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Abstract

We develop a controllability strategy for the computation of frequency-domain
solutions of the 3D visco-elastic wave equation, in the perspective of seismic
imaging applications. We generalize the controllability results for such equations
beyond the sound-soft scattering (obstacle) problem. We detail the conjugate
gradient implementation and show how an inner elliptic problem needs to be
solved to compute the Riesz representative of the gradient at each iteration. We
select a spectral-element spatial discretization and a fourth-order Runge-Kutta
time discretization. We implement the controllability method in the framework
of the SEM46 full waveform modeling and inversion software, to inherit for its
excellent scalability which relies on an efficient domain decomposition algorithm.
We perform a series of numerical experiments to validate the approach and
illustrate its scalability up to more than fifteen hundred cores. In this case,
with an elapsed time of less than 50 minutes, we solve a problem on a cubic
domain containing up to 160 wavelengths in each direction, involving more than
1.7 billion unknowns.

1. Introduction

Developing robust and scalable solvers for computing frequency-domain so-
lutions of the 3D visco-elastic wave equation is a long standing problem. The
interest for such high performance computing (HPC) algorithm emanates from
different applications, notably from the seismology and seismic imaging commu-
nities. In the frame of full waveform inversion (FWI), a high resolution seismic
imaging technique, the solution of the 3D visco-elastic equations needs to be
computed repeatedly in complex (heterogeneous) media, for possibly hundreds
to thousands source positions [see 59, for a review].

First 3D exploration scale applications of FWI were led in the acoustic ap-
proximation, for the interpretation of marine data i.e. data acquired with air-
guns as sources and hydrophones as receivers, in a water layer on top of the
investigated medium [49, 42]. For targets involving the propagation of several
tens of wavelengths in the three directions of space, conventional HPC facili-
ties (for instance available in national computing centers) make it possible to
use parallel direct solvers, relying on a LU factorization of the linear system
resulting from the discretization of the 3D acoustic equations [42]. Such a LU
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factorization is especially useful in this context of multiple source positions, each
position corresponding to a different right hand side. If the LU factorization can
be stored, the complexity for computing the solution for one right hand side is
linear (two triangular solves). The limitation comes from the ability to perform
the factorization, which requires to store O(N#) factors, where N is the number
of grid points in one spatial direction. More precisely, the difficulty comes from
the scalability of this operation, which remains limited even with state-of-the
art solver such as MUMPS [2, 33].

Investigating larger targets in the acoustic approximation, involving hun-
dreds to thousands of propagated wavelengths in each spatial direction, can
thus not rely on such direct solvers. Moving from an acoustic description to
an elastic description of the wave propagation implies the same: for realistic
size applications the number of propagated S-wavelength would be too large for
direct solvers to be employed. Several motivations currently exist to employ
such a more realistic description of the wave propagation: 1) when land data
has to be interpreted, where sources (explosives, vibrators) and receivers (geo-
phones) are deployed on land, recording data with a strong imprint of elastic
effects (Love and Rayleigh surface waves, S-waves); 2) when node data has to be
interpreted, where sources (airguns) are in the water layer, while 4-components
receivers (hydrophones and geophones) are deployed on the seabed, recording
data again with a strong imprint of elastic effects (Scholte waves at the sea bot-
tom interface, S-waves and converted waves). From an imaging point of view,
inverting land and node data is a challenge on its own. However, node acqui-
sition systems are currently more and more deployed, the decoupling between
sources and receivers making it possible to acquire wider offset/azimuth data
and therefore increasing the illumination depth. Incorporating a visco-elastic
modeling engine within the FWI algorithm also makes it possible to reconstruct
mechanical parameters beyond P-wave velocities: S-wave velocities, attenua-
tion factor, density, and anisotropy parameters, which are crucial to go beyond
imaging towards reservoir characterization. Modern FWI algorithms are thus
evolving from acoustic to fully anisotropic (visco-)elastic approximation.

Due to the limitation of direct solvers, FWI algorithms have evolved rapidly
towards time-domain based modeling engine, for acoustic and elastic approx-
imation. Time-domain implementation exhibit interesting properties: good
scalability on HPC platform, thanks to a two-levels parallelism over sources
(outer level) and domain decomposition (inner level), low memory requirement
in O(N?), and the possibility to apply straightforwardly data-processing based
on time/offset windowing. The vast majority of 3D FWT applications in seismic
imaging and seismology are currently performed using such time-domain FWI
algorithms [19, 57, 32, 24, 53, 47].

However, time-domain modeling still faces specific limitations. The most
stringent is the CFL condition, which makes the time discretization step in

Umin . .. .

( X h | where vy, and vy,q, are respectively the minimum and maximum
Uma:r

waves velocities, and h is the smallest element size in the spatial discretization

mesh. For elastic media with shallow soft sediments, the S-wave velocity can



Umin

reach critically low values, making h and the ratio very low as well, re-

vmam
sulting in a very small time discretization step. In addition, there exists no

solution to treat efficiently multiple right-hand sides, aside from treating them
in parallel. Finally, for inversion, attributing the same weight to each frequency
within a frequency band requires data spectral whitening, which can be difficult
to control on narrow frequency bands. This difficulty is not met by frequency-
domain FWI algorithms. Such a frequency whitening is beneficial especially to
invert for the lowest frequency band of the data when cycle skipping is to be
avoided.

These difficulties prompt us to continue the investigation on HPC algorithms
for computing frequency-domain solution of the visco-elastic equations, capable
of overcoming the limitations of direct solvers. Iterative solvers are a natural
alternative. Their matrix-free formalism enables low memory requirement and
good scalability properties. However, the discretization of frequency-domain
visco-elastic wave equation, as an instance of generalized Helmholtz equations,
is known to yield ill-conditioned linear systems. Iterative solvers therefore need
to be combined with efficient preconditioners to achieve satisfactory perfor-
mances. Recent examples are for instance the CARP-CG approach [34], shifted
Laplacian preconditioners [48], fast low-rank factorization/approximation based
on a hierarchical approach [21], or more simple preconditioners based on a lay-
ered approximation of the subsurface [5]. However the convergence of these
methods still deteriorates when tackling large scale problems as the efficiency of
the preconditioners decreases. A nice analysis why generalized Helmholtz equa-
tions yield increasingly ill-conditioned linear systems as the size of the systems
grows is provided in [17]. The same difficulty is faced with domain decompo-
sition methods combining direct solvers on subdomains, with a preconditioned
iterative solver for the unknowns at the interfaces [27, 51].

Other existing approaches rely instead on solving frequency-domain prob-
lems with time-domain solvers, to take advantage of the reliability and good
scalability properties of the latter [41, 50]. Among these, the controllability
method (CM), first proposed by Bristeau et al. for acoustic sound-soft scat-
tering problems [7] has been shown particularly efficient. In this approach, a
time-periodic solution of the time-domain wave equation is computed by min-
imizing the least-squares distance between the initial wavefield at time 0 and
the wavefield after one period T corresponding to the frequency at which the
frequency-domain solution is sought. The control variables are the initial value
of the solution and its derivative in time. In their seminal paper, Bristeau et
al. prove that the frequency domain solution can be expressed as a linear com-
bination of these control variables at convergence.

Recent studies have extended the work of Bristeau et al. to general acoustic
and electromagnetic wave propagation problems. In these studies, it is shown
how the CM makes it possible to solve very high frequency problems using
modern HPC devices with scalability observed over several thousands of com-
putational units [28, 26, 55, 25, 10, 56]. For acoustic wave problems, Appel et
al. [3] have recently presented an alternative time-domain based approach called
WaveHoltz method. It is based on fixed-point iterations. Time-dependent wave
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Figure 1: Illustration of the computational domain Q C Rd, I =909, d = 2,3, with physical
boundaries 8D =T'p UT'ny (—) and artificial boundaries I's (- -).

equations are solved over a short time period at each iteration. The higher eigen-
modes contained in the time-periodic solutions are filtered out by a Fourier-like
filter procedure.

Regarding (visco-)elastic equations, the first extension of the CM to these
equations has been performed by Monkola [38]. However in her study, the anal-
ysis is restricted to sound-soft scattering problems, and is performed in the con-
text of fluid/solid coupling. It also assumes isotropic elastic media for the solid
part, and the algorithm is illustrated in 2D. In this study, we are interested in
an extension of the CM to general elastodynamics problem, beyond sound-soft
scattering, considering fully anisotropic media and 3D implementation, with
3D seismic imaging as a perspective. We first prove a general controllability
theorem showing how the frequency-domain solution can be retrieved from the
initial conditions of the time-domain problem posed over a single period, consid-
ering a general set of boundary conditions, including the sound-soft scattering
problem, but also configurations typically encountered in seismic imaging with
a free surface on top and absorbing boundary conditions on the other sides
of the computational domain. We implement this strategy for the solution
of 3D frequency-domain visco-elastic equations using a spectral finite-element
discretization, within the framework of the 3D full waveform modeling and in-
version software SEM46 [58]. We analyze acceleration techniques based on the
fast computation of an initial guess through a transient-phase approach. We
illustrate the efficiency of the approach on 3D realistic examples: all computa-
tional steps of the algorithm benefit from the domain decomposition technique
implemented in SEM46, making the algorithm fully scalable. The final example
makes use of more than fifteen hundred cores with an elapsed time of 2851s for
solving a problem on a cubic domain containing up to 160 wavelengths in each
direction, involving more than 1.7 billion unknowns.

2. General elastic equations: expressing the frequency-domain solu-
tion from the time-domain solution

2.1. State of the art: sound-soft scattering problem

We consider the frequency-domain elastic wave equation in a bounded con-
nected Lipschitz computational domain Q C R?, d = 2,3, whose boundary I is



composed in the most general settings as
I =TpUlyUTlg (1)

where T'p (respectively I'y,I's) stands for the part of the boundary where
Dirichlet (respectively Neumann, absorbing) boundary conditions are imposed
— see Figure 1.

Let u denote the (complex-valued) wavefield which satisfies the frequency-
domain elastic wave equation

—w?p(z)u(z) — V- o(r,u) = f(z), x €, (2a)
—iwp(x)B(z)u(z) + o(z,u)n = gg(x), z €, (2b)
o(z,un = gy(x), x €Ty, (2¢)

u(z) = gp(z), =zelb, (2d)

where w > 0 denotes the angular frequency, p(z) > po > 0 the density, and
B(z) is a real-valued symmetric positive definite matrix. The stress tensor o is
given by

o(z,u) = C(x): e(z,u), (3)

with the fourth-order real-valued, symmetric positive definite, elastic tensor
C= (Cijkl)ﬁj)k)lzl, and the linearized strain tensor by

e(z,u) = %(Vu(w)—kVuT(x)). @)

We always assume that the time-harmonic elastic wave equation (2) has a unique
solution.

Remark 1.

i. The one-dimensional elastic wave equation can be written as the acoustic
wave equation, where the frequency-domain acoustic equation coincides
with the classical Helmholtz equation, which is investigated in [7, 26, 25].

ii. The linear operator B is derived from the absorbing boundary conditions [12].
In the one-dimensional case with Q@ = (0,L), the boundary conditions
(2b) on T'g coincide with the first-order Sommerfeld radiation condition
—u/(z) = z%u(m) onz =0 and v (z)= z%u(x) on x = L, where B =
m is a positive scalar function. For higher dimensions (d = 2,3),
an explicit form of B is given in Appendiz A. For anisotropic media, we

refer to [4).

Instead of solving Equation (2) directly, we consider the CM approach. Let
us sketch briefly the method. It is well-known that the time-harmonic elastic
wavefield y of the solution u of (2), given by

y(z,t) = Re {u(z)e ™"}, (5)



solves the (real-valued) time-dependent elastic wave equation,

9%y (x,1)
p(z) —0

p(@) B(x) y(e.1) + o, y(-0)n = Re{gs(@)e™}, aels,  (6b)
o(z,y(,t))n = Re {gN(a:)e_i“t}, x€ly, (6
y(z,t) = Re{gp(x) e_i“’t}, zelp, (6d)

for ¢ > 0, with the initial conditions

—V-o(z,y(t) = Re{f(z)e ™"}, x €, (6a)

y(z,0) = yo(z), z €, (6e)
w = yi(z), z€Q, (61)

and
yo(z) = Refu(z)},  yi(z) = wim{u(z)}. (7)

The leading idea of CM is to seek for (yo,y1) such that y is time-harmonic
(5). Once such solution y is found, the solution u of (2) is simply given by
i dy(z,0)

u@) = y(,0)+ - LD~y @) + Ly @) (5)

The CM for the elastodynamics equations (2) was first proposed in [38],
restricted to sound-soft elastodynamics scattering problems (i.e. obstacle prob-
lems), for which we have H?~1(I'p), H¥"1(T's) > 0 and H* (Ty) = 0 as
illustrated in Figure la with I'p = 9D and I's = I'\I'p. In this context, it is
shown in [38] that it is sufficient to find a time-periodic solution y, namely

0
e -wile = 0 |Gy -m| =0 )
P

where |ulc = /(u,u)c and ||v|, = \/(Vv,V),, (u,v) € W with the bilinear
forms (-,)c : (HY(Q))? x (H1(2))? — R and (-,-), : (L?(2))? x (L*(Q2))? — R,

(uj,u2)c = /QC(x) ce(z,uy) ce(x,ug) do, Yuy,up € (HY(Q))?,  (10)

(vi,v2), /p(x)vl(:c) -vao(zx) dz, Vi, vo € (L2(Q)4 (1)
Q
From (9) we conclude that y also satisfies
y(aT) = Yo,
0
(- T) =
atY( ) ) Y1,

which is demonstrated later in Lemma 2. Then it is possible to use the fact that
the solution of (6) in [T, 27T with the initial value (y(-,T'), 8ygt’T)) is identically
equal to y in [0, 7], that is

v, T+1t)=y(1t), te[0,T].

This directly follows from the well-posedness of (6) and the periodicity of all
source terms. Consequently, y with the same argument for [mT, (m + 1)T7,
m > 1, is time periodic in R. The uniqueness of the time-periodic solution
implies that y satisfies (5) — see Theorem 1 presented in the next Section.




2.2. Generalization

The CM has not been extended to more general boundary conditions, espe-
cially for wave propagation problems in heterogeneous media in seismic imag-
ing, with or without free surfaces and obstacles. The main difficulty to perform
this generalization is the loss of uniqueness of the time-periodic solution when
HI(Tp) = 0 or HI"1(T's) = 0, in a similar way as what is shown in the
acoustic case in [26, Theorem 1].

Our first contribution is to perform this generalization. We consider general
boundary conditions on 0f), where each boundary I'p, 'y or I'g can be empty,
and we prove the following theorem.

Theorem 1. Letu € (HY(Q))? be the unique solution of (2) andy € C°([0,T]; (H*(22))4)N
CH([0,T); (L2(2))9) be the solution of (6) such thaty satisfies the time periodic
condition (9). Then the following assertions hold true:

(i) The wavefield y is given by the Fourier series expansion
—iw 3 —iw
y(@,t) = Re {u(z) e} + Zn(@) +vo(z) + D velz)e ™, (12)
|[e|>1

where n = y(-,T) —y(-,0) and v, € (H*(Q))4, |¢] # 1, solves the eigen-
value problem,

V- o(@) = @OPp@re), veQ  (13a)
—twlp(x)B(x)y,(z) + o(z,v,)n = O, x€Tlg, (13b)
o(xz,v,)n = 0, zeTln, (13¢)

vo(z) = 0, x€lp. (13d)

Moreover, vy, n € U with
U :=Span{e,...,eq} & Span{z,e; —ze; | 1 <j<i<d}. (14)
Here e; denotes the i-th unit vector in R?.
(i) If H4=Y(Tp) > 0, then n =, = 0 a.e. in .
(iii) If H¥=1(T's) > 0, thenm =, =0 a.e. in Q, |[¢| > 1.
Remark 2.

i. Theorem 1 implicitly implies that sound-soft scatterings have a unique
time-periodic solution which is identically equal to the time-harmonic so-
lution.

ii. The elliptic solutions v, and m both of (13) with £ = 0 lie in the kernel U
of the linear operator —V - o.

For the proof of Theorem 1 we need the following lemmata:

Lemma 1. Let T € (H*(Q))? solve

-V .o(z,7) = 0, x€Q, (15a)
o(z,7)n = 0, x€TgUTy, (15b)
T(x) = 0, xelp. (15¢)

Then T € U. Moreover, T =0 a.e. in Q when H¥Y(T'p) > 0.



Proof of Lemma 1. Let T € (H'(2))? be a solution of (15). Then the divergence
theorem, together with the boundary conditions, yields

0 = /(V’O’(T))'le' = /6(0(7')n)~’rds—/ﬂa(7'):VTdm

Q Q

= —/(CZE(T)):E(T) der < 0.

Q

From the symmetry and positive definiteness of the elastic tensor C we have
e(t) = 0 aee. inQ,

and consequently VT is skew-symmetric,

0
- i=1,... 1
axiTz 07 7 5 ada ( 6)
0 0
—_— ;= — — . ), ] = “e ] .. 1
8LEJ T 8x¢TJ 1,] 17 ada J # ? ( 7)
This implies
0? 0 0 o0 0
o 7, = —— ; = 0, ,i=1,...,d. 1
oo T 3, 8$jT P, 8xiT 0 i, 7 (18)

We conclude that %Tj is independent of x;, and moreover 7; depends linearly
on z;, % =1,...,d. Thus there exist a;, 3; ; € R such that

d d
T(l‘) = Z (Oéi + ZBZ‘JIJ')(%. (19)
i=1 j=1
Equations (16) and (17) yield 8;; =0,i=1,...,d, and
0 0 .
Bij = %Ti = _BTciTj = —Bji i,7=1,...,d. (20)

This results .
T(JJ) = Zaiei + Z ﬁ@j(l‘jel‘ — xiej) eu,
i=1 1<j<i<d

which proves the first assertion.

Suppose that H41(I'p) > 0. Then 7, =0on I'p,i=1,...,d, and we have
7; =0 1n €, since 7; is a linear polynomial. This completes the proof. O

Lemma 2. Let y be the solution of (6) with HY"1(I'p UTg) > 0 and satisfy
(9). Theny is T = 2% -periodic in the sense of

Iy(x,T) _ 9y(x,0)
T) = 0 = Q. 21
v ) = y(0), 2 w0 sen o
Proof of Lemma 2. Let n = y(-,T) — y(+,0). Then the periodic condition (9),
together with the symmetry and definiteness of the tensor C, yields e(x,n) =0




a.e. in €2, and thus i obviously solves (15).
From Lemma 1 7 € U and in the presence of Dirichlet boundary conditions

7 vanishes identically on the boundary I'p. Since 7 is a linear polynomial in €,
n =0 a.e. in Q, which shows Lemma 2 for H¢1(I'p) > 0.

Let T'p be empty and H4!(I's) > 0. Then, by integrating the elastic wave

equation (6) multiplied with 7, the periodicity of the harmonic source terms
and 881', and integration by parts, we obtain

O:// 628215 n(x) dr dt — //V o(x,y(-,t)) - n(x) dx dt

= /p(x)<8y(;ctT) 8y59x 0)> dx+/ /Fs z,y(,t))n-n(z) ds dt

o / p(2)B(2)n(z) - n(z) ds.

S

The symmetry and positive definiteness of the linear operator B yields n(z) = 0
a.e. on I'g, which again implies with Lemma 1 that n = 0 a.e. in ) and
completes the proof. O

Proof of Theorem 1. (i) We consider two situations: H? 1(I'p UT's) > 0 and
I'n = 09.
Case 1: Let H¥='(TpuUTg) > 0 and

z(z,t) = y(z,t) — Re{u(z)e ™'}. (22)

From Lemma 2 z is clearly T-time periodic and solves the elastic wave equation
(6) with homogeneous right hand sides and and the initial conditions

zo(z) = yo(z) — Re{u(x)}, x € Q, (23)
z1(z) = y1(z) —wIm{u(z)}, ze€Q. (24)
We can expand it in Fourier series as
D velx)e (25)
[€]>0

with the complex-valued Fourier coefficients

T
. = %/0 z(-,t) e dt € (H'(Q))%. (26)

Next, we verify that -, solves (13), £ € Z. The integration by parts, together
with the periodicity of z, the definition (26), and equation (6) with no external
source term, yields

2 2 ‘t 14 T82 iwlt
—(w)*py, = —/ —(wf) ) dt = ) —a2tz(~,t)e dt,
twlt 4 TaQ iwlt
V.O—('vPYZ) = 7/ V- U ) dt = T ; %z(~,t)e dt.



Consequently, we have

—(@0)?p(x)y,(x) = V- o(z,7,) = 0. (27)

Again, integration by parts in time and the boundary conditions (6b)—(6d) with
gp = gs = gy = 0, together with the definition (26), imply that «, satisfies the
boundary conditions (13b)—(13d), whose fulfill (13) for |¢| > 1. In particular,
for £ =1, (13) coincides with (2) and without any source terms, and hence the
uniqueness of u implies that v; =F_; =0 a.e. in 2. For £ =0 and 7 = 7, we
have

V-o(x,7) = 0, x € Q,
oz, T)n = 0, relgUly,
T(x) = 0, xelp.

Lemma 1 ends the proof for H4~'(Tp UTs) > 0.
Case 2: Let Ty = 9Q and T'p =Tg = 0 and z(z,t) = y(2,t) — £n(z). Then,
by the definition of 17 and z and the periodicity of y, we have

z(x,T) —2(z,0) = y(z,T) —y(z,0) —n(x) =0,

Oz(x, T 0z(x,0 0z(x, T 1 0z(x,0 1
(é)t : (5‘75 : (at : 7@~ (8t s 7@ =0

From o(x,n) = C : e(z,m) = 0 in Q and o(x,n)n = 0 on 'y, it is easy to
verify that z is a T-time periodic solution of (6) with the Neumann boundary
conditions on the entire boundary 0f2. Then the same argument in the first
case with H4~1(I'p UTg) > 0 implies that

y(z,t) = z(x,t) + %n(:v) = Re {u(z)e !} + %Tl(x) +v,(z) + Z et
[¢]>1

which completes the first assertion.

(ii) The second assertion follows directly from (i) and Lemma 1.

(iii) From the first assertion and Lemma 1, we have n = 0 a.e. in . The
boundary value problem (13) with H?~1(I's) > 0 has only the trivial solution
[16, 15, 14, 6], which implies that all «, vanishes identically, |¢| > 1. This
completes the proof. O

From Theorem 1, it is clear that the time-periodic solution of (6) is in general
not unique, except for sound-soft scattering problems with H4~1(I'p), H?~}(T's) >
0. To restore uniqueness, further post-processing are required: orthogonal pro-
jection and filtering method.

2.2.1. Orthogonal projection

In an unbounded domain, H?~!(I's) > 0, the time-independent elastic wave
equation (2) has a unique solution u. However, in the absence of Dirichlet
boundary conditions, I'p = (), Theorem 1 implies that for any solution y of (6)
satisfying the time-periodic condition (9) there is a spurious function ~, € U
such that

y(z,t) = Re{u(z) exp(—iwt)} + v, (),

10



in particular,

i0
v(z) = y(@,0)+ ~=y(2,0) = u(z) +5(2). (28)
d(d+1)
In order to determine 7y, let {¢,},_7 be an orthonormal basis of ¢/ with

respect to the L2-inner product (-,-) and a, € R such that

d(d+1)
2

Yol@) = Y anpy(a). (29)

=1
For example, a basis of U is given as follows:
{el,e2, (y fx)T} for d = 2,

(30)
{61,62,637(y —x O)T,(z 0 —x)T,(O z —y)T} ford=3

Orthonormality is obtained by applying the modified Gram-Schmidt method
to the basis (30). Then the variational formulation, derived directly from the
boundary value problem (2), yields

0 = (f+wv+V-o(v) -y, 9) = F+wv+ V- o(v),9,) —w’a,

fort=1,..., d(dgl) and moreover

(f+w?v+V-o(v),,)

B} .

Qy =
w

Finally, this gives, together with (28) and (29),
a(a+1)
2

u:V—’yO:V—é Z (f+w’v+V - o(v), 9,9, (31)
=1

Remark 3. Here we refer (31) to the compatibility condition in [26, 25] for
acoustic wave equations with instead U = PY.

2.2.2. Filtering procedure
From Theorem 1 a time-periodic solution of the time-dependent elastic wave

equation (6) may contain higher-order eigenmodes ~,, |¢| > 1, i.e. s = 0. The
filtering procedure based on the Fourier transformation [55, 25, 10],

$(z) = ]ﬁT(y(x,t)+Z)aaty(x,t)) ¢t df — 2 ]éTy(x,t)eM i, (32)

]é £(1) dt:% /0 () dt (33)

denotes the average of a function f over the interval [0,T7], is designed to filter
out all higher modes «,, |¢| # 1, and the constant in the Fourier expansion (12).

11



Let y be a T-time periodic solution of the elastic wave equation (6). Due to
the mutually orthogonality of the different modes,

T . T .
][ ~Yo(z) et dt = 'yo(x)][ e“t dt=0 (34)
0 0

and
T . . T . .
][ o) e @i et gt — 'yg(x)][ e Wi giwt gt = 0, |4 > 1. (35)
0 0

Hence, by putting the expansion in (12) of y into (32), the integration of the
harmonic function 7, and the higher eigenmodes ~y,, [¢| > 1, vanish identically,
and thus we have

7

n.

T ,
R . 9 . .
y= ]é (Re{u e ™+ i& Re{u e_wt}> et dt =u— 5

Moreover, for H?~1(I'p UT's) > 0, where n = 0 a.e. in 2, we have

T .
y(z) = 2]€ y(z,t) et dt = u(x), x € Q, (36)

which restores the uniqueness.

Let 02 = I'y. Then we again consider as in Section 2.2.1 an orthonormal
basis {t¢,} of U and we write

d(d+1)
. 3
1
——27r77 = ;,1 e Py, ay € C.

The variational formulation yields

(f+w?y+V-0(y),%,)
2

Qy =

w
and
d(d2+1)
. 1 . N
u=y--3 Z (f+w?y +V-0(3),9,), (37)
=1

We summarize the above results in the following propositions:

Proposition 1. Lety € C°([0, T); (H(Q))¥)NC([0, T]; (L3(22))4) be a solution
of (6) with HI=Y(T'sUTp) > 0 satisfying the time periodic condition (9). Then
y given by (32) solves (2).

O

Proposition 2. Lety € C°([0,T]; (H'(2))%) N C*([0,T); (L?(Q))) be a time-
dependent solution of (6) with 0 = Ty, which satisfies the time periodic con-
dition (9). Then the solution u of (2) is given by (37). O

12



3. Exact controllability formulation

In order to find a T-time periodic solution of (6) to construct the frequency-
domain solution of (2), we propose the controllability approach. This yields the
PDE-constrained least-squares problem,

min  J(yo,y1) (38)

(yo,¥1)€EVD
with Vp C {(yo,yl) eW :yg+ éyl = gp on FD} and W = (Hl(Q))d X
(L*(Q))".
We consider the cost functional J : Vp — R>( defined by

1 1.
Tyoy) = 5¥(T) =volg + 5 [9(T) = x|, (39)

where the state variable y = y[(yo,¥1)] solves the elastic wave equation (6)

with the initial value, called control variable, (yo,y1). For simplicity, we use

the notation y(z,t) for w and we write y(t), y(¢) instead of y(x,t), y(z,t),

respectively, when there is no confusion from context.

To solve the optimization problem (38), we apply the conjugate gradient
(CG) method, which requires the derivatives of the functional 7. This formula-
tion includes the finite element (FE) or spectral element (SE) formulation, e.g.
by choosing Vp equal to the FE- or SE-space.

3.1. Fréchet Derivative

We first derive the Fréchet derivative of J with the adjoint state technique.
In doing so, we introduce (-,-)g : W x W — R and |- |¢ : W — R>¢ with

((u1,v1), (u2,v2))e = (ur,u2)c + (vi,v2)p, (u1,vi), (uz,v2) € W, (40a)
(0, v)[e = V((u,v),(u,v))e, (w,v) e W. (40b)

Then the cost functional 7 in (39) is given by

J(yo,y1) = %|(Y(T) - v0,¥(T) — Y1)|§-

For any perturbation (wg,w1) € V C {(vo,v1) € W:vg=v; =0onTIp}
and (yo,y1) € Vp we have
(T (yo,¥1), (wo,w1)) = ((¥(T) — yo,¥(T) — y1), (W(T) — wo, w(T) — w1)),
= —(¥(T) —yo,wo) o — (¥(T) — Y17W1)p
+ (1) = y0,w(T)) o + (¥(T) — y1, W(T)) , (41)
where the corresponding time-dependent solution w of the homogeneous wave
equation (6) with f = gg = gp = gy = 0 and with the initial value (wq, wy).

We note that J’ lies in the dual space V' of V with respect to the dual pairing

<’>

13



Next, let us introduce the solution z of the adjoint or backward wave equation

2

p(x)% —V-o(z,z(-,t)) = 0, z€Q,t>0, (42a)
p(x)B(z )%z(w t) +o(z,z(-,t))n = 0, z €lg,t >0, (42b)
o(z,z(-,t))n = 0, xe€ln,t>0, (42¢)
z(x,t) = 0, xcTp,t>0, (42d)

with the initial conditions
Z({E,O) = Y(sz) - yl(z)7 T e Qa (426)
(2(-0),0)p, = (v, T) = ¥0,¢) ¢ (42f)

(pB y( aT yl)v SD)LQ(Fs) VQO € (Hl(Q))d

which again exactly coincides with the homogeneous elastic wave equation (6)
with f = gp = gy = gs = 0. Then, by applying (6a) on the perturbation w,
multiplied with the backward solution z(x, T —t) over Q x (0,T), the integration
by parts results

0 = //Q< azf ) V-U(x,W(m,?ﬁ))) o, T — 1) da dt

_ /F f(x){(Bz(x,T_t)) ~w(:c,t)] s

t=0

+ /Q p(x){awéf 1) z(x,T—t)—l—w -w(:mt)} :éx

This, together with the backward wave equation (42a) with the boundary con-
ditions (42b)—(42d) and the initial conditions (42e)—(42f), gives

(i(T),wO)p + (pBZ(T)’WO)m(FS) + (z(T),wl)p
— (2(0).W(T),, + (pB2(0), w(D)) ., 1., + (2(0),W(T))
= (¥(T) = yo, w(T)) o + (¥(T) = y1,W(T)),,-

This, Equation (41), and the initial conditions (42e)—(42f) immediately yield

(T (yo,y1), (Wo, w1)) = (2(T) —2(0),wo) , + (pB(2(T) — 2(0)), Wo) -,
+ (2(T) - 2(0), w1) . (43)

Interestingly, we note that the computation of the gradient for the CM requires
the solution of one forward and one backward wave propagation problem, in a
similar fashion as what is needed for the gradient computation in FWTI [45]. The
difference being that here the forward and backward wave equations are solved
only over a single period of time, while they are computed over the whole time
interval in FWI.

14



3.2. Controllability method combined with the conjugate gradient method

To solve the quadratic optimization problem (38) of the convex cost func-
tional J, we propose to use the conjugate gradient (CG) method [29, 35]. Each
CG iteration requires to compute the gradient J’ given by (43), which needs
the forward and backward solution of the wave equation (6). However, the
gradient J' only lies in the dual space V', and thus we need to find a (Riesz)-
representative p in V,

(P.p)s=(8, ), YpeV, (44)

where B:V x V — R is a (suitable) coercive, bounded, and symmetric bilinear
form. This leads to solve a further elliptic problem at each CG iteration.

The standard inner product, (-,-)g = (-, )y, refers to looking for p € V such
that

(Pos @) (a1 () = (80:¥), @ € (H' ()Y, (45a)
P1 = 81- (45b)

Any choice of scalar products in V can also be used in (45). A natural choice
is to consider the energy (-,-)¢ in (40). In the presence of Dirichlet boundary
conditions, H4~'(T'p) > 0, (,-)¢ is a coercive bilinear form on V [38] so that
the following elliptic problem has a unique solution:

-V o(z,po) = golx), T €, (46a)
o(x,po)n = 0, relsUly, (46b)
po(z) = 0, xz e€lp, (46¢)

and p; = g1. However, for I'p = ) the elliptic problem (46) is ill-posed. To
recover the well-posedness, we need a compatibility condition such as

/go(a:)-l/ﬂ(x) dr — —/(V-o(x,po))-zp(z) dx
Q

Q

= /o(x,po) ce(x, ) dx 7/ o(x,po)n-P(x)ds = 0
Q a0

for all ¥ € U in (14). Thus, we first project go into the range of V - o by
eliminating each basis function %, in U given in (30). By doing this, we apply
the orthogonal projection,

(1/"[7 gO)

g0 < 8o (1/)4,1/:4)1%’ J4 1,2,...,
On top of the solution of one forward and one backward wave equation over
a single period of time, an elliptic problem thus needs to be solved at each iter-
ation of the CM technique, to find a (Riesz)-representative of the gradient. We
propose to use the inner product (-,-)g¢ of (46)—(48), which is also used in the
definition of the cost function J and thus makes this choice more intuitive. This
inner product can be considered as a preconditioner of the CG loop. Also, our
numerical experiments indicate that the use of (-,:)g can improve the conver-
gence speed compared to using a standard Euclidean inner product, especially

when considering heterogeneous media.

d(d+1)

5 (48)
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In order to avoid solving the elliptic problem, a mixed or first-order formula-
tion of the acoustic wave equation was proposed instead by Glowinksi et al. in
[23] and later in [22, 25, 10]. For elastic equations, the conventional first-order
velocity-stress formulation could be used in the same spirit. The advantage of
this formulation is that the gradient of the corresponding function based on the
first-order formulation is in a self-dual space, so no additional Riesz represen-
tative is needed. However, it requires working with a system of 9 equations
instead of 3 in 3D when working with the second-order formulation. This is the
reason why most if not all of the main elastodynamic codes are developed in
the second-order formulation.

3.8. Acceleration procedure: initial quess computation

Except from applying preconditioners to the CG method, a suitable estimate
of the solution as an initial guess for the CG method accelerates the convergence.
Considering the long-time asymptotic behavior of (6) with an arbitrary initial
value, running the time solver over a sufficiently long time interval [0, mT], m >
1, should yield a “good” initial estimate. However, depending on the geometry
of the computational domain and the boundary conditions, the time interval
can be long, especially in the case of trapped modes [26, 25]. To overcome this
difficulty, multiplying the external force term by a smooth transient function

etr
mT t m t
T (Tt <
O, (t) = (2 Sm(ZTtT)>Sm<2TtT>’ t < Ty, (49)

la tZ Tt'r7

as proposed by Mur in [40], and Glowinski et al. in [7], a proper initial estimate
is computed for a more reasonable time interval [0, T3], Ty, € TN [25]; e.g.

T, = [L} , (50)

T mingeq vs ()

where L is the longest dimensional length of 2. This is the strategy we adopt
in this study.

4. Implementation

We now discuss our implementation choices for the controllability method
described in the two previous Sections.

4.1. Spatial Discretization: finite spectral element technique

We focus on a spatial discretization based on a finite spectral element tech-
nique. This method was first introduced by Patera [44] for fluid dynamics
problem. The goal is to benefit from the flexibility of finite-element techniques
while preserving the spectral convergence property of spectral methods. This
method has been introduced to seismologists by Komatitsch & Vilotte [31], first
in the context of elastic waveform modeling at the global scale. In the context of
wave propagation, the method has shown excellent properties in terms of con-
vergence, numerical dispersion, and scalability through domain decomposition.
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The spectral element technique is based on the Galerkin principle (same
approximation space for test functions and solution). The basis for the ap-
proximation space is composed of Lagrange polynomials of arbitrary degree n.
The integration points and collocation points are chosen as the Gauss-Lobatto-
Legendre (GLL) points, which ensure exact integration for polynomial to orders
up to 2n—1, continuity of the solution across elements, and spectral convergence
properties. The fact that the collocation and integration points are chosen the
same, together with the choice of Lagrange polynomial, ensure a diagonal mass
matrix.

We apply this technique to discretize equations (6) and (42). Let € =
{z;}!2, € Q, Vy C V, with ng = dim(V,) = dim(W;,) = |Qx| < co. For

j=1
simplicity, we again write y(¢), f(¢), gs(t), gn (), and gp(¢) instead of y(z,t),
f(x,t), gs(x,t), gn(z,t), and gp(x,t), respectively. Then, for fixed t > 0 we
consider the variational formulation,

2
% /QP y(t) ¢ dx + /Q(C 1e(y(t)) 1 e(p) dz + % Fg(By(t)) o ds

— [t @ do+ [es(t)- 0 dst [gn(t)- o ds, o€V
Q T's I'n

Then the stiffness matrix K, the mass matrix M, and the (absorbing) boundary
matrix S are given by

Ky - Kig M St -+ S
Kin -+ Kg M Sa1 -+ Saa

where K, M, S € R(dna)x(dne) and
i Op;

)\ - 7" 1 d s k =D,

/Q(( * M) Oz Oy, Ve V('DJ) x p

Opi p;  0pi Op;
A —— — ) d k
/Q( Oz, Oy * “axp oz ) 7P

(Kip)ij =

(M);; = /QP%‘% dz,

(Skp)ij = /PBlcp%'@j ds = /P(('UP — vg)nEny + VsOkp) Pips ds,
s r

S

and dy;, denotes the Kronecker-delta function. In addition, we have the discrete
right-hand side F given by

(F)i = /fsoi dﬂ?"‘/gN‘Pi d3+/gS<Pi ds.
Q I'n T's

This yields a semi-discrete, linear, time-dependent (second-order) system of or-
dinary differential equations,
82

%My(t) + Ky(t) + %Sy’(t) = Re{Fe ™}, (51)
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where ¥(tm) = ((¥);(tm))i21, (¥);(tm) = y(x;,tm), denotes the semi-discrete
solution of (51).

Remark 4. Of course, other discretization methods such as finite differences
(FD), finite elements, e.g., with mass lumps [11, 13], which avoid inversion
of mass matrices, or discontinuous Galerkin (DG) with block diagonal mass
matrices, also work. In particular, the latter method becomes more attractive
for the elastic wave equation in the first-order formulation, since it overcomes
the solution of the elliptic problems at each CG iteration [25, 10].

4.2. Time Discretization

For most applications, the time discretization used together with the spectral
element discretization in space is a second-order prediction-correction scheme
named as the Newmark scheme [30, 18, 58]. We however have experienced that
a higher order time-discretization scheme is desirable for CM to improve their
convergence, especially when high order discretization in space is to be consid-
ered. In this study, we thus deploy a fourth-order explicit Runge Kutta scheme.

Let us consider the fully discrete elastic wave equation (6) with the discrete
initial value (¥o,¥1) € R?",

(YO)j = }’0(%)7 (yl)j = }’1(%), .7:177”9,

in the finite number of time steps nr, where At = % and T is single time period.
In order to apply classical higher-order one-step methods to (51), we write
the second-order time integration of (51) as a first-order system of differential
equations,

93?@) =®(t,Y(t)) := DY (t) + Re{Re ™}, (52)

where

o y() B 0 I /0
Yo = (;?ty(t)) - P= (—Mllc mis) R=\mp) s 09
Then we apply the explicit Runge-Kutta (RK) to the first-order (52) formula-

tion, which has been shown efficient. We denote an approximation Y™ of Y'(tm)
and R™ = Re{R e~ }. Then we consider

om+1l _ ~m m
Y = YT ALY bk

p=1
p—1
K = q»(tm +epAt, Y™+ Atzamk;ﬂ),
g=1

where a = (ay,); ,—1 15 the RK matrix and b = (b,)
weights and nodes of the RK method.

5=1, € = (cp)y—; are the

Here we explicitly list the classical fourth-order explicit Runge-Kutta (RK4)
method in Algorithm 1, for m > 0, and Y° = (yo §1)T, where ¥ an ¥, are the
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Algorithm 1: Classical explicit fourth-order Runge-Kutta method
k" = ®(tm, Y™);
K§' = ®(t, + 4L Y™ + SLk);
Ky = ®(ty, At Y™+ ALk
kK" = ®(tm —i—At Y™ + Atk
Yl = Y4 At (k4 2k + 2KE 4 k)

discrete initial displacement and velocity of the elastic wavefield y. Thanks to
the SE property, the evaluation of (53) requires only matrix matrix and matrix-
vector multiplications and is thus fully explicit. The explicit RK4 is known
to be efficient and robust, but not absolutely stable, and the time step At is
bounded by the CFL constant and the smallest mesh size.

In other studies [7, 23, 46, 25, 10], it has been shown that methods of other
order, such as Leap-Frog, explicit Euler, explicit Runge-Kutta second and third
order time schemes for time integration (51) work as well as RK4, especially the
higher order time scheme. However, lower order time schemes may not converge
exactly to a time harmonic function. For better convergence, further treatment
or slight modification of the time method is required, e.g., the method yields
the exact time harmonic.

The analytical solution of the ODE, ¢/ () = f(t) := Re {aexp(—iwt)}, a € C,
is given by y(t) = Re { "4 exp(—iwt) } The modification, e.g., of the explicit
Euler method forced to convelge with the time harmonic solution is

sin(wAt)

Yn41 = QYn + Béff( ‘N UH) o = COS(W(St)? /3 = Wa

with yo = y(tp). Then one can verify that

Yn = Y(tn), Yn > 0.

4.3. Filtering procedure

For general boundary conditions the main analysis in Theorem 1 shows that
time-periodic solutions may not be unique. To recover the uniqueness shown in
Propositions 1 and 2, we apply the filtering procedure (32) from Section 2.2.2,

2 T ] 2 nr mAt .
$(z) = = / y(z,t) e dt ~ = / v ) et dt,  (54)
T Jo ( TmX::l (m—1)At

Q

to the time-periodic solution y(t).

For the known wavefields Y™ 1 = (ym_1 ym—l) and Y™ = (ym yM) at
the m-th time step, m > 1, we first determine the Hermite interpolation of y
in [(m — 1)At,mAt]. Then we compute the partial integration using a higher
order quadrature formula such as Gaussian quadrature over [(m—1)At, mAt] by
replacing y(t) by its Hermite polynomial. Since only Y™ ! and Y™ are needed
for each integration in the subinterval, the time integration can be computed
efficiently on the fly and there is no need to store the entire history of Y™
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4.4. Final CMCG Algorithm

We list the CMCG method in Algorithm 2 starting with the initial guess Y (%)
to find an initial value Y = (yo,y1) such that the corresponding solution y of
the time-dependent elastic wave equation (6) is time-periodic. Then we apply
the filtering procedure (32) in Section 2.2.2 and 4.3 when the time-periodic
solution is not unique. Consequently, the time-harmonic solution of (2) is given
by the time-periodic solution (8).

Remark 5.

i. In each CG iteration, we compute the gradient of the cost function J,
which requires the solution of the time-dependent forward and backward
wave equation, but only over a single short time period T = %” In prac-
tice, the time step At typically decreases antiproportionally to the fre-
quency w, so that the number of time steps np or the ratio between T
and At is independent of w and remains constant when the frequency is

increased.

1. In order to compute the gradient in Step 2 and 5, we apply an inner CG
loop to solve the (46). To accelerate the convergence, we additionally apply
a Jacobi preconditioner to the CG method.

iti. The outer CG loops stops when the relative CG residual in Step 11 achieves
the outer CG tolerance tol. A typical choice is tol=10"3 or 1075.

iv. The inner product (-,-)g and its corresponding norm || - ||g in Algorithm
2 depend on the choice of the coercive, bounded, and symmetric bilinear
form B:V xV — R used in (44).

4.5. Parallelization and integration in SEM46

Our implementation relies on the 3D (visco-)elastic full waveform model-
ing and inversion code SEM46, presented in Trinh et al. [58]. This package
is developed in the perspective of seismic imaging by FWI. It makes use of
a Cartesian-based mesh, and supports vertical deformations to conform to a
spatially varying topography on top of the computational domain. Element
size adaptation in the lateral directions is also implemented to adapt the dis-
cretization to the local wavelength given a frequency band and a local velocity.
This choice of a Cartesian-based mesh is motivated by the will to avoid any
dependence on a third-party mesher, and a greater flexibility and robustness:
no need to adapt the mesh manually to remove too small or too deformed cells.
This is motivated by the application to which the code is dedicated: FWI basi-
cally works with media where the only interface which is known a priori is the
air/subsurface interface (free surface boundary condition).

SEM46 is developed in modern FORTRAN90 and has been ported on numerous
high performance computing platforms, from local ones (CIMENT infrastruc-
ture, Univ. Grenoble Alpes), to national ones (IDRIS and TGCC, France) and
European ones (Barcelona Supercomputing center, Spain). Its scalability has
been tested satisfactorily up to several thousands of computational units. The
parallelization relies on a simple message-passing-interface (MPI) based domain
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Algorithm 2: CMCG algorithm
Result: Time-periodic solution Y
1 Solve the forward and the backward wave equations (6) and (42) to
determine the gradient of J, g(® = J7/(Y®) € V', defined by (43).
2 Solve the coercive elliptic problem (44) with g = g(® to determine the

Riesz representative p(®) € V.
Set d© = —r(0) = p©) ¢ P,
for /=1,2,...,do
Solve the homogeneous wave equations (6) (f =gp =gs =gn =0)
with the initial values d(¥) = (dgg)7 dﬁf)) and (42).
6 Compute the gradient g*) = 7/(d®)) defined by (43). Solve the
coercive elliptic problem (44) with g = g to get p(®).
£) L(O)y2
[(rg "y )l
0 0 40
(”,p1"), (af”,a{"))s
8 | YD =Y©® 4 q,d® cyp
9 r(é“rl) = r(z) —_ afp(z) = V
1) (¢
o | g, - M)
0 (L
[C ol
11 dHD = D) 4 3,40 ¢ Y

o AW

7 Qy =

[E

12 Stop when the relative residual lies below the given tolerance tol,
(£+1) _(£+1)
relres(”) Iro (0)7 réo) s < tol. (55)
1(rg 517l
13 end

decomposition algorithm. Indeed, the spectral element method requires to ex-
change information only on the border of each domain, making it perfectly
suitable for such an implementation.

This domain decomposition algorithm is used for mass and stiffness matrix-
vector product. The mass matrix being diagonal, the computationally inten-
sive part is related to the latter matrix-vector product. Of interest here, each
part of the CM algorithm benefits from this domain decomposition algorithm.
The outer CG loop requires the solution of two wave equations. The inner
CG loop requires the solution of an elliptic problem involving stiffness matrix-
vector products, which are already parallelized thanks to domain decomposition.
Therefore, the whole CM algorithm is fully parallel, with no bottlenecks which
might hamper the scalability of the algorithm.

5. Numerical experiments

In this Section we present a series of experiments to validate the CMCG ap-
proach and illustrate its scalability for solving 3D frequency-domain elastic wave
problems (2). All the experiments are performed in the isotropic approximation
where the stiffness tensor can be expressed with two parameters, however from
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SEM46 it is possible to consider any kind of anisotropy up to fully triclinic me-
dia with 21 independent coefficient in the stiffness tensor [58].

We first investigate the convergence and the accuracy of the CMCG method
at each (outer) CG iteration, applied to the plane-wave problems in a semi-open
box. In order to speed up the convergence, we introduce an initial run-up phase
by using the wave solver to find a proper initial estimate, which is already used
in the acoustic case [26, 25]. Next, we consider a point source problem in a un-
bounded cuboid domain to compare the total computational time and memory
requirement of the CMCG method with a direct solver based approach which
solves (2) directly (with the same discretization). The direct solver is based
on the LU multi-frontal decomposition method, implemented in the MUMPS li-
brary [1]. To illustrate the scalability of the CMCG method for larger problems,
we measure the total computational time while we increase the number of cores.
Then we repeat the previous experiment in a 3D heterogeneous elastic media,
constructed from the 2D Marmousi II model [36]. Finally, in the perspective
of FWI, we present a series of point source problems in several heterogeneous
media corresponding to reconstructed media along FWI iterations. We show
how we can use the solution from a given model to the subsequent model as an
initial guess to speed-up the convergence of the CMCG method.

5.1. Convergence and accuracy tests on plane-wave solutions
The plane-wave u in = (0,2000m) x (0,500m) x (0,500m) is given by

u(x) = Aexp(ik - x), (56)

which solves (2) with the Dirichlet boundary conditions I'p everywhere except
from the absorbing boundary conditions on I's = {x = 2000m}. Here the
frequency is f = 10 Hz, the velocities v,(z) = 5000m/s, vs(z) = 2500m/s, and
the density p(z) = 1 g/m? are all constant, and moreover, A || k and |k| = -
with the angle of 5° in the zz-plane and |A| = 1076, We apply the CMCG
method P°-SEM with h = 50m. Figure 2a monitors the relative CG residual
(55) at CG iteration and stops at 162 CG iterations to the CG tolerance=10"9,
which coincides with solving the time-dependent wave equation (6) over 324
time periods. Moreover, the cost functional J in (39), evaluated at each CG
iteration, decreases monotonically, where the relative numerical L?-error to the
exact solution (56) decreases as well to 4.6 - 1075, which is shown in Figures 2b
and 2c, respectively.

According to the limiting amplitude principle [39, 60], the solution y(-,t) of
(6) converges asymptotically to the time-harmonic solution given in (5) when
t = mT, m € N, tends to infinity, which requires only the solution of (6) for a
long time, where no optimization and elliptic solution is needed. To compare
this ”simple” wave solver with the CMCG method for finding a time-harmonic
solution, Figure 3a shows the history of the relative L? error of both methods
for the same number of periods. We can see that solving only the wave equation
(6) may result in a slow convergence or even no convergence at all.

Next, we investigate the efficiency of the initial run-up described in Section
3.3 and try to find what a suitable run-up time would be. For m = 80 time
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Figure 2: 3D plane-wave: History of the relative CG residual (a), the periodic defects (b), and
the relative L?-error, obtained from the CMCG method at each CG iteration.
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Figure 3: 3D plane-wave: (a) Numerical L? error at each time-period, obtained with the CMCG
method, the “simple” wave solver, and the initial run-up of the length m = 80 combined with
the CMCG method. (b) Total number of forward and backward elastic wave equations (6) solved
over one period T until convergence, started with an initial run-up of length of m periods.

periods, the relative L? error decreases faster than with the CMCG method, but
does not reach the same accuracy with a relative L? error of 4-10~3. Maintaining
the state with the CMCG method, it subsequently converges at 98 iterations.
Consequently, the CMCG method solves for a total of 276 time periods with
the initial estimate, and unlike 324, it saves about 15% time periods.

To study the convergence rate as a function of the run-up length m, we
repeat the initial run-up with different lengths m of the initial phase in combi-
nation with the CMCG method. We first consider m = 8 as suggested in (50),
which reduces the total number of wave equations solved in one period to 304.
Increasing the length m of the initial run-up accelerates the convergence, but
stops accelerating at m > 160.

We conclude that the initial run-up does indeed provide a good estimate

for the CMCG method and accelerates convergence, but the optimal number of
time periods is generally unknown and must be set in advance.

Remark 6. The discretization of the sizth-order SE scheme and the fourth-
order time scheme is not order-preserving. Howewver, the total error between
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#Cores Elapsed Max alloc.| rel. L? error

Timing Mem. | u, Uy U,
MUMPS 256 855s 1423 GB | 4.6% 8.7% 4.6%
CMCG 8 378s 0.8 GB |3.6% 7.3% 3.6%

Table 1: Comparison between the CMCG method and MUMPS direct solver with respect to the
memory consumption, computational time, and numerical error.

f npors #{Cores} Memory Initial runup CMCG

in Hz in Mio. in GB #{periods} +#{iterations}
10 2 1- 18 0.2 13 22

20 8 8— 64 0.8 25 17

40 42 32— 512 4 50 21

80 257  256-1536 24 100 23
160 1784  800-1440 166 200 27

Table 2: 3D-Point source: estimated allocated memory of the CMCG method by increasing the
number of cores for a fixed frequency f, total number of CG iterations in the outer loop and
number of degrees of freedoms.

numerical and analytical solution contains the spatial and the time discretization
error as well as the residual of the CG method, where the spatial discretization
dominates. In order to reduce the total error, i.e., by increasing the number of
grid points, one can use order-preserving time schemes instead and reduce the
CG tolerance.

5.2. Comparison with a direct solver for point source problem in a homogeneous
medium

For the known analytical solution u(z),

(1 — p1)(w3 — p3)

up(z) = dmpea?r5 ((FK2 — 3+ Birk,) 6" — (12k2 — 34 Birk,) e'*)
up(z) = (z2 —4?;2;5:2573:5— P3) ((r%f) — 34 3irk,) oikpr ~(r2k2 — 3+ 3irk,) ei’w)
wle) = 47pr(( = p3)rhy + (7 = 3 — pa)?) (1 — irky)

th;ij;ﬁ((r? — (z3 — p3)H)r?k? — (r? — 3(z3 — p3)?)(1 — irks))
where r = |z — p| and p is the position of the point source, we apply the

CMCG method to the point source problem in a homogeneous unbounded do-
main Q = (0,2.5km)? with I's = 8Q, p = 18, vp = 50002, and vg = 25002.

We first compare the CMCG method with the strategy presented in Li et
al. [33] where the frequency-domain equations (2) are discretized by the same
spectral element technique, within the frame of SEM46, and a LU based direct
solver (MUMPS, [1]) is used to solve the associated linear system. The compu-
tational domain consists of 28 x 28 x 28 P5-SE with 4 sponge elements in each
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Figure 4: wavefields ug, (1st row), uy, (2nd row), and u. (3rd row) of the point source problem
of 20 Hz, obtained with the CMCG method (1st column) and the direct solver (2nd column) and
the analytical solutions (8rd column).

direction.

In Table 1, we present the comparison between the numerical solutions, ob-
tained with the CMCG method, combined with the initial run-up with a length
of 25 periods, and the direct solver approach using the MUMPS package. The
RK4 method listed in Algorithm 1 is applied to solve the time integration of (6)
with a total number of time steps ny = 48. The CG tolerance of the inner and
outer CG loops for the stopping criterion is set to 10~%. We see that the CMCG
method requires less computation time and particularly about 1700 times less
memory for a comparably accurate solution. Figure 4 illustrates the CMCG
solution (1st column), the MUMPS solution (2nd column), and the difference
between both methods (3rd column).

In [33], it is very challenging to adopt the direct linear solver and MUMPS

for solving (2) with frequencies higher than 20 Hz. Especially, the memory
requirement quickly reaches limits of conventional computational resources in
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Figure 5: Point source at f = 10, 20, 40, 80, and 160 Hz: total elapsed timing spent in the
CMCG method by increasing the total number of cores.
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Figure 6: Pointsource at 10, 20, 40, 80 and 160 Hz model: relative average elapsed timing spent
in the time-dependent solver (RK4 method) and the elliptic solver (inner CG method).

national HPC centers. In contrast, the CMCG method only requires modest
amount of memory, which is shown in Table 2. To show the efficiency of the
CMCG method by solving a larger problem, we increase the frequency from 20
Hz to 40 Hz, 80 Hz and 160 Hz, and respectively the mesh from 18 x 18 x 18,
28 x 28 x 28 to 48 x 48 x 48, 88 x 88 x 88, and 168 x 168 x 168 P>-SE, with 4
sponge elements in each direction, as well as the length of the initial phase from
13 to 25, 50, 100, and 200 periods.

While the number of grid points increases linearly with the frequency w, the
time periods T = %r and the time steps At decrease in an antiproportional
fashion with respect to w, so that the number of time steps ny for each w
remains equal to 48. As expected the CMCG method, which only consists
of matrix-vector multiplications, is inherently parallel. A linear scalability is
observed up to more than fifteen hundred cores, as illustrated in Figure 5. The
ratio of computational effort between the time-dependent and elliptic solvers is
80% to 20% at low frequencies (e.g. 10 Hz). However, this changes at higher
frequencies, as most of the computational effort shifts to the initial run-up to
some extent (90% time-dependent and 10% elliptic at 160 Hz), which can be
seen in Figure 6 and Table 2, where the total number of CG iterations increases
only slightly as we increase the frequency.
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Figure 7: Pointsource at 4, 8, 12, and 16 Hz Model: number of CG iterations required in CM
until convergence reaches tolerance 1072,

f npors | #{Cores} Memory Initial runup CMCG
in Hz in Mio. in GB #{periods} #{iterations}
10 ) 1-8 0.5 30 25
20 26 16— 256 3 60 17
40 155 64— 512 16 120 10
80 1061 256-1024 103 240 21

Table 3: 3D-Marmousi: total computational time of the CMCG method with various number
of cores, total number of CG iterations in the outer loop, as well as the number of degrees of
freedoms.

Further, it is assumed that the convergence of the CG method in CM depends
only on the problem given by the geometry of the domain, the homogeneity or
inhomogeneity of the media, the frequency, and the external source. In partic-
ular, the convergence is only slightly affected by the discretization of the mesh,
e.g., the mesh refinement. To verify this, we solve the point source problem
again for frequencies w = 4, 8,12, 16 Hz using the CMCG method as above with
P5-SEM and RK4, but without sponge layer and initial excitation (run-up). At
fixed frequency and source, the CMCG method is repeatedly applied to the elas-
tic wave equation (6), increasing the number of elements from 4 to 24 elements
in each direction. Figure 7 shows that the number of CG iterations (18-21,
35-38, 52-54, and 66-69) is nearly constant for a fixed setting (4, 8, 12, and 16
Hz)), confirming independence of mesh size. Interestingly, we observe that the
number of CG iterations increases almost linearly in this low frequency settings
(from 4 to 16 Hz).

5.8. CMCG method for a 3D heterogeneous elastic medium from the Marmousi
1I model
We consider now a 3D heterogeneous medium built as a 3D extension of a
sub-target of the 2D Marmousi IT model [36], where the 2D medium is extended
constantly along the y direction. Now both velocities vp and vg and the den-
sity p vary over the entire computational domain 2 = (0,3900m) x (0, 1000m) x
(0,1200m) (see Fig. 8).
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Figure 8: 3D-Marmousi model: 2D front view of the Marmousi model. Velocities vp and vs in

D in the 1st and 2nd rows and density p in —§ in the 3rd row.
m

We apply the CMCG method to compute a solution in this medium for
a point source at (1950m,500m,100m), with a free surface condition on top
I'y = {z = 0m} and absorbing boundary conditions everywhere I'g = 9Q\T'y.
To further dampen the outgoing waves on I'g, we also add 4 sponge elements
in each direction. In order to show the parallel performances of the CMCG
method, we increase the number of cores for a fixed frequency and fixed mesh,
which is listed in Table 3, and measure the total elapsed time.

Here, the computational domain consists of 47 x 18 x 16, 86 x 28 x 28,
164 x 48 x 52, and 320 x 88 x 100 P°-SE at frequencies of 10, 20, 40, and
80Hz, respectively, with memory requirements ranging from 500MB to 103GB.
The time integration of (6) is solved in ny = 118 time steps. In Figure 9 we
observe a doubling of speed of the CMCG method for each frequency, indicating
linear scalability, while increasing the number of cores to 1024. Finally, Figure
10 illustrates a cross section from the numerical solution of 80Hz to Marmousi
problem, obtained with the CMCG method, where the background corresponds
to the P-Wave vp shown in Figure 8.
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5.4. CMCG method on successive 8D heterogeneous media corresponding to
FWI iterations

To complete this series of tests, in the perspective of FWI, we investigate the
behavior of the CMCG method when it is initialized with a solution computed in
a medium close from the one in which the computation is done. The motivation
is that in FWI, the subsurface model is iteratively updated from an initial to a
final estimation. Wave propagation problems are to be solved in each of these
models, which, along the FWT iterations, are relatively close one from each other.

To perform this preliminary study, we design a schematic synthetic FWI
experiment on a subtarget of the Marmousi II model extended in 3D, sim-
ilar to the one considered in the previous experiment. Its dimensions are
Q = (0,3900) x (0,1000) x (0,1400) m>®. The acquisition is composed of a
single shot line in the middle of the x-y plane with 24 sources each 160m along
x-axis, and 5795 receivers sampling the x-y plane, with a spacing of 12.5m in
x-direction and 50 m in y-direction. The sources are vertical forces and the
receivers vertical geophones. The source signal is a Ricker with 4 Hz peak fre-
quency, generating a synthetic data set in the frequency band 0 - 10Hz.

The principle of FWI is to minimize iteratively the least-squares distance
between a reference dataset and data computed numerically. Describing FWI
precisely is beyond the scope of this study, and the reader is referred to [59] for
a review. Here for this schematic application, the data is simply inverted in a
single step (no multi-scale strategy), within 60 iterations of the I-BFGS algo-
rithm implemented in the SEISCOPE toolbox [37]. The exact, initial, and final
models are presented in Figure 11, denoted respectively by (v, v%), (v%,v2),
and (vY,v%). The misfit function evolution along the 60 iterations is also pro-
vided in Figure 12.

Along the convergence path, a series of (vfg7 vg) is generated, £ = 1,...,60.
We consider two situations. For the first, we consider two models in the early
iterations, namely (vh,v%) and (v%,v%) where the model differences are sig-
nificant, and localized in the upper part of the model, in the vicinity of the
source (Figure 13a,b). For the second, we consider two models in the final it-
erations, namely (v¥,v3®) and (v¥,v?), for which the model differences are
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less pronounced, and distributed in the whole model (Figure 13c,d). The rela-

tive L? difference between the models (vg),vg)), (vgg)m?g)) and (vg),vg?)),

(vg’g),vgg)) are (0.012%,0.043%) and (0.006%,0.015%), respectively. We de-

note by u® and u®®) the solutions to (2) on the 1st and 58th models (v, vg))
(58) _ (58)
and (vg ", vg ).

We apply the CMCG method, combined with the RK4 and P*-SE method,
to (2) for the 2nd and 59th model, where 2, consists of 47 x 18 x 18 elements.
Figures 14a and 14b show the history of the relative CG residual at each CG
iteration, obtained with the CMCG method applied to (2) for the corresponding
model. We observe that the CMCG method converges for the 2nd model with
and without the initial estimate u(!) as the initial guess at 175 and 347 CG iter-
ations (which implies the solution of the time-dependent equation (6) over 350
and 694 time periods, respectively). The computational time with the initial
guess thus represents 50% of the computational time without the initial guess,
yielding a factor 2 acceleration. Applying the CMCG method to the 59th model
with or without the u®® solution in the 58th model, we observe that the CMCG
method converges in 46 and 336 CG iterations respectively (which implies solv-
ing the wave equation over 92 and 672 time periods respectively). Here, using
the initial guess reduces the computational time to 13% of the computational
cost without initial guess, corresponding to an acceleration by a factor larger
than 7. We also observe that the CMCG method without initial estimation
seems to converge consistently in about 350 CG iterations for different models
built along the convergence path of a given full waveform inversion application.

From this preliminary test, we observe that the CMCG method is able to
exploit efficiently the information from solutions computed in similar models to
accelerate its convergence, a very interesting feature in the perspective of FWI,
which is not shared by purely time-domain solvers.

6. Conclusion and perspectives

The controllability method (CM), combined with the conjugate gradient
(CG) method, is proposed to find a time-periodic solution of the elastic wave
equation, which yields the frequency-domain elastic solution. Although the
time-periodic solution may contain additional numerical errors involved by the
mass-lumping and numerical errors in the time integration and deficiency from
inexact periodicity, the results is still comparably accurate to the solution ob-
tained with a direct linear solver.

The main analysis proves that the filtering procedure extends the original
CMCG method in [38] from elastic sound-soft scattering problems to more gen-
eral elastic problems.

Numerical experiments illustrate the usefulness, efficiency, and good parallel
scalability of the CMCG method. We observe that most of the computational
efforts are spent either in the forward and backward wave propagation solver
or in the inner CG loop, which are both inherently parallel through domain
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decomposition.

An appropriate initial guess of the frequency-domain solution is also signif-
icant to speed up the convergence of the outer loop so that an initial run-up
process as proposed in [7, 26] is considered. On models extracted from a full
waveform inversion, it is shown how starting the CMCG method from a solu-
tion computed in the model from previous FWI iteration is beneficial to the
convergence. To generalize this approach, a scattered field formulation could
also be used [54, 43]. This approach makes it possible to take benefit from an
already known solution in a medium close from the one investigated in a more
general way. The known solution could be an analytical solution in a simple
medium, a solution based on travel-times computed with an eikonal solver, or,
as investigated here, a full waveform frequency-domain solution computed in
a previous medium in the frame of full waveform inversion. This will be the
matter of future investigations.

The extension of the CMCG approach to fluid-solid coupling problems, as
has been already explored in the time-domain within the frame of the SEM46
package by Cao et al. [8], should be also the matter of future investigations.

Finally, we note that there is a current trend, at least in the exploration
industry, to perform FWI on the whole usable frequency band, up to 100Hz and
above. We believe that the design of efficient 3D modeling engine which, as it
seems to be the case for the CMCG approach, have, on top of an excellent scal-
ability and low memory requirement, the capability to exploit the information
from previous iterations to build the wave equation solution in an efficient way,
is of particular interest.
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Appendix A. Operator B in the isotropic case for dimension d > 1

In the isotropic approximation, we write the stress tensor o as

o(z,u) = Maz)(V-u(x)Iy+ 2u(z)e(z,u) (A1)
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where A and p are the Lamé parameters, or
o(w,u) = p(z)(vp(r) — 205(2)(V - u(2))la + 2p(x)v§(2)e(z,u),  (A2)

where vp is the pressure wave (P-wave) velocity and vg is the shear wave (S-
wave) velocity with

2
vp = At 'u, Vs = H (A.3)
p p

For physical media, we assume vp > vg > 0 and p > 0 such that A(z) > g > 0
and p(x) > po > 0.

To simulate the outgoing waves by imposing the absorbing boundary condi-
tions on I's, we introduce the (coercive) linear operator B € R4*? given by

B =vpnnT +vg(I; — nnT) = (vp — vg)nnT + vgly, (A4)
where n denotes the outward unit normal vector [52, 12]. Note that
Bw =vpw +vsw| (A.5)
with the normal component of w,
w, = (nn")w = (w-n)n, (A.6)
and the tangential component of w,
wi=w-—w, =(I;—nn")w=w— (w-n)n. (A7)

In order to attenuate the reflected waves at the artificial boundaries I'g, we ad-
ditionally expand the computational domain surrounded by the sponge layer [9,
20].
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