies wy =
km, k = 1,2,...,8; while the scattering data w(0,wy) is computed at frequencies
wrp = kn/2,k = 1,2,...,8, for the reconstruction of the standard deviation hy.
The data covers all the frequency coefficients of this example. To test the stability
of the method, we reconstruct the mean value and the standard deviation or the
variance using different numbers of realization. This is equivalent to using data with
different level of error. Figure 1 shows the reconstructed mean value and variance
and the exact ones with different numbers of realizations. As expected, the relative
L?([0,1]) error “err” decreases from err = 3.05 x 107! to err = 6.44 x 1073 and
from err = 1.16 x 10~! to err = 4.00 x 10~2 for the mean value and the variance,
respectively, as the number of realization “nr” increases from nr = 103 to nr = 10°.
It is obvious that the better reconstruction may be obtained when the more accurate
data is used. In fact, the reconstruction corresponding to the number of realizations
nr = 10° is actually indistinguishable from the exact functions from the graphs.

Example 2. Let

1215
2783

h(z) = 0.5e' — 0.3¢3(27) _ (. 3¢c0s(2)

g(z) =04 | (1 — cos(3x)) — (1 —cos(11z)) + %(1 —cos(122)) |,

reconstruct the mean value and the standard deviation given by
g2(x) = g(2rx) and ho(z) = h(2mx)

inside the interval [0, 1]. This example is more complicated than Example 1 since
both functions contain more higher frequency modes. Correspondingly, the data at
high frequencies should be computed to recover the mean value go and the standard
deviation hy. For the reconstruction of the mean value go, the scattering data
u(0,wy,) is computed at discrete frequencies wy = km, k = 1,2,...,16; while the
scattering data u(0,wy) is computed at frequencies wy, = kn/2,k =1,2,...,16, for
the reconstruction of the standard deviation ho. Figure 2 shows the reconstructed
mean value and variance and the exact ones with different numbers of realizations.
Not surprisingly, the relative error decreases from err = 3.84 x 107! to err =
9.15 x 1073 and from err = 1.67 x 107! to err = 5.03 x 10~3 for the mean value
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and the variance, respectively, as the number of realization increases from nr = 10°
to nr = 106.

Example 3. Reconstruct the mean value

0.5 for 0.15 < x < 0.35,
g3(z)=4¢ 0.5 for 0.65 < = < 0.85,
0 otherwise,

and the standard deviation
0.5 for 0.3 <z < 0.7,
hate) = {

0 otherwise,

inside the interval [0,1]. In this example, the functions are discontinuous. It is
well known that the piecewise constant function contains infinitely many Fourier
coefficients that decay slowly. To show the effect of the maximum frequency on
the reconstruction, we use the number of realization nr = 10% to generate the data
which is intended to reduce the effect of the data error. For the reconstruction of the
mean value gs, the scattering data u(0,wy) is computed at frequencies wy, = km, k =
1,2,...,nw; while the scattering data w(0,wy) is computed at wy = kn/2,k =
1,2,...,nw, for the reconstruction of the standard deviation hs, where “nw” is
the maximum number of frequency. Figure 3 shows the reconstructed mean value
and variance and the exact ones with different numbers of frequencies. As one can
see, the relative error decreases from err = 3.13 x 107! to err = 1.90 x 10! and
from err = 2.32 x 107! to err = 1.23 x 10~* for the mean value and the variance,
respectively, as the number of frequency increases from nw = 8 to nw = 32.

In summary, the following observations can be made from Figure 1 to Figure 3.
When the functions contain few low Fourier modes or fast decaying Fourier coeffi-
cients, accurate and stable reconstructions can be obtained easily. When the func-
tions are discontinuous, the oscillatory behavior near the discontinuities displays the
well-known Gibbs phenomenon. To encounter this challenge, we have also imple-
mented an alternative approach of the ¢;-minimization based method together with
the Bregman iteration [31] for all presented three examples. Generally speaking, the
alternative approach produces similar results for smooth functions and may reduce
the oscillations for discontinuous functions if appropriate parameters are chosen in
the iteration. However, we feel the alternative approach is beyond the scope of the
current paper, since our main intention is to report the novel numerical methods
to reconstruct random source functions from boundary measurements. Therefore
we decide to show only the numerical results based on filtered backprojection al-
gorithm which involves just one FFT in the computation. Finally, we comment on
the reconstructed variances, which should be positive functions. Due to the error
or the Gibbs phenomenon, it is possible that negative values may appear for the
reconstructed variances. In practice, the variance could be artificially set to be zero
wherever it is negative.
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0% 0.2 0.4 0.6 0.8
nr=10%  err=3.05x 107"
0.8

nr= 104,

0 0.2 0.4 0.6 0.8

err=7.66x 1072

0 0.2 0.4 0.6 0.8

nr= 105,

err=2.42x1072

0 0.2 0.4 0.6 0.8

nr=10°,

err=6.44x 107

1.2

0.8

0.4

0.2 0.4
nr= 103,

06 0.8 1
err=1.16x10""

0.2 0.4
nr= 104,

06 08 1
err=3.63x 1072

0.2 0.4
nr= 105,

0.6 0.8 1
err=8.93x 107

0.2 0.4
nr= 106,

0.6 08 1
err=4.00x 107

F1cUrE 1. Example 1. Solid blue line: exact solutions; circled red
line: reconstructed solutions. (left column) reconstruction of the
mean g. The reconstruction error (err) decreases from 3.05 x 107!
to 6.44 x 1072 as the number of realization (nr) increases from
103 to 10° from top to bottom; (right column) reconstruction of

the variance h2.

The reconstruction error (err) decreases from

1.16x107* to 4.00x 1072 as the number of realization (nr) increases
from 103 to 10° from top to bottom.

Licensed to Purdue Univ. Prepared on Mon Feb 24 11:04:39 EST 2014 for download from IP 128.211.178.1.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use

227



228

GANG BAO, SHUI-NEE CHOW, PEIJUN LI, AND HAOMIN ZHOU

0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1
nr=10%,  err=3.84x10" nr=10%,  err=167x10""

08 0.2 0.4 0.6 0.8 1 04 0.2 0.4 0.6 0.8 1

nr=10%  er=857x1072 nr=10%  er=6.38x1072

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
nr=10°%  err=4.32x107 nr=10°%  err=257x1072

"0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

nr=10%  err=9.15x1072 nr=10°  er=503x10"
FIGURE 2. Example 2. Solid blue line: exact solutions; circled red
line: reconstructed solutions. (left column) reconstruction of the
mean g. The reconstruction error (err) decreases from 3.84 x 10~!
to 9.15 x 1072 as the number of realization (nr) increases from
103 to 10° from top to bottom; (right column) reconstruction of
the variance h?. The reconstruction error (err) decreases from
1.67x 107! t0 5.03x 1073 as the number of realization (nr) increases
from 102 to 10° from top to bottom.
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F1cURE 3. Example 3. Solid blue line: exact solutions; circled red
line: reconstructed solutions. (left column) reconstruction of the
mean g. The reconstruction error (err) decreases from 3.13 x 107!
to 1.90 x 107! as the number of frequency (nw) increases from 8
to 32 from top to bottom; (right column) reconstruction of the
variance h%. The reconstruction error (err) decreases from 2.32 x
107! t0 1.23 x 10~ as the number of frequency (nw) increases from
8 to 32 from top to bottom.
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4. CONCLUDING REMARKS

We have studied an inverse scattering problem for the stochastic Helmholtz equa-
tion in one dimension with a random source function. The problem is to reconstruct
the mean and the standard deviation of the random source function from boundary
measurements of the radiating wave field. The scattering model problem was for-
mulated as a two-point stochastic boundary value problem and an integral equation
was derived for the solution, which sets up the relation between the data and the
target functions through FFT. The method is extremely efficient and accurate for
smooth functions. Although we only consider the Gaussian random field in this
paper, the strategy can be extended to other types of randomness in the source
function with minor modification. The inverse random source scattering problem
in higher dimensions and in inhomogeneous background medium are being investi-
gated, and we will report the progress elsewhere in the future.

APPENDIX A. TWO-POINT STOCHASTIC BOUNDARY VALUE PROBLEM

In this appendix, we establish a criterion for the existence and uniqueness of
the pathwise solution for a general two-point stochastic boundary value problem.
To solve the two-point stochastic boundary value problem, we first treat it as a
standard initial value problem at the left boundary point x = 0, and then enforce
the solution to satisfy the boundary condition at the right end boundary point
x = 1. We refer to Nualart and Pardoux [20], and Ocone and Pardoux [27] for
discussions on general boundary value problems for stochastic differential equations.

Consider the general first order stochastic differential equation

(A1) du = (Mu + g)dz + hdW,

together with the boundary conditions given in the form of the linear equations
(A.2) Apug = vo,

(A.3) Biu; = vy,

where u(z) € C", g(z) € C", and h(z) € C" are n-dimensional vector fields,
vp € C™ (ny < n) is a given nj-dimensional vector field, M € C™"*™ is a constant
matrix, Ag € C™*" matrix, and By € C"2*" and v; € C" with nq +ns = n. Here
we have set ug = u(0) and u; = u(1).

For the general first order two-point stochastic boundary value problem (AJ])-
(A3), we give a necessary and sufficient condition for the pathwise existence and
uniqueness of the solution for any fixed realization of the Wiener process W,.

Assume that ug is known, then the solution for the initial value problem of the
first order stochastic differential equation (A can be explicitly written as

() u) = fuot e Mg [Tt

where the last expression is given in the sense of the Ito integral. Certainly, it is
only an assumption that ug is given. In fact, we need to determine uy by enforcing
the solution ([A4) to satisfy the boundary conditions (A.2) and (A.3).

Evaluating the solution (A) at x = 1 yields

1 1
u =eM {110 +/ e‘Myg(y)der/ e‘Myh(y)dWy} :
0 0
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which is required to satisfy the boundary condition (A3) at the right end point
=1

1 1
Biuy = Bye {qur/ e’M’"’g(y)dy+/ 6Myh(y)dWy} =v1.
0 0

We denote the random vector
1
B16M/ e MYh(y)dW, = w € C".
0

The well-posedness of the two-point stochastic boundary value problem (AT])—(A3)
can be equivalently formulated as follows: Given vy and v, for any random process
w, there exists a unique solution ug to the linear equations

Apug = v,
1
BieMuy=vy —w — BleM/ e Mg (y)dy.
0

It follows from the linear algebra that the unique solvability of the above linear
system can be obtained if the coefficient matrix is non-singular. Therefore we
obtain the necessary and sufficient condition for the well-posedness of the two-point
stochastic boundary value problem.

Theorem A.1. The two-point stochastic boundary value problem (AI)-(A3) has
a unique solution if and only if

(A.5) det {Bng} #0
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