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scattering problems. The formulation is in terms of the stress tensor and particle velocities
as the unknown field variables. In contrast with the formulation based on particle displace-
ments, this approach leads to integral representations that do not involve derivatives of the
unknown fields, thus resulting in simplified and more stable numerics. The numerical pro-
cedure is based on suitable quadrature formulas that provide (second order) accurate
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Elastic approximations while retaining the convolution nature of the relevant integrals that make
3D them amenable to efficient evaluation via FFTs. The scheme is further improved through
CG-FFT the introduction of (approximation-based) pre-conditioners that are shown to acceler-
Integral equation ate the convergence of the CG iterations. Numerical results are presented that demonstrate

the accuracy and efficiency of the proposed methodology.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Elastic wave propagation plays an important role in a variety of engineering and industrial processes, ranging from geo-
physical prospecting [14,13] and non-destructive testing [32,27] to imaging applications in medicine [18,31]. The ability to
accurately and efficiently simulate elastic wave scattering processes has therefore acquired great relevance, as it can signif-
icantly accelerate the improvement of existing technologies as well as the development of new ones. A testament to this is
provided by the vast literature that has dealt with the development of numerical algorithms for the solution of elastic scat-
tering problems and which has resulted in advanced methodologies based on finite elements (see e.g. [17] and the references
therein), finite volumes, finite differences [23], and integral equations [5,10].

In this paper, we introduce a new approach to the simulation of (time-harmonic) elastic wave propagation that is based
on an integral equation formulation. Our choice for an integral equation methodology is largely based on its recognized
advantages over alternative formulations, particularly in inherently incorporating the radiation condition (which obviates
the need for artificial absorbing boundaries) and their amenability to accelerated evaluation.

A number of related procedures have been proposed in the past, including some based on boundary-integral representa-
tions (suitable for piecewise homogeneous configurations, see e.g. [15,16,21,22]) as well as fully volumetric treatments
(applicable to generally graded materials, e.g. [5-7]. The scheme we propose here falls under the latter category, as it seeks
to solve a volumetric Lippman-Schwinger equation governing the elastic scattering problem. In contrast with previous work,
we choose to formulate the equations in terms of the stress tensor and particle velocities [9] rather than viewing the particle
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displacements as the primitive variables. As we show, this approach leads to integral representations that do not involve
spatial derivatives of the unknown fields, thus resulting in simplified and more stable numerics. Moreover, this stress-veloc-
ity formulation allows one to implement advanced approximation-based solutions such as the extended Born approximation
[8] in a simple manner. Note that it is also possible to use the stress—-displacement formulation instead of the stress-velocity
formulation. The two formulations are equivalent since their relation is a simple algebraic one.

Beyond these characteristics, our numerical implementation includes a careful treatment of singular quadratures and of
accelerated evaluations and it also incorporates suitable preconditioning schemes. In more detail, the accuracy of our method
relies on the use of specialized quadrature formulas, based on averaging (“weakening”) the Green function in the neighbor-
hood of a singularity [26,29], which we show to result in second order accurate evaluations. As for acceleration, we resort to an
iterative (conjugate gradient) procedure (CGNR [20] and BiCGStab [30]) to solve the discretized linear system where each iter-
ation is effected via Fast Fourier Transforms. This so-called CG-FFT technique has also been used in the electromagnetic scat-
tering computation both in the medical and geophysical applications [12,1,33,3]. Finally, to attain a further reduction of the
overall computational effort, we investigate the effectiveness of pre-conditioners based on physical approximation, including
the Born [24] and Extended Born approximations [4,8] and we show that application of the latter can deliver significant gains.
As we demonstrate, the combination of this collection of techniques results in an efficient and accurate solver that could pro-
vide the basis for inversion procedures that require the repeated application of forward scattering simulators.

The rest of the paper is organized as follows: first, in Section 2, we describe the formulation of the scattering problem and
set up the notation used in this paper. Section 3 is devoted to the derivation of the integral equations and to their normal-
ization. In Section 4 we provide details on our approach to the numerical approximation of these equations, including a dis-
cussion of the “weakening” (averaging) procedure that we use to deal with the singular nature of the integrals. In this section
we also describe the iterative methods we implemented to solve the discretized equations as well as present a review of
approximate solutions (diagonalized, Born, extended Born) in connection with their use as pre-conditioners. Section 5 con-
tains a number of numerical results that demonstrate the accuracy and efficiency of the proposed approach. And, finally, our
conclusions are summarized in Section 6.

2. Scattering problem and governing equations

In an isotropic, linear and instantaneously reacting solid background D we consider the scattering of waves generated by
the presence of inhomogeneities forming a subdomain B. The scatterer B is elastodynamically irradiated by given sources
located in the embedding, see Fig. 1. The problem is to determine the total elastic wavefield in the given configuration.

Following the elastic wave theory and the notations in [9], the elastic wave motion in the frequency domain with time
factor exp(st) is written as

- Ak.m.p‘qamrp,q + SPVi = fi, (1)
Ai,/'.rn.,ramvr - Ssij,p.qrp-q = hiJ’ (2)

where 0y, is the partial differential operator, 7,4 is the stress tensor, vy is the particle velocity, p is the mass density and S;;, 4
is the compliance tensor written as

S,‘J.p,q = 3AA?j,p‘q + 2MA,‘J'_’pvq, (3)
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.-""V""n.
e
O | .S

.
LY

A )
A}
A}
. . 1
incident 1
U
— X
source
H
1

I —
- ey
~a

.
.
.

-
-
-

Fig. 1. The scattering experiment configuration.
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in which A}, and A;j, are unit tensors of rank four and defined as
5 1 1
Aljpg =300 Aijpa =35 (Gipdjq + digdjp)- (4)

On the right hand side of the governing equations, Eqs. (1) and (2), fi is the force source and h;; is the deformation rate
source. All the subscripts can take on values of 1, 2 or 3, and they follow the so-called “summation convention” rule. Note
that the tensors in Eq. (4) have the following properties:

A?\I’-P-CIAS‘QJCJ = A?.j.k.lv (5)
AijpaApakt = Aijki, (6)
A?,j.p_qu,q,k,l = A?j.k.l' (7)

For contracted subscripts we note that A, , , = A, = dij, Where &;; is Kronecker’s unit tensor of rank two. The parameters A

and M are related to the Lamé coefficients 4 and yu as follows:
e R
IMBA+2M) M aw
-2 1
A=s————, M=—. 9
2u(3242u)’ 4u ©)

Moreover, in this study, we choose to work with the particle velocity vector v, instead of the displacement vector U,. The
relation between these two vectors are given by,

v, =sU,. (10)

The stress and the velocity are the fundamental unknowns in our problem at hand. Alternatively, with Eq. (10) we can con-
sider the stress and the displacement as fundamental unknowns as well. This does not change the equations fundamentally.
However, we do not express the stress in terms of the particle velocity (or displacement) and we do not consider the particle
velocity (or displacement) as fundamental unknowns.

In the scattering problem, the elastodynamic properties of the embedding are characterized by the material quantities p,
A and M, and the elastodynamic properties of the scatterer are characterized by the material quantities pt(x), A**(x) and
M*“(x), where X = (x1,X;,X3) is the three-dimensional (3D) spatial position vector in Cartesian coordinate. Therefore, we are
interested in solving Eqgs. (1) and (2) for wavefield {7, 4, v,} when the sources {f, h;;}, the material properties {p, A, M} and
{p>t(x), A" (x), M°“(x)} are given.

= (8)

3. Formulation of field integral equations
3.1. Expressions of the incident wavefields

In the integral equation approach, the standard procedure is to calculate first the so-called incident elastic wavefield,

r};}g, vine e, the wavefield that would be present in the configuration if the object shows no contrast with respect to its

embedding (p*t(x) = p, A**(x) = A and M*"'(x) = M). Theoretically, the incident wavefield can be obtained through the fol-
lowing relations [9]:

150 = [ [kt~ ®)huso) + Gl (x — ¥R x. ()

vt = [ [Grlx— 2y () + G - ()], (12)

where the integration is over the domain that contains the sources, and where G;‘Z ;; Is the stress/deformation rate source

Green function, G;:{]‘,( is the stress/force source Green function, G‘,’,hj is the particlev {/élocity/deformation rate source Green

function and GX{ is the particle velocity/force source Green function. More precisely,

1 1

Gais(®) = =5 Crassd®) = 5 CoanrCumisPadnGra(.S), 13

G (X) = L CpondnG y

p,q.k(x) = ; p.qnron k(X), 14
v,h 1

Gr,i_j(x) = _;Clc.m‘i_jamcr‘k(x), s,

QﬂM:%Gﬂm, (16)
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and
1 S 1 p S
Gr.k(x) = C_Z‘Sr.kG (X) +s_zaral<(c -G )(X), (17)
S
in which
exp (- 1)) exp (- £ 1x1)
D (a) P S () — s 1
G’ (x) prp and G’(x) prp , (18)
are the Helmholtz Green functions [9]. Here ¢, = % and ¢, = %are the compressional wave speed and the shear wave

speed of the embedding respectively. Further, C;;, 4 is the stiffness tensor. In terms of the Lamé coefficients the stiffness ten-
sor is given by

Cijpg = 340} g + 2UAijpq = 2ij0pq + H(Bipdjq + digdjp)- (19)

In particular, when we have a monochromatic point force source located at ¥° and oriented in o-direction, i.e.

fu®) = 5(x—x%)0,, and  hyj(x) =0, (20)

the incident wave fields are given by
—T(x) = / Gl (X —X)5(X — X)X = G} (X — X°), (21)
vin(x) = / G(x —X)0(X — &°)d,d¥ = G/l (x — &°). (22)

These integral representations are also the basis for the representations of the scattered field in terms of secondary sources
due to the presence of a scattering object.

3.2. Expressions of the scattered wavefields

Next the scattered wavefield is obtained as follows:

sct __ inc ,,sct __ inc,
Tpg = Tpa — Tpg Vi = Ve — V', (23)

and, through the idea of Lippman-Schwinger type integral equation [28], the problem of determining the scattered wave-
field is reduced to calculating its equivalent contrast source distribution, whose common support will be the domain D occu-
pied by the scatterer.

Since the contrasts in the medium properties vanish outside the scattering object, the scattered field can be written as
follows:

—T(x) = /D (G ® = OB ) + Gyl (x = X () | e, (24)
v (x) = / [Grij(x =25 (%) + Gl (x — %) () d, (25)

The contrast sources hf;t(x) and fi(x) may be expressed in terms of the total wavefields through
() = S[S353q(%) = Siina Toa(®) = SAL* (®)01Tua(X) + M () [135(%) + T3:(2)], (26)

fE®) = —spy’ ®)vi(x), (27)
where the three contrast quantities x*, y* and y™ are given by

Asct (X) Msct (X) psct (X)

A — _ ~M — _ P — _

A e R A R e b (28)

We finally note that, once the contrast sources f{(x) and hfjt(x) are known, the scattered field may be calculated using the
source-type of integral representations of Egs. (24) and (25).

3.3. Equations inside the computational domain

The total wavefield inside the object is determined from the Egs. (24) and (25), by letting the point of observation to be
inside the test domain D. We then obtain the system of integral equations
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500 = o)+ 5 | (G AT ) Tuslo) + Gl M ()T () — Gl (il |, (29)
e = vi) = s | [GAZA ) Tual) + GLl2M 2 ()14 0) - Gl (O we(w) ¥, (30)

for x € D. Egs. (29) and (30) form a system of integral equations for the six unknown components of the symmetric stress
tensor 7,4 and the three components of the particle velocity vector v,. Note that in these integral equations the Green func-
tions are spatially dependent on x — &', i.e. G© = G~ (x — X'). This convolution type of structure will be exploited.

3.4. Normalized field integral equations

To avoid any ill-conditioning that could arise as a result of the difference in magnitudes between the stress tensor and the
particle velocity, we normalize the latter using the S-wave impedance Z; = pcs and we propose to work with the re-normal-
ized equations. More precisely, letting

U, = Zsvy, (31)

straightforward manipulations lead to the normalized equations:

TE(X) = Tpg(X +sA/c;g” 1 (X)) Ty (KX +25M/ G (& — %) M(X)Ti(x)dX
— o [ Gl 2072 0 ) = )+ B )+ B )+ B ), (32)

riy

PCVI™(X) = U, (X pcssA/G‘r’f, (X —X) 7 X) T (¥)dX —2pcssM/G"" (x—x)M*)Ti(*)dx’
+5p / G (% — &) " (¥ )up(x)dX' = up(x) + B (%) + B (%) + B (x), (33)
D

where, omitting the spatial dependence,

.. A 2c 2c
By =24 {%q(cz a m+p AE?) SMA,‘:,?} (34)
P
2. (2c? 2¢? 2c
By =54 {a,,,q (c_z M Tk pc4 S ppu +30 a,AP}:M> + —Sapang;,’f'} — Mt — (05" + 25" )
p
ZCE pM s,M
- So0000 (A0 - A3, (35)
P ) N S S.p s.p ,uv 0 s,p
B — - o < OpaduAl” — (30" + 2" ) — s, AL — AL, (36)
A 5C; A
B = - e ke (37)
JSCs SPCs . .sm Cs ‘ :
B 2hc: O + oA + ~ 0r0idy (A}_DJ,M _ AI?JM>7 (38)
B =S AP 1 0,0,(A — AP) (39)
[ C? r Ok \ g k-

Here, the vector potentials are given by the following expressions:

Af(x /G (x— X7 (%) 7 (%), (40)

AP ( / G (x — X))y (X )u (¥ )dX, (41)

where y € {p,s} and f € {A,M}.
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3.5. Normalized field integral equations of the scattered wavefields

One variation of Egs. (32) and (33) is to split the total fields on the right hand side into two parts: incident fields and scat-
tered fields. Upon transferring every term that involves the incident wavefields to the left hand side, we obtain

) = 150+ [ Gl (e — X7 T+ 25M [ Gl - )2 ()i

-3 / GE (X — X) P (XU (%) ¥ (42)

W™ () = () — pessh | Gl x = %) 20X ~ 2pesM | Grloe =)0 ()

+sp / Gl (¢ — ¥) 77 (X U (¢ . (43)
where |
(%) = —sA / GEl (% — %) 7 (%) TRS(¥ ) — 25M / GEl (% — %) 7 ()T (¢ ¥
/ GEl (% — %) 17 (% u (%)X, (44)

uP™ (x) pchA/cvh x - X) N ®) T (x)dN +2pcssM/GVh x—X) M) T (KX

T 1 T I,I 1
~sp [ Gl (e ea. (45)

Note that {tb", uP™} is the scattered field generated by the incident field in the scattering domain, in seismic often denoted
as the primary field. Correction to this primary scattered field is obtained by solving for 7{¢'(x) and uj*(x) from Eqs. (42) and
(43). Subsequently, the total wavefields follow from the following relations:

Tij(%) = T @) + T(R),  we(®) = u(®) +u(x), xeD. (46)
This special formulation (the so-called scattered field integral equation formulation) will be used to arrive at an improved
extended Born approximation solution.

3.6. Scattered particle velocities at the receivers

After obtaining the stress tensor and the particle velocity vector inside the test domain D, from Eq. (30), the scattered field
of the particle velocity at the receiver positions (i.e. ¥k ¢ D) can be calculated as follows:

R
v () =

2# pc2 /arG b Tkkdx———/ac x Tkl(dx——/araaj -Gy r,de—_/ach 7,dx

pc3 / Gylu, dx—— / 30k (GP — G*) P udx, (47)

where we have omitted the spatial dependence of xf — x in the Green functions G” and G* and the spatial dependence x in the
contrast functions y™,y* and y* as well as in the field functions 7;; and u,. The partial derivatives operating on the Helmholtz
Green function are calculated analytically, see [9].

4. Numerical treatment
4.1. Discretization procedure

We assume that the domain D which contains the scatterers is a rectangular domain with boundaries along the x;-, x,-
and x;-direction. A Cartesian coordinate system is centered in D. We discretize the domain D in a rectangular mesh. The
mesh is uniformly spaced in the x;-, x, and x3-direction. The rectangular subdomains with widths Ax; in the x;-direction,
AXx, in the x,-direction, and Ax; in the x3;-direction are given by

Xim — 3 A% < X1 < Xim + 5 A%
Dinni = { (X1,X2,X3) € R?| Xon — 3 A%y < X3 < Xpp + 1A% (48)
X3, *%AX3 < X3 < X3y +%AX3
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where
X]:m:X1:1/2+<m_%>AX17 mzla"'va (49)
1
Xon =X21p2+ (M =5 Ax;, n=1,...,N, (50)
1
X3y = X312 + l_f Ax3, 1=1,... L, (51)

in which xy,1; is the lower x; bound of domain D, x,,1/, is its lower x, bound, and x3 3 is its lower x3 bound. In each subdo-
main Dy, ,; with center points at Xy,; = (X1.m, X2.n,X31), We assume the material contrasts y*, ¥ and y* to be constant, with
values chosen to be the same as their values at the center point

Aony = X' Rmn1), where pe{AM,p}. (52)

In view of the presence of spatial differentiations in the integral operators, the boundary of the domain D is chosen to lie
completely outside the scattering objects, and hence

Yini =0, Iy =0, VY, (53)
Xz‘l,l,l = 07 X{)’ﬂ.N,I = O, Vm,Vl, (54)
Xﬁtn.] = 07 an.n.L = 07 VTTLVH. (55)

Now using the spatial discretization grid described above, we are able to discretize the continuous quantities. For example,
Tpgmn, 1S defined

Tpgmnl = Tpg(Xmni)- (56)
Therefore, Eqs. (32) and (33) are discretized as follows:

inc T, 7.0
qumnlftpqm”’+3 qmnl+B qmnl+B \q;m,n,l?

(57)
pCSvlrnrslnl7u”"”l—’_Brmnl_'—Blrlmnl—"_B:'Irl'r:nl7 (58)

form=1,....M,n=1,...,N,and [=1,...,L
4.2. Weakening procedure

Next, the continuous representation of the vector potentials in Eqs. (40) and (41) ought to be discretized in a similar way.
However, in order to cope with the singularity of the Green function, we take the spherical mean of the normalized vector
potential in the Cartesian space. We integrate each vector potential over a spherical domain [26,29] in the Cartesian space
with center at the point Xy, n; = (X1,m, X2;n, X34) With radius I Ax = 1 min(Ax,, Ax,, Ax3). The results are divided by the volume of
the spherical domain with radius 1 Ax. For instance,

/!
f\x”\<1/2Ax Au (xm ni+X")

f\x”|<1 /2Ax

X//
AP (1) = / G (Xt — %) 7N (%) T35 (%) ¥, (59)

where we have interchanged the order of integrations, such that

[1 +%Ax] exp <—%Ax> -1
P P R=0
) - )

—GSC—ZZnAx3
P /1 / P
oo Joio1/2a¢ G (X + ") dx B 60
G () = PR o (o) (60)
|x”\<%Ax exp [—%R] Zz77A}:—cosh <ﬁAx)
)
1
Rawom R>3;Ax

in which R = x| = (x3 + X% + xg)% is the distance function.
As a result of this weakening procedure, we are now able to compute the integral over D in Eq (59) numerically. We

approximate the 1ntegral in Eq (59) using a midpoint rule. We then arrive at the vector potential A,J ol = A}JJ:A (Xmny) given by

Aﬁ)/r\n nl — =AV Z Z Z g Xt — xm’.n’.l’)%%f‘nni’ Tijam 1> (61)
=1n'=1 /=1
form=-1,.... M+2,n=-1,... N+2,and [ = —-1,..., L+ 2, where AV = Ax;Ax,Ax; denotes the volume of each subdo-
main. Hence, following the above discretization procedure, all the vector potentials in Egs. (40) and (41) are discretized into
totally 19 convolutions in a similar form to Eq. (61). These convolutions can be calculated efficiently using an FFT routine,
(see [25]).
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From the considerations above it is straightforward to obtain complete expressions for the discretized form of equations
Egs. (57) and (58). For instance, for B;:;\:m_n_, we have

J2s? A 1
B?‘/l\:m‘n.l p62 ymnl kk+pC2 2#C2A£’?m"l+pcz (AX ) (Agl?m 1nl 2AkI/<\mnI+Akkm+1nl) (62)

and similar representations can be obtained for the remaining components.
4.3. Linear equation solvers and pre-conditioners

Since the linear equation system of Eqs. (57) and (58) has 9 x M x N x L unknowns (for each source position/orientation
and frequency) and the corresponding matrix is densely full, iterative linear equation solvers will be more suitable than di-
rect solvers. However, among the various iterative linear equation solvers, the conjugate gradient techniques are more
attractive for the problem at hand. By using these techniques, the matrix does not need to be stored, hence the memory cost
is therefore minimized.

Since the matrix of operation here is not positive definite, we first choose to use the so-called CGNR method [19], due to
its well-known versatility and stability. More precisely, the adjoint operator of the given linear operator is applied as a pre-
conditioner in the scheme of pre-conditioned Conjugate Gradient method, so that the matrix of operation becomes positive
definite. However, the condition number of the resulting linear operator is twice that of the original one, which makes the
convergence rate slower. Hence, we propose to use its diagonal matrix as a pre-conditioner, which is shown to be helpful in
the numerical tests.

Besides the CGNR technique, BiCGStab is another attractive iterative linear equation solver [30]. However it suffers from
irregular convergence behavior when the matrix is ill-conditioned. To improve the performance of these linear equation
solvers, we propose an alternative type of pre-conditioners: the extended Born approximation (EBA) [8] pre-conditioner.

4.3.1. Adjoint operator and its explicit expression
In order to implement the so-called CGNR linear equation solver, we first have to write out the explicit expression of its
adjoint operator. The adjoint operators K* is defined through the relation

(1o, KSpg)p = (K'Tp g, Spa)p (63)

where r, 4 and s, 4 are both in the same tensor space, in domain D. Note that s, So» and Sq 3 are referred to u;, u, and us, while
other s, 4’s are referred to the six components of 7,,. The inner product on D is therefore defined as follows:

L
(apth PQD* Z Zzzapqmnlbpqmnb (64)

(p.q)e® m=1 n=1 I=1

where @ = {(1,1),(2,2),(3,3),(1,2),(1,3),(2,3),(0,1),(0,2),(0,3)}.
These definitions allow us to get the explicit expression of K. Here we list only one component of £'r, 4 as an illustration:

T M+2 N+2 L+2
* —_ A M
(K rp-q)l.lzm.n.l - szm,n,lrk~’<%m="vl - Xm‘n‘lrm%mﬂl - p62 7m i kkmn.l + /m nlAV Z Z Z Q x’” nt = X I')Fm’ nl

p p m=-1n=-1[1=_1
. M+2 N+2 L+2 M+2 N42 L+2 o
- XA,.,/{‘”JAV Z Z Z gp(xm,n.l - xmhn’,l’) 1, 1 m.anl X%In IAV Z Z Z gs xmnl m’ n’Al’)Fivyl:m/‘n/J’v
m=-1n'=-1/1=-1 m=-1n=-11=-1
(65)
form=1,....M,n=1,...,N,and [ =1,...,L. The convolution calculation in the above equation is efficiently carried out
using an FFT techmque Here FeN L PR fmn, and F5% .mny are related to the finite difference operators in K. We list one as

an illustration:

A )52 1 1
A
Fr = <P_Cf,> (m) Tkkamnl + W (M tm-tnt — 2M tmnd + T 1me1ng) + (Ax—z)z (r22mn-11 — 2T22mnt + T22:mnr11)

+—— (I —2r +r +——+—(M2m-1n-11— T2:m- —T12. 10T
(AX3) ( 3,3;mn,l-1 3,3;m,nl 33mnl+]) 4AX1AX2( 1,2;m-1n-11 1.2;m-1,n+11 1,2;m+1,n-1,1 1.2.m+1,n+1.l)

+m (1 3ym-1m1-1 — T13m-10+1 — T 3metni-1 + M 3mitnie1)

1 (spcS

1
+—————("3mn-11-1 — 123 1 —T23.:mn— “+Ty3. — To1:m— —T01:
4AX2AX3( 2,3:mn-1,1-1 2,3;mn+1,1-1 2,3:mn-1,+1 2,3,m,n+1,1+1) 2# ) 2AX ( 0,1;m-1,n 0,1,m+1.n,l)

spcC. 1 SpcC. 1
< p S) (rO.Z;m.n—Ll — To2mns1)) — ( p S) m(roj;m‘n‘l—l —T03:mnl+1 } (66)

2u 2u

where 1y =1y, for k = 1,2, 3. The other components of F have very similar expressions.
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4.3.2. The diagonal pre-conditioner
Consider the linear operator K as a matrix and denote its diagonal matrix as D, we are interested in using D! as a pre-

conditioner. In other words, instead of solving Ks, , = s, we are solving D~'Ks,4 = D~'si". The first component of D is illus-

trated below:

Fig. 2. The configuration for Example I.

Imivy* ()]

_5 .
-3 -2 -1 0 1 2 3
10
-~ 20
_ Re[vS(xR _ Im[vSS(xR
« 107 v (<] ~ a0 <107 [v3 (<]

Fig. 3. Convergence test for Example I.
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A AV
Dl,l:m-ﬂ»’ =1+—> pC2 anl +— pC2 2,uc2 g OOanl t— ,0C2 ( )2 anl(g 1,00 2gg,O,O + g?,o.o) - Xlnv:.n.l pC2 ymnl
p i AV o
pcz 2,uc2 AVGY 007mn1 2— e (Ax )2 anl(g 100 — 2G000 + gl,0.0)
AV i i i 222 AV

- A Xm, nl(g 100 — 29000 + gm.o) e )’ {Xlr\n/l‘n‘l (ggz,o,o —2G% 50+ gg,op)
_2Xm.n.1(g131,0.0 —2Gh00 + gllj.o.o) + Xl\rr/ll.n,l<g8.0.0 —2G 00 + gg,uo)]

2C§ AV S S S S S S

) (A’ [X’nvql,n,z (gfz,o.o —2G% 00+ go,o,o) - 2%%,;1.1(971,0‘0 —2Gg0 + g1,0,0>

1

+ X (gg,on —2Gio0+ gi,o,o)} (67)

The complete explicit expression of D can be similarly obtained.

4.3.3. The EBA pre-conditioner
We hypothesize that the inverse of a good approximation of the linear operator X might serve as a better pre-conditioner.
Since the Extended Born Approximation (known as EBA) technique has shown to be excellent in other integral equation

Table 1
Convergence test for Example |
N Relative error in v Order Relative error in v§® Order
10 0.91169 0.91246
20 0.29922 1.60732 0.35482 1.36263
40 0.07219 2.05135 0.08121 2.12729
. Re[vSCt XR ~ Vsct X
« 107 vy O « 107 i3]
1r 1r
0.5} 0.5

0p7 ™\ _ \ < 7/ \ ~~
-0.5¢ -0.5
1 , , , , , , 1 , , , , , ,
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Born
— — —EBA
~ Re[vSH(xR _ Im[vS(x
8x109 [vg 0] EBA - sct 1x108 5]
CGFFT
6 -
al 05}
2 L
0 E
-2f -0.5
4t
-6 : . ' . s ' -1 s s s s s '
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
R R
Xl Xl

Fig. 4. Scattered field comparison of the four methods at frequency 1.5 kHz for Example I.
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problems especially in some electromagnetic applications [1,4]. Therefore, we first investigate its behavior in our problem,
and then propose to use it as a pre-conditioner for our iterative solver.
The idea of EBA is to use the following approximation for the internal wavefield inside the integrand of the equations:

Tij(X) =~ Tij(%), w(X)~u(x), xeD, (68)

where &' is the integration variable of the integral equation (it also represents the spatial location inside the scatterer)
whereas x is the location of the observation point. Hence, we have approximated the internal wavefield by its first term
in its Taylor series expansion around the observation variable x. Under this localization approximation, Egs. (32) and (33)
are represented by

T(X) = Tpg(%) + [ / G;Z,,<H>xA<:e>dx’} Tik(X) + |25M / Gpraij (X = X)7"(¥)dx'| T35(x)
N T.f N /
-2 [ospuin-wzraiaru
= Tp-q(x) + E;qA(X)‘EI(k(x) + qu[j( )‘EU( ) + quk( )Uk(x), (69)
PCsVI™ (X) = U (X) — | pcssA / Glx—x) ¥ )dx’} Ter(X) — |2pcssM / Gl (x — %) M(*)dx' | T5()
[sp / Gl (x— x) 7 (%)X | (%)
= Ur(X) + B () Tir(®) + B ()T (%) + E (R)ue(®), (70)
where
.. A 2c; 2ct )
Eh = ZM{(S {cz )(A+ngYPA +—pa,,anPA} (71)
is a 6 x 3 matrix,
10" Refv;(<")] 10 Imfv3*<)]

2 . . . . . ,
-3 -2 -1 0 1 2 3
Born
RelvSl(K - — —EBA B ImivSCix
V3] on—sa| ,x10° V3]
CGFFT

Fig. 5. Scattered field comparison of the four methods at frequency 0.5 kHz for Example 1.



J. Yang et al. /Journal of Computational Physics 227 (2008) 10018-10039 10029

) 2c2 282 2¢2 2c?
EM o — — 25, |50 + 2 61, YPM - 50,0, YPM | o 255 6,0,0,YPM b — M (%)0,.:04,
.0 2#{ M{Crzj i X +,0Cg ij + Cf; i0j + Clz) ijOp0q 2 (X)0pi0q;
s.M s,.M 2C§ p.M s,.M
— [da@pa Y + 05,00V — T3 ,0,00,(YPM - Y*M) (72)
is a 6 x 6 matrix,
10" Re[v;"(x)] 10" [y
- 5 -
-5 L L L " " s
-3 -2 -1 0 1 2 3
Born
10 Re[v3"(x")] ~ - —EBA 10 Im[v3(x7)]
x10 : ~ — EBA-sct| X1 s
CGFFT

-3 -2 -1 0 1 2 3
R
1

X

Fig. 6. Scattered field comparison of the four methods at frequency 0.1 kHz for Example 1.

1.5¢
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Fig. 7. Scattered field comparison of the three linear solvers at frequency 1.5 kHz for Example L.
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LS S 2u
o _ P.p s.p s.p PP _ySP
E ok = 7p7c§ C—Sap,qakY e [0gk0p Y™ 4 0p k0 Y] — Sp—csapaqak(Y - Y

is a 6 x 3 matrix,

Fig. 8. The configuration for Example II.

107 Imivy ()]

4 . . . . . )
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15
- ——=30 t, R
_ Re[vS(xR _ Im[v3(x
4x109 [v3 (<] w0 Bxlog vy (xO]
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Fig. 9. Convergence test for Example II
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E(x) = 2uct oYPh 74
is a 3 x 3 matrix,
: ASC M SpC M C ) :
Efl(x) = 2ucsg 00, YPM 4 i 55,0, Y M +?Sa,aia,(yp’v’ -y (75)

is a 3 x 6 matrix, and
52
B = %00V 4 00(YP7 —V*7), (76)
S

is a 3 x 3 matrix. Here, we define
Vi) = [ /-, 77)
D
where y € {p,s} and g € {A, M, p}. Explicitly, Eqs. (69) and (70) can be written as follows

inc inc pinc pinc inc

T
A R .
[r'{}%,12.2,13,3,rl‘z,rm,fzg,u‘]““,u‘2“°,u‘3““ =T [111,722(X), T33, T12, T13, T23, U, Up, Us] (78)

Table 2
Convergence test for Example II
N Relative error in v§ Order Relative error in v§® Order
15 0.44879 0.39363
30 0.14392 1.64069 0.11149 1.81990
~ Re[vs(x" . ImpvSe o
(10° RCY)! 10 RCY)
61 61
al 4

4t
_4 . . . . . . " . . . . . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Born
o Re[v3™(x")] - - —EBA " Im{v3™ ()]
g X 10 EBA - sct| X0
CGFFT
4t 4
2 -
(] AN
—2F
_4 . . . . . . . . . . . . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
R R
Xl Xl

Fig. 10. Scattered field comparison of the four methods at frequency 1.5 kHz for Example II.
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where T is the transpose notation, and I = I'(x) is a 9 x 9 matrix given by

T,A T,M T.0
E 06*6}{5 E ] (79)

r=1 %9 +
9x9 Eu‘/\ 03><6 Eu.M Eu.p

Therefore, following the same discretization procedure, we are able to implement the EBA operator r, and use its inverse
operator as a pre-conditioner. In other words, instead of solving Ks, 4 = s;”g, we are solving I'~ ICqu =I" s”‘“
4.4. Discretized integral representation

Using the same discretization procedure, the scattered field of particle velocity in Eq. (47) can be represented as follows:

2 L S M N L
R LR R\ _ R ~M
v (6,26, %) = 5 o AVm ; ;&Gp (X% — Ronnt) A Tkimnt — 2 Ty AV )3 ; ;&Gp(x — Xond) Aot Tk
M N L -l M N L
- —AVZ Z Z 0r0; 6]Gp(x - anl)ym it Tigmal +— ps AVZ Z Z 0,0,0,G* (xF - xm.n.l)%%.n,l‘[i,i;m,n,l
m=1 n=1 I=1 =1 n=1 I=1
M N L 2 . Sz M N L .
S S
pC2 AVZ] Z] IZGJ'G * - xm'n,l)Xm,n.lTVJ;m.n,l - p_CEAVZ] Z] ;G (* - xm,nJ)X;_n_[ur;m.n,l
n= =1 m=1 n= —
«1 M N L 1 M N L
— AV D" "0 0kGP (RS — Rennd) J Ukt + p—AV > Z Z 0,0 G (X% — Xnn1) I Uk
=1

PG m=1 n=1 I=1 n=1 I=

(80)

where x8, xR and x§ are the receiver spatial positions located outside the computational domain D. Hence, all the spatial dif-
ferentiation operators working on the scalar Green functions are calculated in closed forms.

10 Relv;"!(<)] o [y

Born
Relv;” ("] A o Im{v ")
EBA -sct| , X 10
CGFFT
l +
O [
\
> >~
—1F
_2F
15 . . . . . . 3 . . . . . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
R R
X1 Xl

Fig. 11. Scattered field comparison of the four methods at frequency 0.5 kHz for Example II.
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5. Numerical results

Throughout our numerical tests in this section, the background material always has a compressional speed of 1500 m/s
and a shear speed of 1000 m/s. The mass density is 2000 kg/m?. The point excitation force employed is directed in the neg-
ative vertical x;-direction located at (0,0,2) m. There are 30 receivers equally arranged along the line from (-3.0,0,1.5) m to
(3.0, 0, 1.5) m. The frequency of operation is 1.5 kHz.

Re[v;*(<)] Im{vs*(<)

x 10 x 10
4r 2r

Born
14 Re[vS%(x7)] - - —EBA » )
g X10 3 EBA -sct| ,X10 ’
CGFFT
o .
=3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
XR XR

Fig. 12. Scattered field comparison of the four methods at frequency 0.1 kHz for Example II.

-0.5} —— CGNR
— — — CGNR/DiagPrecond
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Logrithm of Error

35 . . . . . . . . ,
0 5 10 15 20 25 30 35 40 45
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Fig. 13. Scattered field comparison of the three linear solvers at frequency 1.5 kHz for Example II.
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5 10 15

10 20 30

Fig. 14. The horizontal slice images for Example III.

Re[v3*(x")]

Fig. 15. Consistency test: Example III.
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5.1. Example I

The first model we consider is an object with dimension 0.8 m x 0.8 m x 0.8 m as shown in Fig. 2. The object has a mass
density of 3000 kg/m?, a compressional speed of 3000 m/s and a shear speed of 2000 m/s. The computational domain D is of
dimension 1.0 m x 1.0 m x 1.0 m, and its center is located at (0,0,0) m.

First, we perform a convergence test as we refine the grids. Fig. 3 shows the scattered particle velocities at the receivers
when the number of computational points along each axis is 10, 20, 40 and 62, respectively. The curves show that the scat-
tered particle velocities convergence as we refine the grids. Table 1 shows the convergence history of the test, where the
benchmark fields are calculated from the grids which have 62 computational points along each axis. Therefore, we would
claim that this algorithm is second order in terms of convergence rate.

To show that EBA is a good approximation to the integral equation operator, we compare the results among the following
three methods: normalized integral equation of total field, extended Born approximation to the normalized integral equation
of total field, and extended Born approximation to the normalized integral equation of scattered field. Fig. 4 shows the com-
parison at frequency 1.5 kHz, where there are 40 computational points along each axis. Fig. 5 shows the comparison at fre-
quency 0.5 kHz, where there are 20 computational points along each axis. Fig. 6 shows the comparison with frequency
0.1 kHz, where there are 20 computational points along each axis.

As shown in these figures, the EBA approximations are getting better as the frequency of operation decreases. We there-
fore show in Fig. 7 the comparison of the three linear system solvers: CGNR, CGNR with diagonal matrix pre-conditioner,
BiCGStab with EBA pre-conditioner. The diagonal matrix pre-conditioner helps to improve the condition of the matrix, how-
ever, EBA pre-conditioner works better.

Table 3
Convergence test for Example III
N Relative error in vi®t Order Relative error in v§® Order
10 0.39310 031772
20 0.15304 1.36097 0.10925 1.54012
40 0.03404 2.16867 0.02797 1.96522
~ Re[VS(xR ~ Im[vS(xR
a0 V)] 10 V)]

’3 -2 -1 0 1 2 3 %3 -2 -1 0 1 2 3
Born
- — —EBA R
_ Re[vSe(xR - ImvS(x
x107° v 6] EBA-sct| x107° [v3 6]
4r cGFFT | [

=
=

Fig. 16. Scattered field comparison of the four methods at frequency 1.5 kHz for Example III.
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5.2. Example II

The second model we consider has two objects, which have the same dimensions of 0.5 m x 0.5 m x 0.5 m, as shown in
Fig. 8. The object on the left has a mass density of 3000 kg/m?, a compressional speed of 3000 m/s and a shear speed of
1000 m/s, while the object on the right has a density of 3000 kg/m?, a compressional speed of 1500 m/s and a shear speed
of 2000 m/s. The computational domain is a cube of dimension 1.5 m x 1.5 m x 1.5 m centered at (0,0,0) m.

We first perform a convergence test shown in Fig. 9 for the scattered particle velocities measured at the receivers for an
increasing number of computational points along each axis: 15, 30 and 60. The curves show that the scattered particle veloc-
ities convergence as the grids are refined. Table 2 shows the convergence history of the test, where the benchmark fields are
calculated from the grids which have 60 computational points along each axis. Again, we claim that this algorithm is second
order in terms of convergence rate.

We compare the results of the following four methods: normalized integral equation of total field, Born approximation for
the normalized integral equation of total field, extended Born approximation for the normalized integral equation of total
field, and extended Born approximation for the normalized integral equation of scattered field. Fig. 10 shows the comparison
at frequency 1.5 kHz, where there are 30 computational points along each axis. Fig. 11 shows the comparison at frequency
0.5 kHz, where there are 30 computational points along each axis. Fig. 12 shows the comparison at frequency 0.1 kHz, where
there are 30 computational points along each axis.

Once again, we can conclude from these figures that the EBA approximations are getting better when the frequency of
operation decreases. Fig. 13 shows the comparison of the three linear system solvers as before. The diagonal matrix pre-con-
ditioner works better while the EBA pre-conditioner are the best.

5.3. Example Il
Unlike the first two models where the objects have constant material properties, the third model we tested has an object

which is inhomogeneous in itself. The geometry of the third model is the same as the first model, as shown in Fig. 2, however,
the material properties inside the object are given as follows:

10 Re[v:*(x")] Im{v3 ()]
1.5
l -
0.5F ~
AN
N\
(V1IN N AN
N\
-0.5F
-1t
15 . . . . . . 15 . . . . . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Born
— — —EBA R
Re[vS(xR _ ImvS(x
V3] o~ sat| _x10° V3]
CGFFT
15 . . . . . . _4 . . . . . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

R
Xl

Fig. 17. Scattered field comparison of the four methods at frequency 0.5 kHz for Example IIL
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¢p = 1500 + 1500 sin [(" * 0'4)”} sin [0’ ks 0'4)”} sin {(Z * 0'4)”] ,

0.8 0.8 0.8
B . [x+04)7m| . [y+04)m] . [(z+04)n
s = 1000+10005m{ 08 08 o8 | (81)
p = 2000 + 1000 5sin {(x +008.4)7t} sin [(y +00é4)7t} sin {(z +008'4)n} .
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Fig. 18. Scattered field comparison of the four methods at frequency 0.1 kHz for Example III.
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Fig. 19. Scattered field comparison of the three linear solvers at frequency 1.5 kHz for Example III.
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Fig. 14 shows some horizontal image slices of the density of the object. The slices for ¢, and c; are similar.

We again perform a convergence test first. Fig. 15 shows the scattered particle velocities at the receivers when the num-
ber of computational points along each axis is 10, 20, 40 and 62. The curves show that the scattered particle velocities con-
vergence as the grids are refined. Table 3 shows the convergence history of the test, where the benchmark fields are
calculated from the grids which have 62 computational points along each axis. Therefore, we would claim that this algorithm
is second order in terms of convergence rate.

We then compare the results of the following four methods: normalized integral equation of total field, Born approxima-
tion for the normalized integral equation of total field, extended Born approximation for the normalized integral equation of
total field, and extended Born approximation for the normalized integral equation of the scattered field. Fig. 16 shows the
comparison between these methods at frequency 1.5 kHz, where there are 40 computational points along each axis.
Fig. 17 shows the comparison at frequency 0.5 kHz, where there are 20 computational points along each axis. Fig. 18 shows
the comparison at frequency 0.1 kHz, where there are 20 computational points along each axis.

Once again, we can conclude from the above figures that the EBA approximations are getting better when the frequency of
operation decreases. Again, Fig. 19 shows the comparison among the three linear system solvers as before. The diagonal ma-
trix pre-conditioner works well while the EBA pre-conditioners are the best.

6. Conclusions

In this paper we introduced a Conjugate Gradient Fast Fourier Transform (CG-FFT) method for the numerical solution of a
Lippman-Schwinger integral equation formulation of three-dimensional elastic scattering problems. To alleviate condition-
ing difficulties that may arise from differentiation of unknown fields within the formulation, as in classical approaches that
treat the displacements as the primary dependent variables, we resort here to a representation in terms of stress fields and
particle velocities. For the resulting equations we derive and implement a numerical procedure that relies on accurate quad-
rature formulas and efficient FFT evaluations of the iterative solution of the discretized problem. The convergence of the CG
iterative scheme is further improved through the introduction of suitable pre-conditioners, most notably those based on the
Extended Born Approximation. A variety of numerical examples are presented that confirm the accuracy and efficiency of the
proposed methodology. These features suggest that the present numerical scheme could provide the basis for efficient inver-
sion procedures [2,11] that require the repeated application of forward scattering simulators, the development of which is
left for future work.
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