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Main objectives

In this study, we design an efficient and fully scalable parallel algorithm to implement the 3D non-
periodic homogenization method for elastic media upscaling, so as to make it easily applicable to seis-
mic full waveform modelling and inversion on large-scale 3D problem:s.

New aspects covered

Instead of mathematical proofs and derivations of the homogenization theory, this study is developed
from the application point of view. A fully scalable parallel conjugate-gradient iterative scheme is
introduced into the 3D non-periodic homogenization process for solving its elastostatic equation systems
and applying the low-pass filtering (here we use a cascade of elliptic PDE-defined Bessel filters to
approximate the conventional convolution-based Gaussian low-pass filtering without the sacrifice of
effectiveness).

Summary (200 words)

Full waveform modelling and inversion are essential tools commonly used in seismic imaging. Due to
the restrictions from instruments and computing resources, the seismic data are usually frequency-band
limited. Thus, the resulting imaging result is a smooth version of the true Earth with the lack of scales
smaller than the minimum propagating wavelength. The non-periodic homogenization technique al-
lows for building a long-wave equivalent medium to account for wave interactions with small geological
structures and producing similar waveforms as for the original medium at a controlled accuracy. The
current non-periodic homogenization implementation is memory and time consuming even with parallel
computing techniques. To boost its applicability on large-scale 3D problems, we propose a fully scalable
non-periodic homogenization implementation. As the core of the homogenization process, the solution
of elastostatic equations and the low-pass filtering operations are formulated as the linear system solu-
tion with a matrix-free conjugate-gradient algorithm to exploit highly optimized matrix-vector-product
routines developed in our elastic wave modelling and inversion parallel code SEM46. For the algorithm
consistency, an approximated Gaussian low-pass filtering is introduced by a cascade of PDE-defined
Bessel filters without sacrificing the effectiveness. All these improvements enhance the efficiency, scal-
ability and robustness of the non-periodic homogenization process.
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Introduction

The Earth’s interior contains heterogeneities at different scales from macroscopic scales like tectonic
units to microscopic scales like pores and mineral grains. However, the seismic waves used in both
seismology and oil & gas exploration studies have a limited frequency band because of instrument and
computing resource restrictions and intrinsic attenuation properties of the subsurface. It leads to the chal-
lenges of how to understand and also account for the heterogeneities that are smaller than the minimum
propagating wavelength in seismic imaging. The non-periodic homogenization theory enables the con-
struction of effective density and elastic coefficient models for any elastic media in a long-wavelength
asymptotic way, achieving the representation of small-scale heterogeneities/structures with apparent
anisotropy to produce s1m11ar modelling waveforms as for the original medium at a controlled accuracy

( , ). From the aspect of full waveform inversion
(FWI), this theory suggests that the best model retrieved by a limited-frequency FWI is the homogenized
version of the true model ( , ), which opens the door to physically interpret

the FWI reconstructed models and access the true media.

To benefit from the non-periodic homogenization theory in both full waveform modelling and inversion,
it is critical to develop an efficient numerical implementation of the homogenization process, especially
for its application on large-scale 3D problems. In this study, we consider formulating the non-periodic
homogenization method into a parallel conjugate-gradient (CG) iterative scheme based on domain de-
composition, which can ensure a good efficiency and scalability on HPC platforms. More precisely, we
show the CG iterative algorithm design and optimization for the solution of elastostatic equations and
low-pass filtering operations in the homogenization process, respectively. And finally we apply it to two
3D numerical tests for the algorithm evaluation.

3D non-periodic homogenization with the conjugate gradient method

The non-periodic homogenization dates back to the computation of effective properties for composite
materials in micromechanics ( , ). Its application to seismic wave modelling is
derived by ( ) and ( ) to upscale any 2D and 3D
elastic media without size, shape and contrast restrictions on the heterogeneities. In practice, the non-
periodic homogenization process is made of three steps:

Step 1: Solve the elastostatic equation with periodic boundary conditions

V. {C [I+ (Vx+vfx)”:0, (1)

where I is the 4th-order identity tensor and the solution X is a 3rd-order tensor corresponding to the
static response of unit strains. Thanks to the symmetry of the elasticity tensor C, Eq. (1) can be written
as an equation system with 6 right-hand side vectors (b¥ = bk’ 9iCijii, with Einstein notation), namely

Kijxt' = —bljl , with Elnstem notation, Q)
where K;; is the component form of the stiffness matrix K, including the elasticity tensor components

Ciji and derivative operators, xlkl is the component form of ¥ and kl — B = 1,2,...6 (Voigt notation).
Step 2: Build the strain and stress concentrators G and H as

G_f(Vx+V’x)+I, H=C:G. 3)

Step 3: Low-pass filter G and H to obtam the Ap-wavelength equivalent effective elasticity tensor C* by
~1

C*= 7™ (H): [ﬁ% (G)} . @)

Among these three steps, the implementation of Step 2 is trivial, and therefore we focus on the algorithm
design of Steps 1 and 3. In Step 1, we follow the work of ( ) and
( ) to discretize Eq. (2) with a classic weak-form based spectral-element method (SEM)
to match all the strong discontinuities in the media. However, regarding the solution of the resulting
discrete system, instead of using a direct solver such as PARDISO or MUMPS, we consider applying a
parallel iterative solver that is relatively cheap in terms of complexity and storage and can also overcome
the weak scalability and load balancing issues in the state-of-the-art parallel direct solvers ( ,
). To guarantee the convergence, we impose homogeneous Dirichlet boundary conditions instead
of periodic boundary conditions, and together with the symmetry of elasticity tensor C, this makes the
stiffness matrix K symmetric positive definite. Consequently, this discrete system can be solved by the
preconditioned CG method ( , ). Since the boundary condition effect decays
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Figure 2 Approxzmatzon of the Gaussian filter with a cas-
cade of Bessel filters (a) and the superposition (b) of
the approximation accuracy (blue) and computational cost
(orange) with respect to the number of Bessel filters (each
one corresponds to a stretching factor o calculated by

tial support.

PSO).
Size €G 1terat10ps for sglvmg CQG iterations for Elapsed time
Model (DOF) Cores elastostatic equations low-pass filtering s)
b" b> b b* b B
Random cube 0.81G 960 1514 1500 1531 1508 1510 1509 < 800 1099
3D Marmousi II 0.63G 960 3403 3440 3437 3482 3703 3320 <850 1201

Table 1 Computational cost for the CG-based iterative homogenization process on two 3D elastic models. Both
tests are run on Jean Zay (HPE SGI 8600 supercomputer from IDRIS, CNRS) with Intel Cascade Lake CPU
architecture (2.5G Hz, 40 CPU cores per node).

exponentially in the elastostatic equation, the meaningless solutions generated by the homogeneous
Dirichlet boundary condition are limited in a thin layer from the boundaries and can be removed by a
buffer strategy and the low-pass filtering in Step 3.

As the key of separating the macroscopic and microscopic scales in the homogenization, Step 3 involves
the low-pass filtering of concentrators .Z* (G) and .#% (H) to remove scales smaller than the wave-
length Ay. Figure 1 shows three available low-pass filters in which the cosine taper filter is closer to
the ideal wavenumber response used in the homogenization theory demonstration. The Gaussian filter,
however, is widely used in practice because its wavelet is compact and without negative amplitude which
would create instability issues during the convolution with highly heterogeneous fields. As mentioned
before, we plan to implement the homogenization process within a SEM-based iterative scheme. To
keep the algorithm consistency with Step 1 and also avoid extra projection efforts between SEM and
Cartesian meshes in the convolution, we promote the use of an elliptic PDE-defined Bessel filter (

; )
s(z,x,y) — (((xL) §2+(OCL) aaz—i—((xL) ;2> (z,x,y) =m(z,x,y) 5)

where m is the original vector, L is the coherent length related to the low-cut wavelength Ay, o is a
stretching factor, and the filtered vector s can be obtained by solving its resulting SEM-based discrete
PDE system with the same CG method used in Step 1. Consequently, the whole homogenization process
can be implemented within the same CG iterative scheme with domain decomposition parallelization to
achieve the algorithm and accuracy consistency. Thanks to the central limit theorem, Figure 2a shows
that the frequency response of the Gaussian filter can be approximated by a cascade of PDE-defined
Bessel filters with a well-chosen stretching factor o. This factor is calculated by solving a wavenum-
ber response fitting problem with the particle swarm optimization (PSO). As expected, increasing the
number of Bessel filters yields more accurate approximation of the Gaussian filter. Thus, we consider a
trade-off (Bessel 4x with o0 = 6.496E-2 or Bessel 5x with & = 5.752E-2) between accuracy and cost by
the graph superposition in Figure 2b.

Numerical examples

To investigate the feasibility of the proposed parallel CG-based homogenization implementation, we
run numerical tests on two 3D models with 4th-order SEM mesh on a HPC platform. The detailed
computational costs are listed in Table 1, revealing a homogenization problem with unknowns between
half and one billion can be solved in less than 20 minutes using 960 CPU cores, thanks to the fast
convergence of CG method and excellent scalability of the domain decomposition in our SEM46 code.

For validation, we first homogenize a highly heterogeneous medium incorporating small cubes of 100 m?
with random velocity perturbations in £50 percent of the background properties (Figure 3a). In Figure
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Figure 3 Homogenization test in a random medium. (a) The random P-wave velocity model V), (b) 1D V), profiles
of the random model (red solid line) and the effective models using 4 Bessel filters with different &y (dash lines),
(c) the convergence history of the wavefields generated from the effective models with respect to &y and the type of
low-pass filters (Gaussian filter and its approximation through Bessel filters).

3b, we show the 1D depth profiles extracted in the middle of the resulting effective P-wave velocity
(V) models, with different scaling parameters & where & = Ag/Apin, With A, the minimum propa-
gating wavelength depending on the medium property and the maximum frequency of the source f,4y.
In this test, we set A,,;; = 800 m, corresponding to the background S-wave velocity V; = 3200 m/s and
Jfmax = 4Hz. Here & varies from 0.1 to 1.0 implying less and less small scales are kept in the ho-
mogenization. The homogenized wavefield solution is proved to converge asymptotically towards the
reference wavefield solution (generated from the original medium) with a O (88) convergence (Capdev-
ille et al., 2010). Figure 3¢ shows that we actually obtain a convergence order between O (&) to O (85)
(see the dash lines between the two red lines). It is because the filter used to low-pass filter the concentra-
tors has a wavenumber response slightly biased compared with an ideal boxcar-type filter considered in
the optimal case. The feasibility of using a Bessel approximated Gaussian filter is confirmed by the good
convergence agreement of the wavefield solution with the one obtained by convolving the true Gaussian-
filter wavelet. The accuracy of the homogenized solution with an approximated Gaussian filter is even
superior at low &, because its PDE-based implementation preserves the SEM precision consistency of
all the steps in the homogenization.

The second example is based on a more realistic geological model: a 3D Marmousi-II model with a
truncation of the water layer (the homogenization theory can not remove a fluid-solid interface, see Fig-
ure 4a). According to the same accuracy of homogenized solutions by using the cascade of 4x and 5x
Bessel filters in the last example, here we adopt 4x Bessel filter to save computational costs. Figure 5
shows the projected anisotropic effective models to the nearest isotropic V),, V; models and the remain-
ing total anisotropy after the homogenization with scaling parameters & = 0.2,0.4,0.8. As expected,
we observe a significant apparent anisotropy behaving like a locally tilted transverse isotropy and its
amount is increasing with & to compensate the small scale contrasts missing in V,, and V; models. Since
a variable coherent length can be used in the PDE-defined Bessel filter, our homogenization process is
applied with a Ay adaptive to the local minimum wavelengths instead of being constant, which makes it
possible to use a constant & throughout the whole medium for providing a consistent asymptotic conver-
gence from shallow to deep areas. Modelling tests induced by a vertical force with 2 Hz Ricker wavelet
(finax = 4 Hz) are performed on these effective models and indicate a good agreement and convergence
towards the reference solution with respect to &, as shown in the seismogram comparison in Figure 4b.

Conclusions

We here explore the numerical implementation of non-periodic homogenization within a fully scalable
parallel algorithm framework by applying domain decomposition parallelization and CG-based iterative
method to its two main ingredients: solution of elastostatic equations and low-pass filtering. Since
the conventional convolution-based Gaussian low-pass filtering is not compatible with the CG iterative
scheme, we mimic the wavenumber response of the Gaussian filter with a cascade of elliptic PDE-
defined Bessel filters that can be discretized by SEM and solved with a CG iterative method without
any loss of effectiveness. In addition, this approximation makes good use of the variable coherent-
length property of Bessel filter to adaptively remove the microscopic scales of the model on the basis
of local minimum wavelengths. Two numerical tests in 3D validate the feasibility and effectiveness of
the proposed parallel CG-based homogenization implementation, and indicate its high efficiency (more
than half billion unknowns solved in less than 20 minutes, and scalability up around 1000 cores). All
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Figure 4 (a) 3D Marmousi-II velocity models without the water layer which is used to calculate the reference so-
lution for benchmarking against the homogenized solutions, (b) seismogram comparison of vertical displacement
generated from (a) and the effective models with €y = 0.2, 0.4 and 0.8 in Figure 5.
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Figure 5 3D Marmousi-II effective models with €y = 0.2, 0.4 and 0.8 from left to right. (a) P-wave velocity model
(V). (b) S-wave velocity model (Vi) and (c) the total anisotropy in percentage, which are calculated by projecting
the resulting C;ji; from homogenization to the closest isotropic model (Browaeys and Chevrot, 2004).

these improvements make it possible to apply the homogenization process to large-scale industry-sized
seismic full waveform modelling and inversion problems.
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