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Abstract We discuss an optimization methodology for
focusing wave energy to subterranean formations using
strong motion actuators placed on the ground surface. The
motivation stems from the desire to increase the mobility of
otherwise entrapped oil. The goal is to arrive at the spatial
and temporal description of surface sources that are capable
of maximizing mobility in the target reservoir. The focusing
problem is posed as an inverse source problem. The underly-
ing wave propagation problems are abstracted in two spatial
dimensions, and the semi-infinite extent of the physical
domain is negotiated by a buffer of perfectly-matched-
layers (PMLs) placed at the domain’s truncation boundary.
We discuss two possible numerical implementations: Their
utility for deciding the tempo-spatial characteristics of opti-
mal wave sources is shown via numerical experiments.
Overall, the simulations demonstrate the inverse source
method’s ability to simultaneously optimize load locations
and time signals leading to the maximization of energy
delivery to a target formation.
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1 Introduction

Elastic wave stimulation of oil reservoirs has been sug-
gested as a viable recourse for the purpose of enhanced oil
recovery (EOR) [3, 4, 6, 10, 12, 16]. Seismic EOR, as it is
sometimes referred to, relies on the ability of propagating
waves, generated by sources placed on or below the ground
surface, to mobilize trapped oil particles. Laboratory and
field experiments [4] suggest that such mobilization is pos-
sible either by dislodgement into the fluid flow of the oil
particles adhering to the pore wall [12] or by the release
of trapped oil-blobs from the pores due to a Haines jump-
like phenomenon [2, 3, 6]. After the droplets are dislodged,
conventional methods can be used for recovery. In general,
wave-based EOR methods are economically competitive
and do not suffer from low sweep efficiency problems
in heterogeneous reservoirs when compared to other EOR
methods [10, 14].

From a technical perspective, uniform, or as uniform
as possible, illumination of the reservoir by a sufficiently
strong wave field is essential to the success of wave-based
EOR methods. Radiation damping, intrinsic, and apparent
attenuation present challenges in the field implementation
of any wave-based EOR process. Although the dissipa-
tive character of the problem cannot be altered, intelligent
choices for the locations and frequency content of the wave
sources can help maximize reservoir shaking. For example,
wave sources operating at certain amplification frequencies
(characteristic of the reservoir and its surroundings) have
been shown to produce stronger wave motion in the targeted
formations [10] than blind sources operating at arbitrarily
selected frequencies. It can also be argued that if the sources
are situated and synchronized in a manner that promotes
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constructive interference at the target formation, then suffi-
ciently strong motion may result despite the attenuation. In
this article, we discuss a systematic methodology for mak-
ing a judicious choice about both the placement and the
frequency content of wave sources used for focusing wave
energy to subsurface formations.

Frequency sweep is one possibility for determining the
optimal (monochromatic) frequency of a ground motion
actuator at which the oil mobility in the formation will
be maximized. When given the location and strength of
the wave sources, the frequency sweep relies on a lin-
ear elastodynamic or poroelastodynamic model for captur-
ing the relevant physics and for determining the strength
of the wave field within the reservoir over the driving
frequency range of interest. Although traversing the fre-
quency spectrum with fixed load locations is a compu-
tationally manageable task, an exhaustive search for the
optimal load locations that could potentially maximize
mobility is computationally prohibitive. This shortcoming
of the frequency sweep approach could be overcome if
the problem were formulated in terms of a search for the
optimal source characteristics, both spatial and temporal,
which, in turn, calls for casting the search as an inverse
source problem.

The inverse source problem approach for the maxi-
mization of motion in a target formation is akin to the
inverse medium problem typically arising in exploration
geophysics [1, 5,7, 11, 18], where subsurface imaging relies
on the minimization of the difference between experimen-
tally collected and computationally obtained data. Similarly,
the inverse source problem is formulated as a constrained

Fig. 1 General framework of
the inverse source process

optimization problem, where minimization of an appropri-
ate objective functional is tantamount to the maximization
of wave motion in the reservoir. The search for optimal
source characteristics is carried out by staying within the
constraints of the governing physics and of equipment
limitations.

Schematically, the inversion procedure is depicted in
Fig. 1. The procedure is initialized with the definition of
the motion metric in the objective functional (£) and with
initial guesses for the source characteristics, i.e., for the
source location and the associated time signals (control
variables). Following a constrained optimization approach,
whereby the governing IBVP is side-imposed to L, the
first-order optimality conditions typically lead to a triad
of forward, adjoint, and control problems (box A, Fig. 1).
The wave source characteristics are updated, following, for
example, a gradient-based scheme, which requires compu-
tation of the functional’s gradients in the space of the source
characteristics. Thus, in general, the numerical solution of
the inverse source problem performs two key operations:
optimization (minimization) in the space of the control
variables and discretization of the ensuing triad of BVPs.
These operations can be performed in different order and
would yield different gradients of the objective functional in
question. Depending on the operational order, there arises
either an optimize-then-discretize (OTD) or a discretize-
then-optimize (DTO) approach; they are both shown in
Fig. 2 [8, 15].

Either of the two approaches can be used to solve an
inverse source problem aimed at the maximization of wave
motion within a reservoir. For example, in Jeong et al. [9,
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Fig. 2 Candidate algorithms for
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10], the OTD approach was used for optimizing the fre-
quency content of surface sources used in wave-based
EOR for reservoirs abstracted in one or two spatial dimen-
sions, where, however, the load locations were treated as
fixed.

In this article, we adopt a similar two-dimensional elastic
setting for optimizing the wave source characteristics, but
seek to optimize both the source frequency content (or time
signal) and the source locations. The reservoir is represented
by a target inclusion within an arbitrarily heterogeneous
geological formation. We utilize hybrid perfectly-matched-
layers (PMLs) [13] to truncate the physical domain of
interest. We discuss the formulation and implementation
of both the OTD and the DTO approaches and conduct
numerical experiments. We compare the performance of the
frequency sweep approach with that of the inverse source
problem approach and show that simultaneous optimization
with respect to both source locations and time signals is
important for a higher energy yield. We also discuss the
effect of polarization of the applied surface tractions on the
efficiency of energy focusing and report results attesting to
the ability of the inverse source approach to prescribe wave
sources that could improve the mobility of a reservoir’s
bypassed oil.

2 The forward problem

Our working hypothesis is that the material properties of
the targeted geostructure and those of the surrounding for-
mations are known a priori. For example, if @, in Fig. 3
is the target reservoir, then the properties of both €, and
its surrounding formations 2, are considered known. The
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forward problem consists of finding the displacement field
(velocity and acceleration) in the domain of interest, given
suitable boundary and initial conditions, which include the
applied surface tractions. We discuss next the elements of
the forward problem.

2.1 Strong form
We are concerned with elastic wave propagation in a

two-dimensional (2D) heterogeneous, elastic halfspace. We
intend to use finite elements for the numerical solution of
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Fig. 3 Problem definition
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the BVPs. This choice, in turn, necessitates the truncation of
the semi-infinite domain. We use hybrid perfectly-matched-
layers (PMLs)[13] to realize a physically faithful simula-
tion of wave propagation within the computational domain.
Figure 3 shows the truncated 2D elastic domain Q2o that
has been augmented with PMLs (2pmL). Q2reg envelops the
target inclusion €2,. u,(x,?) represents the displacement
field in the target inclusion (£2,), whereas uy (X, ) denotes
the displacement in the rest of the domain (2eg U Q2pmL).
The governing equations in £ = €2, U Qg U QppM, for time
t € (0,T] =J,are given as :

div [ua (Vua + vl )] + div [{}a div ug) ]

— paliy = 0,x € Q, (D
and
div [Mb (Vub + vl )] + div [ divug) T]
—pplp = 0, X € Qreg, (2a)

div (ST[\e + ST1~\p> — pp (aillp + buy + cup) = 0,
Y e QpmL, (2b)
. . . 1 ~ ~
D:(@8+b8+08) -2 [Vuphy + A&, (Vup)”
+Viphe + A (Vi) | =0, xe QL Qo)

where an overdot ( * ) denotes a derivative with respect
to time and a colon (:) represents tensor inner product.
Equations 1 and 2 are the elastodynamics equations for a
semi-infinite medium, augmented by PMLs [13]. S(x, ¢) is
the stress history tensor, given by,

C[Suxn Spx.n] [
S(x,t) = |:Sz1(X, 1) Soa(x. t):| = /(; o(x, 1)dt, 3)

where o is the Cauchy stress tensor. A, and A p are com-
ponents of the stretching tensor, and a, b, ¢ are coefficients
defining coordinate stretching in the PML region. Their
detailed definitions are beyond the scope of this article
and can be found in [13]. (Aa, ia, pa) and (Ay, Ub, Ob)
are the Lamé parameters and mass density for the inclu-
sion €, and Qre; U Qpmr, respectively. D is the com-
pliance tensor, so that the constitutive law takes the form
D:S = %(Vub + Vug). For + € J, the govern-
ing equations are subjected to the following boundary
conditions:

up(x, 1) =0, x € TEML, (4a)

[,ub (Vub + Vu{) + {Ap div up} I] n = f(x, 1),
X € I'oad, (4b)
[Mb (Vub+Vu{ ) + [p div up) 1] n =0, x € e, (4c)
TR,

($
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free °

+ ST[\,,) n=0, xe "ML, (4d)

interface conditions :

u;' =u , X€ I'r, (5a)
[ub (Vub + vl ) + {Ap div up) 1] n =

—($"Rc+S"A,)m;, xeTh (5b)

ua(xv [) = ub(X9 t)s X e Fav (SC)
oa(x,)'ny = —on(x, 1)}, xeTly; (5d)
where

Ga(X. 1) = [t (Vua +vu! ) + Aa(div up)I, (5¢)
ob(x, 1) =t (Vuy + Vul ) + i (div up)l; (50)

and initial conditions :

U, (x,0) =0, u,(x,0)=0, xeQ,, (6a)
uph(x,0) =0, u(x,0) =0, x€ Qe UQpmr, (6b)
Sx,00=0, Sx,0 =0, x¢&QpmL. (6¢)

The strong form of the forward problem can be stated as:
given loads f(x, t), find u, € H'(Q,) x J, up € H(Qpeg U
Qpmr) X J, and S € £2(Qpmr) X J, so that they satisfy
Egs. 1 and 2 and conditions (4)—(6), where the pertinent
function spaces for a scalar f, vector u, and tensor T are
given by:

2@ =(f: [ 1fPd2 < o) (7a)
£X(Q) = (T: TQe (L>(Q)*%), (7b)
H(Q) =(f /Q(If|2+ 1V 9)dQ < oo,
f(x) =0ifx € TEML), (7c)
H' (Q) = {u:ue H' Q). (7d)
2.2 Weak form

Next, we cast the forward problem in its weak form in the
Galerkin sense. We multiply (1) by a vector test function
v,, multiply (2a), (2b) by a vector test function vy, integrate
by parts on their corresponding domains, and add them.
Similarly, we multiply (2c) with tensor test function T and
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integrate over Qpyp. After some simplifications, using the
boundary conditions (4) and interface conditions (5), we
arrive at the following weak form:

/ {VVa : [Ma (Vg + Vul) + Ay (div ua)I]
Q2
+V, - pally} dQ2
+ / {va : [Mb(Vub + vul) + Ap (div ub)I]
Qreg

+Vp - pplip} d2
+ / [Vv: (§7A +57A,)
QpMmL

+vp - pp (aiiy, + bup + cup)} dQ2 = /Vb -£dT, (8a)

Cload

.. . . 1 -
/T: {D:(aS+bS+cS)——[VubAp
o 2

PML

+A,(Vup)T + Vi A, + ]\e(vub)T] } dQ=0. (8b)
2.3 Semi-discrete form

Numerical solution of the forward problem requires dis-
cretization in space and time. We introduce spatial approx-
imations via shape functions ®(x) € H}I(Q) and V(x) €
L%(QPML). Thus, the trial and test functions can be
expressed as,

_[vie® _[e®7H, 0
Va = [v?lcb(x)]’ B = [cb(x)Tﬁa;(r)]

T To
| Vp, @) e up, (1)
Vo = [vgi@(x)]’ U = |:(I>(x)Tﬁb;(t) ] ©a)

T :[T@\y(x) Tiz\ll(x):|
TV w(x) TLv(x) |

_ [‘I’(X)TSU(I) LIJ(x)TSIza)}

= | w0 8a1(t) w0 S (1) )

where, henceforth, quantities with a tilde over the quantity
symbol () denote vectors of nodal values of the subtended
quantity. Introducing Eq. 9 into Eqgs. 8a and 8b yields the
following semi-discrete equation:

Md + Cd + Kd =F, (10)
where,
AT
d= [ua, Uy, | U2 e | U T S11 Sy 512] (11)
1 @2 r
F:[00|FF |00000] . (12)

We note that M, C, and K are the global mass, damp-
ing, and stiffness matrices, respectively, d is the vector

of unknown displacements (everywhere) and stress histo-
ries (PML only), and F is the force vector. The definitions
of the element matrices used in our formulation are given
in Appendix A. Further details of the global and element
matrices can be found in [13].

2.4 Time integration

The time line is now discretized using a timestep Az. We
define the vector d; = d, at time t = i At. The equation of
motion of the spatio-temporally discretized system at time
t = (i + 1)At can be written as,

Md;;; + Cd; 41 + Kd; ) = Fipg. (13)

We employ Newmark’s time integration scheme to integrate
Eq. 13 in time. At time ¢ = O:

Mao =Fy— Cd() — Kdp, (14)

where dg and d are the prescribed displacement and veloc-
ity vectors. For any time ¢ € J, i.e., for i > 0, we calculate

the acceleration (d, ) by solving,

Megrdi+1 = Reg, (15)
where,
Mgt

M + Cy (A1) + K(Ar)?B
M + b4C + bK, (16)
Resr = Fiy1 — Kd; — [C+ (AHK]d;

- [(1 —)(AHC + (0.5 — ﬁ)(At)QK] d;
= F;41 — Lod; — L1d; — Lod;. a7)

We, then, calculate the displacement and velocity at the (i +
1)-th timestep using,

div1 =d; + (And; + (0.5 — B)(AD*d; + B(A)d;4

=d; + bod; + bid; + badi 1, (18)
dip1 =d; + (1 - y)(ADd; + y(ADd4
=d; + b3d; + bad; 1. (19)

Solution of the forward problem can be obtained by starting
with i = 0 and marching in time (i <— i+ 1), using Egs. 14—
19. In Egs. 15 to 19, we have introduced constants by — b4
and matrices Ly — L. Their definitions are given below:

bo = At, by = (3 — B)(AD%, by = B(AD?,  (20a)
by = (1= y)(A1), by=y(A0), (20b)
Lo=K, L; =C+ K, L, = b3C + b K. (20c¢)

3 Load modeling
In the inverse source formulation, the surface loads are

treated as unknowns. The load descriptors are updated iter-
atively during the inversion process (e.g., & in Fig. 1).
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This calls for parameterization of the spatio-temporal char-
acteristics of the loads. Specifically, the tractions f(x, t)
applied on I'jpyq consist of contributions f;(x, t) from ng
sources. The i-th source consists of a spatial 6;(x) and a
temporal f;(#) component. 6; is further decomposed into
the x;-directional component 6;1(x) and the x»-directional
component #;2(x). Thus,

ns

fix. = Y-t =30 | 210 | . @1
i=1 i=1

In our numerical experiments, we use loads in either the x|
or x, direction, and, thus, consistently with equipment lim-
itations that allow load application in one direction only,
either 6;1(x) = 0 or 6;2(x) = 0. We parameterize the
(unknown) time signal using piecewise quadratic Lagrange
polynomials 7;(¢) whose temporal nodal values are denoted
by &;;. This allows us to express f;(t) as

ny
filty =) &), 22)

j=1

where n ¢ is the total number of Lagrange polynomials. The
spatial variation of the i-th load on I',q is captured by 6,k
where subscript K describes the direction in which the load
acts. For example, a constant pressure load applied verti-

cally on part of the surface (x, = 0) can be expressed
as

b; bi
0201, 0) = H (m =% ) = H (mi+ %), (23)

where H is the Heaviside function, »; is the x| co-ordinate
of the load’s center-line, and b; is the i-th load width. A
vertical load varying like a Gaussian function in space about
n; is given by

—(x1—n:)2
ia(x1, 0) = —exp | =1 | (24)

In our numerical experiments, we use (approximately) 2-m
-wide loads. Thus, we set b; = 2 m in Eq. 23 and b, =
1.25 m in Eq. 24.

4 The inverse source problem

Next, we discuss the formulation and solution of the inverse
problem. The inverse source problem aims at maximizing a
motion metric (e.g., the kinetic energy) in the target domain
by seeking optimal time signals and locations for the surface
tractions. In this section, we discuss the formulations for
both the OTD and DTO approaches.

@ Springer

4.1 Optimize-then-discretize (OTD) approach

We use a standard PDE-constrained-optimization approach
to resolve the inverse source problem. The objective func-
tional is cast in its continuous form. The constraints
imposed by the governing PDEs and Neumann-type bound-
ary conditions are incorporated by augmenting the objec-
tive functional with the PDEs and boundary conditions,
multiplied by continuous Lagrange variables. Upon dis-
cretization of the first-order optimality conditions, the
resulting KKT (Karush—-Kuhn-Tucker) system is solved
numerically using a reduced-space approach. Maximiza-
tion of the kinetic energy within the elastic inclusion (£2,)
is tantamount to minimization of the following objective
functional:

L= — :
/ / Pa 0, -l dt dQ2
a /0

subject to the governing Eqgs. 1 and 2, boundary, interface,
and initial conditions (4)—(6). We side impose the PDEs (1)
to (2c), and the boundary conditions (4b), (4d) on L to form
the Lagrangian A. Other boundary, initial, and interface
conditions will be explicitly imposed. There results:

1
T
/A‘/,Oa[l'la'l.la]dtdQ
2, J0
T
+ / / xua-[ua div (Vu, + Vo] )
Q. Jo

+div [{Aa div ua} 1] — patia] dt 2

T
—i—f / Au, - [,ub div (Vub + Vug)
Qreg 40

+div [{Ap div up} I] — pplip]

T . ~ ~
+ / / Mo - [div ($7 A, +STA, )
Qpmr YO

—pp (atip + buy, + cup)] dr dS2
T
+/ f As:{D: (@S +bS+cS)
Qpmr V0

1 o
- [VubAp + A, (Vup)T

(25)

A=

+VipA, + Z\e(vl'lb)T] } dt dQ
T
L e Lo (s sl
I‘load 0
+ (A div up) I n — £(x, )] dr dT
T
+/ / Ap - (STf\e +ST[\,,) ndirdl (26
ML Jo

Notice that A = {Ay,, Ay, As, AF, Ap} are the continuous
Lagrange multipliers. We, now, seek to satisfy the first-order
optimality conditions.
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4.1.1 State problem interface conditions :

The variation of the Lagrangian with respect to the Lagrange )w,jb =1, Xl (32a)
variables results in: ' (Mb (Vi + ngb) + A (div )»ub)l) nl+ _

Sy A=0, i=1,2

81, A = 0. i=1,2 —(—Xsf\eﬂsf\p) n;, xel], (32b)
8;‘5”_./4 =0, ij=11,12,21,22 27 A (X, 1) = Ay (X, 1), X €Ty, (32¢)
Sy, A =0, i=1,2 Ao, X, )Ty = Ao, (x, )"0, x € Ty; (324d)
S, A =0, i=12. where,

Equations 27 are satisfied when the (continuous) forward Ao, (X, 1) =ty (VAy, + nga) + Aa(div AL, (32e)
D L S T e O 1) By L A 02

and final value conditions :
4.1.2 Adjoint problem - strong form
My (X, T) =0, Ly (x, T) = —Elty, X € Qy, (33a)

Variation of .4 with respect to the state variables yields: A, (%, T) = 0, )'»ub (*.T) = 0, X € Ueg. (33b)
B, A =0, i=12 As(x, T) =0, ig(x, T) = 0, X € Qpmr. (33¢)
Sy, A =0, i=1,2 (28)

55,._;A =0, 1ij=1112,21,22. As it can be seen from the above, the adjoint problem

Equations 28 give rise to the strong form of the adjoint
problem, for time # € (T, 0] = Jg,

div [ pta (Vu, + VAL )| + div [{2a div &} 1]
—Paku, = £, X € Qa, (29)

and

div [ (VAuy + VAL ) |+ div[{i div A} 1]

_,Obxub = 05

div (s Ae+xsA ) — o (aku, —bhuy +0ku) =0,

X € QpML, (30b)

D:(aks — bks + cks) + Ac(Vip)T — A, (VAp)T =0,
(30c)

X € Qg (30a)

X € QpMmL,

where

. -2
fuﬂ = Epally, &= 3

(fgza ) palty - 0] dt dQ)

__ 4 sym
As = Ag

subject to the following boundary conditions:
Ay(x,1) =0, x € TEML,

(146 (VAuy + VAL) + 2(div 2T n = 0, X € Pigua, 31b)

(31a)

[ub (Vhuy + VAL ) + 2 (div xub)l] n=0, X € M. (3lo)

(~AsAc+2Ash,)n=0, xe TP, (31d)
(—15A6+xsz~\,,)n=0, x € IPML. Gle)
AE(X, 1) = =4y, (X, 1), X € Toad, (311)
Ab(X, 1) = Ay (X, 1), X € DL (31g)

is driven by the body forces that, in turn, depend on
the value of the energy metric the forward problem com-
putes over the target formation, while the time line is
reversed.

4.1.3 Adjoint problem - weak form

We take an inner product of adjoint equations with appro-
priate test functions and integrate over the corresponding
domains to obtain the following weak form of the adjoint
problem:

/ {vVa : [Ma (qua n vxfa) + {Ra div Ay, } 1]
Q

+Vva - [,Oaxua + lofxw]} dQ
+ / [Vvo: [ (Vhuy + VAL ) + {20 div di, } 1]
Teg

+Vb - Pbxub} ds2
+/ {va : <—Xs]\e + ij\I,) + Vb - ob (axub
QpMmL
—bAy, + Chyy ) Q2 = —/va : fua} dQ.  (34a)
Q2
/ T: {D : (aks — bhs + chs) + Ao (Vip)"
Q

PML
~A,(VAp)THae =0, (34b)
4.1.4 Adjoint problem - semi-discrete form

We introduce spatial approximations via shape functions
®(x) € H} () and W(x) € £7(Qpmr). Thus, the trial and
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test functions are given by

_[vi®e® [k, (1)
Va = [V£¢(x)} ’ Mg = |:<I>(X)Txuﬂ2(t)] ’

T TY
_ Vblq)(x) _ D (x) ’)\tu ()
v [V§24’<X>]’ e bttt A

T — [T{lw(x) T{zw(x)}
T} ¥ (x) THLV(x) |

WX As, (1) W) s (r)}
Ao = Asn L) (35b)
[ W) sy, (1) W) hsy, (1)
We define
A= [iua] xuuz |»):ruebgl X;Zgz |X£XL’X§ZLXSHXS&XSQ]T’ (36)
F4 = [F,, F, [00]00000]", (37
Fi, () = — / Epu 0T, (1) d2. (38)
Qu

Now, Eqgs. 34a and 34b can be written in their semi-discrete
form, using (35), as

MR 4+ cddix 4 Kadip = Fd, (39)

Comparison of Eqs. 8a and 8b with Eqs. 34a and 34b
reveals that the system matrices for the forward and adjoint
problems are related, as per:

M =M, ¢ = —C, K =K. (40)
4.1.5 Adjoint problem - time integration

The adjoint problem is a final BVP, and it requires travers-
ing the time line backwards. To this end, we introduce the
following approximations:

A = Aig1 — hip1 A+ (AD? [X,05 = B) + X1 B]. (4D
Mgt = A — Ar[Li(1—y) + Xy ] (A, (42)

where the subscripts denote timestep. Equations 41 and 42
are used in the following system of equations:

M4+ C o+ K = B (43)

Inserting Eqs. 41 and 42 into Eq. 43, after some simplifica-
tions, yields,

[M = A1 = )€ + (An205 - HK ]
= FY iy — Arpdi]
—KAdi [Xi+1 — Athig + (At)zﬂxi“] ) @

Similarly to the forward problem, we solve the adjoint
problem using the step-by-step time integration procedure
outlined by Eqs. 41-44.
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4.1.6 Control problem(s)

Formulation of the control problem depends on the type
of optimization to be performed. The inverse problem can
be cast to obtain either the optimal time signal or the
optimal position of the surface tractions, or both of the
aforementioned load descriptors.

Time signal optimization: In this case, the goal of the
inverse problem is to find the optimal set of parameters
&ij, as defined in Eq. 22. The control variable is given
by:

E=[n&n - &y o Ewom—1) Sngnyl- (45)

For a load applied in the x; direction, the gradient of the
Lagrangian with respect to the control parameter &, is
given by

T
v(%—mn)‘A = ka(x)(DT {/ A'ubk(l)":l’l(t)dt} dr
Cload 0
(46)

Load-location optimization: Here, we seek the optimal load
locations for maximizing the motion metric in the inclusion.
The vector of control parameters, used in Eqs. 23 and 24, is

givenby 5 = [n1 n2 -+, |-
VA =

3Oy (X) T ”f
/ mk D T foxubk(z)E EnjTj(t)dt b dT.
Fioad i=1
J

0nm
47)

Detailed derivations of the control problems are given in
Appendix B.

The summary of the inversion procedure is discussed
next. We solve the forward problem using an initial guess of
the source characteristics to obtain the state variables. We
use the state variables to form the body forces that drive the
adjoint problem. Upon solution, the adjoint problem yields
the values of the adjoint variable on the loaded boundary
IMoad- These values are used to compute the reduced gradi-
ent(s) in Eqs. 46 and/or 47. The procedure used for updating
the vector of location parameters (n) is discussed next; the
identical procedure is used for updating the vector of time
parameters (§). Let g be the discretized reduced gradient
for the load location vector obtained at the end of the k-th
inversion iteration. Thus,

gk = (Vip Ak (48)

g« is used to compute a search direction sy in the space
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of source characteristics. Here, we use the search direction
given by the conjugate gradient method.

Sik = —8gi, ifk =0,
8lk - 8k

—————— otherwise. (49)
gi(k—1) " Bl(k—1)

Sik = —8ik +
We, then, update the source characteristics by taking a step
towards the search direction. The magnitude of the step is
decided by the step length ay, i.e., we set g,y = 9 +
okSik- The iteration counter is updated (k <— k+ 1), and the
procedure is repeated until convergence is reached.

4.1.7 Discrete objective functional

To complete the discrete problem, the objective functional
(25) must also be discretized. Let £ denote the discrete L;
then

1

T~T

J S
Muadt

(50)

where M? is the mass matrix of the inclusion (Appendix A).
4.2 Discretize-then-optimize (DTO) approach

Following the procedure outlined in [11, 15], we begin
with the spatio-temporally discretized forward problem.
The objective functional is cast in a discrete form and aug-
mented by weighing the governing equations by discrete
Lagrange multipliers. The resulting discrete Lagrangian is
then subjected to the first-order optimality conditions to
arrive at the KKT system. Specifically, the time-marching
scheme outlined in Egs. 14 to 19 can be represented as a
linear system of equations given by,

Qu-=f, (51
where
u=I[dydodod;d;d - dydydy]”, (52)
f=1[FododgF; 00 --- Fy 00]", (53)
M C K 0 00 0 0 0 0 00]
0 I 0 0 00 0 0O 0 0 00
0 0O I 0 00--- 0 0O 0 0 o00
L, L; LoMgg00--- 0 0O 0 0 00
—b3I -1 0 —bI10--- 0 0O 0 0 00
b I—bol =1 —-H101--- 0 0O 0 0 00
0 0 0 0 00--- Lo Lj LoMgs00
0 0 0 0 00---—bH31 -1 0 —b4II10
i 0 0O 0 O 00-~-—b11—bOI—I—b2101_

(54)

Equation 51, which is tantamount to the discretized forward
problem, will be used to formulate the inverse problem.
Recall that the objective functional was given by Eq. 25
in its continuous form. The corresponding discrete form,
modulo the mass matrix for compactness, is given by (com-
pare with (50)):

1

~T~

Ly —_—
fo pally Updt

1

~

N—1
T <
pa At [2“a0“ao + 2uaNuaN + Z u, lla,
i=1

1

= —, 55
Pa”TBuau ©>3)

where B, is a block diagonal matrix with ArB; on its
diagonals; Bj; are square matrices that are zero everywhere
except on diagonals that correspond to the u, degrees of
freedom. As before, we superimpose the governing equa-
tions (51), weighted by the discrete Lagrange multipli-
ers p, on the objective functional to obtain the discrete
Lagrangian, which is to be minimized. Thus, the constrained
minimization problem can now be stated as,

min Aa(u, p, f) = La — p'(Qu — f), (56)

where

p=1[ohorohi A; Ay -+ Ay Ay Ay 17, (57)
~ ~ PML PML7> =

A = [y Xy | X K | Ry hyy ) Ay Rs ks 17, (58)

A = A, att =iAt. (59)

The first-order optimality conditions can now be obtained
by taking derivatives of A; with respect to u, A and the
force-parameters &, 1.

4.2.1 State problem
0Ay

ap
which is the forward problem, given by Eq. 51.

=0 = Qu=f, (60)

4.2.2 Adjoint problem

0A4 T —2B,u

=0 = =2 61
ou 0= B b

Equation 61 represents the adjoint problem associated with
the inverse problem of interest. Since the adjoint problem
involves transpose of @, we solve it by marching backwards
in time. That is, from the last three rows of the matrix (61),
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we get, (fori = N),

(update) Ay =AY, (62a)
(update) Ay =AY, (62b)
(solve) MLy =A% + baky + body. (62¢)

For (N — 1) < i < 1, we update X,-, A; and solve for X,-
using the following,

(update) A; =AY+ Aip1 — LI Kipy, (63a)
(update) A; =AY +boAit1 + hip1 — LT Xip, (63b)
(solve) MeTffX,- = A+ bidip + b3kit1
—LIXit1 + bok; + baki. (63c)
Fori = 0, we get
(solve)M” ko = A3 + biry + b3k; — LIA4, (64a)
(update)rg = A + A1 — LX) — KT X, (64b)
(update)ho = A} +boki + A1 — LTX; — CTXp.  (64c)
In Egs. 62-64,
AM'=A=0,0<i <N, (652)
A = —pa A1 LU, 001000007, i=0,N, (65b)
A = =20, At L[V, [00]00000]7, 0 <i<N. (65¢)

It can be seen from the above equations that the adjoint
problem of the DTO approach is driven by the prescription
of velocity-like adjoint variables (A{) at each time step. The
value of A{ depends on the value of the objective functional
as well as the value of the velocity vector for the target (11, ).

4.2.3 Control problem(s)

Time signal optimization:

0As _ TAf
% =P oE (66)

provides the gradient of the Lagrangian with respect to
the control parameter £. For any given nodal-excitation
parameter &,,,, we get

N

d0A .7 OF;

L=3% (67)

8§I’I‘H’Z l:0 85}1’”’!

For a load acting in the x, direction, we update each

element, &,,,, of the control parameter vector & using:
Omp(X)P T, (kKAL) dT,

N
0A, T
= ) M load /
a‘i:mn kg(:) oa rload

N
T
= an(kAt) )‘k,load/

Omp (X)P dT. (68)
k=0 [load
Load location optimization:
Ay _ TS (69)

g an
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provides the gradient of the Lagrangian with respect to the
control parameter 1. For any given load-location parameter
Nm, We get

0As _ i ;7 OF;

bl 70
Mm " Onm 70

i=0
For a load acting in the x, direction, we update each
element, 7,,, of the control parameter vector » using:

N ny
0Aq T 30y (X)
an )”k,load/ £ q’ZSm‘/rj(kAt) dr,
Nm =0 Cload Bnm i—1
]_
N nyg
=2 | [ 2 smmikan
k=0 | \j=1
8 00, (X
x,zload/ g”’( )d>dl“] 1)
Iload Nm

Effectively, Egs. 68 and 71 of the DTO approach are used in
lieu of Eqgs. 46 and 47 of the OTD approach. Details of the
derivations are given in Appendix B.

As before, we start the inversion process with an initial
guess of source characteristics. We solve the forward prob-
lem, compute the objective functional (L), and obtain the
velocity field in the target (0,,). £ and u,, are used to
compute the velocity-like adjoint variables (1)) that drive
the adjoint problem. Solution of the adjoint problem yields
the values of the acceleration-like adjoint variables on the
loaded boundary (xk,]oad)- We, then, use Eqgs. 68 and/or 71

X2
_ 1 X1 _
0,0
M1 ©.0)
Cp= 870 m/s €
1S Cy=533m/s 3
o
o
Y —/Mz_
c Cp= 1123 m/s £
P Cy=688 m/s Q
< —
v | PML PML
_T?;\\\\\
Cp= 1329 m/s i2
Cy=814 m/s
— €
e |
Target v mis
Inclusion
Cp= 1507 ef
p= g M4 )
Cy=923 m/s “l
PML E
16 m 40 m 40m 6m

Fig. 4 Geological formation model
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Table 1 Summary of numerical experiments
Numerical Loading Spatial Optimization Optimization KEinc
experiment direction description of algorithm variable (J/m)
number loads
1 Vertical Eq. 23 OTD Time-signal 1.63
2 Horizontal Eq. 24 DTO Time-signal 3.22
Time-signal
then load-location 3.85
(sequentially)
Time-signal
and load-location 4.75
(simultaneously)
3 Vertical Eq. 23 OTD Time-signal 1.63
3 Horizontal Eq. 23 OTD Time-signal 3.10
4 Horizontal Eq. 23 OTD Time-signal 3.09
4 Horizontal Eq. 23 DTO Time-signal 3.10

to compute the discrete reduced gradients. Equations 48
and 49 are then employed to update the source character-
istics, and we follow the iterative inversion procedure until
convergence is reached.

5 Numerical experiments

In this section, we test the inversion algorithm by con-
ducting numerical experiments. In our experiments, we use
either horizontally- or vertically-polarized surface loads.
The maximum amplitude is set at 50 kN/m?. Figure 4 shows
the geometry as well as the P- and S-wave speeds for the
geological formation model used to illustrate the capabili-
ties of the methodology. The mass densities (p, and pp) for

10° . e —
Yo% . . . - -£
L4
\ [’d
" v .
\
N 30.5 Hz k—53 Hz
2 10 1
@
5
= P4
g R PIeR o,
S P
[0
=
3
9
Qo
o 10° oo G G
1071 1L 1 1 1

0 10 20 30 40 50 60
Frequency [Hz]

Fig. 5 Frequency sweep results for uniform vertical load

all materials in the profile shown in Fig. 4 are 2200 kg/m>.
The profile has an elliptical target inclusion whose center is
located at 260 m below the ground surface. The major axis
of the inclusion is 30 m long, while the minor axis length is
15 m. In all experiments, we use a timestep At = 0.001 s.
We define the following metrics to evaluate the perfor-
mance of the proposed inversion method: if u(#) denotes the
displacement at a computational node at time ¢, the time-
averaged kinetic energy (KETa) at that node is defined as

T
KEpp = /0 SRl 6] dr /T, 72)

where p is the mass density. Time-averaged kinetic energy,
further integrated over the target inclusion, is defined as

10> . . .
==L
‘ . .
1
\Y
\ 18.3 Hz— k345 Hz
2 10 1
[0
s
§ ;"’F~~"-
2 s _e"
~ B
2 bar
9
Qo
o 10° RS ETTETREETT G
1071 1 1 il 1

0 10 20 30 40 50 60
Frequency [Hz]

Fig. 6 Frequency sweep results for uniform horizontal load
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Fig. 7 Experiment 1—TS1 and TS2 signals
KEinc. Thus,
T

Kene = [ [ Joulia® - woldran /1

Qa JO

T

1o Tnaxasy
= Eua(t) M, (t)dr /T, (73)
0

where 1, () is the velocity vector corresponding to the com-
putational nodes in the inclusion, and M? is the mass matrix
of the inclusion, as defined in Appendix A. We remark that
the units of KETs are joule per cubic meter and those of
KEipc are joule per meter. In the experiments, we use plots
of KETa and values of KE;,. to compare the degree of
energy focusing achieved by various techniques. We report
the results of four numerical experiments, which are used to
highlight the performance of the inverse source approach;
Table 1 shows a summary of the numerical experiments fea-
tures, and the kinetic energy KE;,. density resulting from
each experiment.

As discussed earlier, a frequency sweep is one possibil-
ity for deciding suitable temporal characteristics of the wave
sources. In our experiments, we compare the performance

@ Springer

of the inversion technique with that of the frequency sweep
approach. To this end, we conduct a frequency sweep for
the geological formation model (Fig. 4) by applying first a
uniform surface load, either horizontally or vertically polar-
ized. The load has an amplitude of 2 kN/m? everywhere
along the line x = 0, and, temporally, it varies as a sine
function of the driving frequency. We calculate the objective
functionals (ﬁ and L) for frequencies ranging between 0.5
and 60 Hz.

Figure 5 shows that for the vertically-acting load, there
are many local minima at various driving frequencies. The
global minimum occurs at 30.5 Hz. Notice that the value
of the local minimum at 53 Hz is very close to that
of the global minimum. For the horizontal load (Fig. 6),
the objective functionals have a global minimum at 18.3
Hz. The figure also shows that both objective function-
als exhibit a second strong local minimum at a driving
frequency of 34.5 Hz.

5.1 Experiment 1—Source signal optimization

In this experiment, we compare the results of the time
signal optimization with those of the frequency sweep pro-
cedure. The performance is judged by comparing KE;;. for
the two approaches. To this end, we apply three vertical
loads centered at (10,0)m, (—15, 0)m, and (0,0)m on the
surface (x = 0) of the geological formation model. We
use Eq. 23 to specify the spatial variability of the loads.
If one were to choose time signals based on the results
of the frequency sweep (Fig. 5), there are (at least) two
possibilities: (i) monochromatic signals having 30.5 Hz as
their dominant frequency and (ii) dichromatic signals hav-
ing 30.5 and 53 Hz as dominant frequencies. To measure the
energy delivery performance of these signals, we construct

10" ~—v K R I R T
A : RO b ==L
_Ed
2 10%} . 1
g ’
o b
= - -
o ’ N
s - . _\\_\; e
2 : } A
=
s Lk 30.5 Hz 53.5 Hz
O 10 | B . . R
101 Il 1 1 1 1
0 10 20 30 40 50 60

Frequency [Hz]

Fig. 8 Frequency sweep results for three vertical loads located at
(10,0)m, (—15, 0)m, and (0,0)m
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(a) Time signals

Fig. 9 Experiment 1-Initial guess

signals TS1 and TS2 using piecewise quadratic Lagrange
polynomials (22), corresponding to the monochromatic and
dichromatic signal, respectively. The time signals (TS1
and TS2) and their frequency spectra are shown in Fig. 7
measure KE;,. for these two cases.

Sources operating with TS1 as their driving signals are
able to achieve KE;,. = 1.06 J/m, whereas those with TS2
as the driving signals deliver KEj,. of 1.39 J/m. In other
words, operating three vertical loads at the combination of
two sine functions, each operating at the two “best” fre-
quencies obtained by the frequency sweep will result in
an increase of the energy delivery of about 36 % over the
energy delivered when operating the same three loads at the
single best frequency resulting from the sweep. We remark
that loading the entire width of the computational domain
generates waves having, initially, plane wavefronts in the
domain of interest. The waves emitted by the finite-width
sources are near-cylindrical in nature. This difference alone
will not alter in any significant way the sweep’s results. For
example, if three 2-m-wide vertically-acting loads operate
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(a) Time signals

Fig. 10 Experiment 1— Converged time signals
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at the same three locations as before, the same (approxi-
mately) minima would be recovered, as the plot in Fig. 8
depicts.

Of interest is how the inversion procedure will perform.
Thus, next, we conduct the time signal optimization using
the OTD approach (without changing the load locations).
The initial guess for the time signals of the loads is shown in
Fig. 9. It can be seen in Fig. 9b that the initial guesses have
broad frequency support. The time signals obtained follow-
ing the optimization are shown in Fig. 10, and as it can be
seen in Fig. 10b for all three loads there are clearly two dom-
inant frequencies at, approximately, 30 and 53.5 Hz. That
is, the optimizer converged nicely to signals that, at a min-
imum, contain dominant contributions from the two “best”
frequencies revealed by the frequency sweep, without any
prior biasing of the inversion process. Notice also that the
converged time signals have a rich content, with contribu-
tions from many frequencies other than those corresponding
to the strongest minima seen in the frequency sweep. It can
also be observed in Fig. 10b that the frequency spectra for

S 05f
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w
[T ; . . . .
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(b) Frequency spectra
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Fig. 11 Experiment 0
1—Time-averaged kinetic
energy
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(a) KETa for the initial guess
of time signals, loads located at
(10,0)m, (-15,0)m, and (0,0)m

the converged signals of the three loads are not identical.
The difference can be attributed to the complex interact-
ing wave patterns. Simply put, the inverse source problem
is aware of these patterns by virtue of the forward (state)
problem solution, and uses the information to steer the time
signals to maximize energy focusing. Figure 11 depicts the
distribution of time-averaged kinetic energy (KETa) in the
computational domain before and after optimization; the
KEi, delivered to the target due to the optimized time
signals is 1.63 J/m.
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(a,) Time signals

Fig. 12 Experiment 2—Initial guess
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(b) KET1a after time signal opti-
mization, loads located at (10,0)m,
(-15,0)m, and (0,0)m

This experiment highlights the key differences between
the frequency sweep and time signal optimization proce-
dures. The time signal optimization procedure was able
to deliver about 17 % more kinetic energy (in the time-
averaged sense) than the best the frequency sweep infor-
mation could do based on the dichromatic signal. Note that
we conducted our experiment for a duration T =1 s: in a
field implementation of the seismic EOR, where the stim-
ulation may be applied for days, 17 % improvement in
the efficiency is significant. For the model formation used
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(b) Frequency spectra
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Fig. 13 Experiment 2—Time signals after optimization (time signal only)

in our experiment, the choice of time signals is not obvi-
ous from the frequency sweep results. A frequency sweep
procedure, which is based on loading the entire surface
of the (computational) domain, can become blind to the
complex interference patterns created by waves emitted by
a number of sources having finite widths. The degree of
blindness depends, to a certain extent, on the heterogene-
ity of the geostructure. A frequency sweep procedure that
involves using loads with smaller widths (e.g., 2 m) requires
a combined frequency-and-location sweep, which is compu-
tationally expensive. These observations indicate the utility

- -0.006

X9 [m]
X, [m]

= +0.004

0.002

>

a0 20 0 20

0
X, [m] X4 [m]

(a) KET1a for the initial guess of
time signals: loads located at (7,0)m,

(-5,0)m, and (0,0)m and (0,0)m

(b)KETA after time signal optimiza-
tion: loads located at (7,0)m, (-5,0)m,

of the proposed inverse source approach in deciding the time
signals driving wave sources used for focusing vibrational
energy.

5.2 Experiment 2—Source location and signal optimization

In this experiment, we discuss the optimization of the wave
sources’ spatial and temporal characteristics. The time sig-
nal and load location optimization can be performed either
sequentially or simultaneously. In a sequential process, the
time signals are optimized first, without changing the load

0.012

F -0.008 = -0.008

r -0.006 - -0.006

Xy [m]

F +0.004 £ +0.004

0.002 0.002

0 40
X4 [m]

(C) KETaA after load location opti-
mization: loads located at (-18.1,0)m,
(-26.5,0)m, and (-25.2,0)m

Fig. 14 Experiment 2—Time-averaged kinetic energy (sequential optimization)
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Fig. 15 Experiment 2—Time signals after simultaneous optimization

locations. The converged (optimized) signals are then used,
while the source locations are optimized, until convergence
is reached. By contrast, the simultaneous optimization pro-
cess is initiated with guesses for both time signals and
load locations, and both the spatial and temporal charac-
teristics are updated during every inversion iteration until
convergence is reached. In this experiment, we compare the
performance of the optimization algorithm with that of the
frequency sweep.

Fig. 16 Experiment 2— 0 (=3
Time-averaged kinetic energy
(simultaneous optimization)
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(a) KETa for the initial guess of time
signals, loads located at (-5,0)m, (0,0)m,

and (7,0)m
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Sequential optimization: To test the performance of the
sequential optimization procedure, we use three horizontal
loads on the surface (x, = 0) of the geological forma-
tion model. We use Eq. 24 to describe the spatial variability
of the surface tractions. The loads are centered at (7,0)m,
(=5, 0)m, and (0,0)m, i.e., n; = 7m, o = —5m, and n3 =
Om in Eq. 24. The temporal optimization process is initi-
ated with the time signals shown in Fig. 12. Their Fourier
transforms (Fig. 12b) show the presence of a wide range
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(b) KETa after time signal and load-

location optimization, loads located at

(-19,0)m, (-19.16,0)m, and (-20.04,0)m
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Fig. 17 Experiment 3—Frequency sweep results for vertical and
horizontal loads

of frequencies. We, next, perform the time signal optimiza-
tion using the DTO procedure. The optimizer converges to
the time signals shown in Fig. 13. The plots for the time-
averaged kinetic energy (KETy ) for the initially guessed and
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(a) Converged time signals - horizontal loads
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(c) Converged time signals - vertical loads

Fig. 18 Experiment 3—Time signals and frequency spectra

for the converged time signals are compared in Fig. 14.
KEinc for the converged time signals is 3.22 J/m. A closer
look at the frequency spectra of the converged time signals
(Fig. 13b) reveals that the optimizer converged to signals
with dominant frequencies at 18.3 and 34.5 Hz. Recall that
these frequencies correspond to the minima revealed by the
frequency sweep (Fig. 6).

Next, we carry out the optimization for the load loca-
tions. We use the converged time signals (Fig. 13) as
fixed driving signals for the loads. We allow the opti-
mizer to change the locations of loads in order to improve
the energy delivery to the target inclusion. The loads
move to the left and the converged locations are given
by (—18.1,0)m, (—26.5,0)m, and (—25.2, 0)m. KE;, at
the end of sequential optimization is 3.85 J/m. The plot
of time-averaged kinetic energy is shown in Fig. 14c.
Note that the algorithm was able to deliver 20 % more
energy merely by changing the locations of loads, i.e., by
allowing the waves to constructively interfere in the target
inclusion.

In the sequential optimization process, fixing the fre-
quency content of time signals while searching for opti-
mal locations may hinder the desired focusing. We have

—
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Fig. 19 Experiment
3—Time-averaged kinetic
energy
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(a) KETa after time

observed that the optimal frequency content of the sources
depends on their location. To investigate this effect, we
perform simultaneous optimization, which retains the flex-
ibility of temporal and spatial characteristics during the
entire inversion process.

Simultaneous optimization: We begin with an initial guess
of time signals (Fig. 12), and load locations, which are
the same as those used in the sequential optimization case,
i.e., (7,0)m, (—5, 0)m, and (0,0)m). During each optimiza-
tion iteration, we update the time signals, as well as the
load locations, using the search direction for the respective

signal opti-
mization - vertical loads located at
(10,0)m, (-15,0)m, and (0,0)m
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. 3
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(b) KETa after time signal opti-
mization - horizontal loads located
at (10,0)m, (-15,0)m, and (0,0)m

control variable. The converged time signals are shown in
Fig. 15, and the time-averaged kinetic energy is plotted in
Fig. 16. Note that the converged frequency spectra for the
loads in their optimized location (Fig. 15b) are different
from those obtained based on time signal optimization for
fixed load locations (Fig. 13b). The loads move to the left
and the converged locations are (—19, O)m, (—19.16, 0)m,
and (—20.04, 0)m. KEj,. for the converged time signals and
locations is 4.75 J/m, which is about 50 % higher than that
achieved by performing time signal optimization with con-
stant load locations (Fig. 14b), and about 23 % higher than
that achieved by the sequential time signal and load location
optimization (Fig. 14c).

Fig. 20 Experiment 4—Initial
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Fig. 21 Experiment 4—Growth of time-averaged kinetic energy for
the inversion iterations

This experiment further highlights the importance of load
location optimization: in the sequential optimization, we
observed that about 20 % more energy can be delivered
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1) e
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Fig. 22 Experiment 4—Time signals and frequency spectra

to the target formation by placing loads at advantageous
locations. In the sequential optimization, the time signals
are kept constant while performing load location opti-
mization. Since the optimal frequency content of a load
depends on its location, the sequential optimization can-
not adequately compensate. The simultaneous optimization,
on the other hand, is able to adjust both the temporal and
spatial characteristics of loads and achieves (about 50 %)
better energy delivery when compared to the time signal
optimization.

5.3 Experiment 3—Polarization effect

Experiment 3 is designed to determine the effect of
polarization of applied tractions on the wave energy
focusing. Fundamental solutions for point loads on a (homo-
geneous) elastic halfspace [17] indicate that, for example,
for a Poisson’s ratio of 0.2, a horizontal load radiates about
50 % of the energy via P- and S-body waves. On the other
hand, a vertical point load imparts about 70 % of its energy
in the form of Rayleigh surface waves. Thus, for a homo-
geneous, elastic halfspace, horizontal (point) loads are more
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Fig. 23 Experiment
4—Time-averaged kinetic
energy
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(a) KETa after time signal optimiza-
tion - OTD, loads located at (-15,0)m,

(0,0)m, and (10,0)m

efficient at delivering energy to deeply situated subterranean
formations. To capture the behavior for a heterogeneous
halfspace excited by loads having finite widths, we plot the
frequency sweep of KE;,. for horizontal and vertical loads
(Fig. 17). Note that this is merely a different represen-
tation of the frequency sweeps reported earlier (Figs. 5
and 6). As seen in Fig. 17, the horizontally polar-
ized load is able to deliver more vibrational energy to
the target than the vertical load for a wide range of
frequencies.

To further illustrate the effects of loading direction, we
compare the results of time signal optimization performed
with three horizontal and three vertical loads. The locations
of the loads are kept constant. We use the OTD approach to
carry out the time signal optimization. The initial guess of
time signals for both the horizontally and vertically polar-
ized loads is shown in Fig. 9. The loads are centered at
(10,0)m, (—15,0)m, and (0,0)m. We use Eq. 23 to spec-
ify the spatial variability of the loads. The converged time
signals and their frequency content are depicted in Fig. 18.
Figure 19 shows the plots of KEta. KE;j,. for the ver-
tical loads is 1.63 J/m (Fig. 19a), whereas that for the
horizontal loads is 3.09 J/m (Fig. 19b), an almost
twofold increase. Thus, our experiment indicates that

@ Springer
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(b) KEra after time signal optimiza-
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horizontally polarized loads are able to deliver more vibra-
tional energy.

Though, both theory and the numerical experi-
ment reported herein suggest that horizontal loads
are preferable for focusing, we note that our model
does not account for intrinsic and/or apparent attenua-
tion. A judicious choice about the preferred direction
of loading can be made after considering the Q-
factors for P and S waves in the geostructure of
interest.

Table 2 “True” material properties for the geological formation
model of Fig. 4

C, Cy

(m/s) (m/s)
Target inclusion 762 466
M1 953 583
M2 1204 737
M3 1394 853
M4 1685 1032
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5.4 Experiment 4—OTD versus DTO

In this experiment, we use the same geological model to
compare the performance of the OTD and DTO procedures.
We carry out time signal optimization for three horizon-
tal loads using both methods. The initial guess for the time
signals is shown in Fig. 20.

Figure 21 shows that the DTO approach is able to
deliver slightly more kinetic energy to the target in the
time-averaged sense, but, in general, the differences are
small. Nevertheless, in view of its ease of formula-
tion and slightly better performance, we favor the DTO
approach.

In Fig. 22, we compare the converged time signals,
and Fig. 23 shows the time-averaged kinetic energy for
the two procedures. Both procedures successfully recover
the time signals, which exhibit a dominant frequency of,
approximately, 18.3 Hz.

5.5 Experiment 5—The effect of formation property
uncertainties on energy focusing

The working hypothesis of our theoretical development and
of the preceding numerical experiments is that the material

F —0.008

X, [m]

- -0.006

F 0.004

a0 20 0 20 40
X, [m]

Fig. 24 Time-averaged kinetic energy for the geological formation
with “true” material properties

properties of the geological formation (Fig. 4) are known
with confidence. However, in practice, precise knowledge of
the properties of the geostructure is elusive. Though a sys-
tematic treatment of the effect property uncertainties may
have on energy focusing escapes the scope of this communi-
cation, in this section, we briefly outline methodologies that
would allow the formal treatment of uncertainties and could
lead to the quantification of their effects on focusing.

The following simple numerical experiment highlights
the issues: we first assume that the properties of the geo-
logical formation model depicted in Fig. 4 are inaccurate,
and that the “true” properties are those given in Table 2,
reflecting a 5 to 11 % change in the velocities compared
to those in Fig. 4. Next, we are interested in quantifying
the energy focusing when the “true” properties are used,
while the formation is subjected to the optimal loads we
obtained using the inaccurate wave velocity values. We are
concerned with both the strength of the focusing, as well as
with a potential shift to the focusing area. To this end, we use
the spatio-temporally optimized loads obtained in Experi-
ment 2 (Figs. 15 and 16) to excite the geological formation
with the “true” properties as given in Table 2. The result-
ing distribution of KEty is shown in Fig. 24. The resulting
value of KE;,. was reduced from 4.75 J/m (Experiment 2)
to 4.11 J/m, a reduction of about 13 %.

It is clear that, while the material interfaces remained
unaltered, a non-uniform increase in the properties of the
formation led to a reduction of the strength of the focused
energy, with no appreciable effects on the focusing area. The
result is rather expected and warrants a formal treatment.
We briefly outline two systematic approaches that could be
used to quantify the effect of property uncertainties on the
focusing.

— Sensitivity analysis: A sensitivity analysis of the elas-
todynamic system [19] can be carried out to quantify
the dependence of KEj,. on the material parameters.
A first-order sensitivity analysis gives rise to a discrete
forward problem (13) cast in terms of the unknown
sensitivity variable z, where z = aa_;l and ¢q is the mate-
rial parameter of interest (for example, g1 = Ap,—the
first Lamé parameter of the top layer). The force vector
for the sensitivity problem depends on the displace-
ment, velocity, and acceleration fields (u, 1, ii), and the
derivatives of the global system matrices with respect
to g1 (%, %, %). Upon solution of the sensitivity
problem, one recovers the time histories of the sensitiv-
ity variable and its time derivatives. The time histories
can be used to calculate the derivative of KE;,. with

respect to g1 (%). Thus, the analysis determines the
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sensitivity of KE;,. to material parameters of various
layers in the formation.

— Reliability analysis: In this approach, the material
properties are treated as random variables endowed with
suitable probability distribution functions (PDFs). The
deterministic inverse source problem can be solved for
the mean values of the material properties to arrive at
the spatio-temporally optimal loads (F™¢"). The time-
averaged kinetic energy of the inclusion (KEj,) is also
a random variable, and its value for the mean material
properties and corresponding optimal loading (F™¢2™")

can be computed as KE;°*". The probability of attain-

ing a KEj,. value less than or equal to a predefined
threshold SKE;5*" (where 0 < § < 1), i.e., P[KEjc —

SKES™ < 0], when F™®" is used as the surface

excitation, can be evaluated using first-order reliabil-

ity methods (FORM). The reliability analysis requires
computation of derivatives of KE;,. with respect to
various material parameters (%];?"C), similarly to the
sensitivity analysis. As explained Iabove, it can be used
to calculate the probability of failure in achieving a cer-
tain threshold KEj,., given the PDFs for the material

parameters in the geostructure.

6 Conclusions

We presented an inverse source approach for focusing
energy in a target subterranean formation and discussed
two possible numerical implementations, DTO and OTD.
Through numerical experiments, we provided evidence of
the inverse source method’s superiority over frequency
sweeps for determining the optimal wave source loca-
tions and time signals. Moreover, the method’s ability
to resolve the optimal spatio-temporal characteristics of
the wave source was shown to result in the strongest
energy focusing among all studied alternatives. Our numer-
ical experiments also indicate that horizontally polarized
loads may be preferable over vertical loads. Lastly, we
observed no significant performance difference between the
two numerical implementations we discussed (DTO and
OTD).
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Appendix: A Element matrices

Here, we present concise definitions of element matri-
ces that form the global matrices in Eq. 10. A detailed

@ Springer

description and definitions of parameters o; (i = 1, 2),
Bi (i =1,2), etc. can be found in [13].

Flox ol
DM'¢ =/ DOoTdQ, DQ}f;C:/ D———dQ
Qloc ’ 0 j

P . .
Ajjk = / ij—VTdQF :/ o7 fidr
QpML an [load

N, =/ P e NN 7o S S
QpML 4Mb (Mb + )\b)
=f — " weTaq,  ifi=2,
QpML 4“43 (Mb + )\'b)
/ 1 T e
= k—wwTdQ,  ifi=3,

For a finite element within the target inclusion, the element
mass, damping, and stiffness matrices are given by:

| paM* 0 100
Ma_|: 0 ,OaMai|’Ca_|:()0 ’
K, :|: (2ia+Ara) Q‘clll +MaQ32 l/«anl + )\aQ‘Tz :| )
MaQ?z‘*‘)\anl (2pa + Aa)Q%z + MaQ?l

Element matrices for the regular domain are:

oM™ 0 _[oo0
Mreg = |: 0 prreg s Creg = 001/’

Kreg =
[ Cuo+rp) Q) +up Qs Q57 + A Qs g }

1Qyy + Q7 Cun+an) Qyy + v Q)

In the PML region, the element matrices can be computed
as:

ppaMPML 0 0 0 0
0 opaMPML 0 0 0
MpymL = 0 0 —Nia Noa O )
0 0 Nya —Nia O
0 0 0 0 —Ns,
[ ppbMPML 0 Azt 0 Apn2
0 oobMPMLE 0 AL Agag
CpmL = A1 0 —Nip N O )
0 Ayiz Ny —Npp O
A1 Agoi 0 0 —Nzp
[ pocMPML 0 Agr 0 Agp2
0 poeMPME 0 Agiy Ag
Kpmr = Api 0 —Nic Npc O
0 Agiz Np¢ —Ni¢ O
L Agi2 Apai 0 0 —Nasc




Comput Geosci (2015) 19:233-256

255

Appendix: B Control problem derivations
Optimize-then-discretize approach
Time-signal optimization

We take the variation of the Lagrangian with respect to
discrete scalar variables &, to obtain the gradient of A4, i.e.,

r af
S(Ei/)A = V(Ei/)A = _/ / AF - dt dT', or,
‘ Tload 351]

V(‘%—U:gmn)'A
L)
a‘%—mn i= Tload A F2 (X)
ell(X) . T
|:9i2(X) ] ;e&u 7j(t)dt dT
T ).uh (X) |:9m1(x)j|
I ' 2 (t)dt dT!
‘/Fload»/() |:)~ub2 (X)i| sz(x) T (t) t
= O ()@ . /T A’uhl (1) g\ ar
- /liload |:0m2(X)CD:| ( 0 |:)‘sz ([)i| T, (t)dt

Load-location optimization

Variation of .4 with respect to the control parameter n is
given by

S(th)A = V(’]m)A

T of
[ [ reegarar
Fload 0 877m

3Ok (X) r "f
=f Lqﬁ/ Muyk () Y EmjTj()dtdT .
Cload 877m 0

Jj=1
Discretize-then-optimize approach

Time-signal optimization

For any given nodal-excitation parameter &,,,, we get

8As _ IXV: 3T ok
3smn - . l 3smn :

We recall that for each element

B s [ [awe ]y

X — '

FeletL _X; /;‘1 J:Qiz(x)q) ] 2}51]7:] (kAr) dT,
i= oa j=

k,xo

elem
Fk

aFelem
k — / gml(x)q) ‘["(k~At) dI‘,
0&Emn rlo d Om2 (X) D

) O ()P
Z)‘k load / ot |:‘9m2(x)¢‘ i| T (kA1) dT,

N
Z 0&mn
=0 k=0

where Xk,load contains the values of adjoint variable corre-
sponding to the degrees of freedom represented by rows of
vector @ on IMjpaq.

Load-location optimization

For a given load-location parameter 7,,, we get

N
A _ +T HF;
A _l,;))”i M *

For each loaded element,

1
Filem — FE]}E _ % I:eil(xv ni)q):| .
F Toaa L Oi2(X, i) P

k,x> i=1
Z &tj(kAt) dT,
j=1

00,1 (%1 gy | 1

aFelem T
e / s liony) g | D EmiTi (KAD T,
Cload || ™ anp j=1
.T aFe]em N T 39,,,] (X Nm) 1)
Z M i = 3 Agoud Dol )
k=0 Fload N
Vlj
Z EmjTj(kAt) dT,
j_

where Xk’load contains the values of adjoint variable corre-
sponding to the degrees of freedom represented by rows of
vector @ on IMjgaq.
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