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Full-waveform inversion (FWI) of seismic data is a technique that can be used to image the subsurface
as well as to monitor time-lapse changes in the subsurface (TL-FWI). PyFWI is a package that has been
designed to carry out FWI and TL-FWI efficiently on GPU for research purposes. Several time-lapse
strategies are implemented in PyFWI, such as parallel, double-difference, cascaded, central-difference,
cross-updating, simultaneous, and weighted-average. An important challenge of TL-FWI is the crosstalk
between parameters across different vintages. To alleviate this problem, PyFWI allows using different
parameterizations. PyFWI is written in Python and relies on OpenCL for enabling calculations on GPUs,
which leads to significant reduction of computation time compared to CPU implementation. Using
OpenCL makes PyFWI portable across systems built with GPUs from different manufacturers.
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1. Motivation and significance

Seismic methods are used to image and characterize the sub-
surface. They rely on mechanical waves to probe the Earth [1].
These waves propagate based on the (visco)elastic properties of
the Earth. Full-waveform inversion (FWI) has shown its ability to
extract high resolution image of the (visco)elastic properties in
the subsurface directly from the recorded wavefield [2,3]. Time-
lapse FWI (TL-FWI) has also shown promising results to monitor
property changes in the subsurface, which is important for CO,
sequestration and oil and gas applications [4-6].
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FWI allows obtaining a model of the subsurface by minimizing
the residuals between data estimated from an initial model and
the observed data at the receiver’s locations [7]. The minimiza-
tion is carried out with local gradient descent algorithms. To
estimate the gradient of the misfit function, the adjoint state
method [8] is used which requires one more modeling run. As
FWI is computationally expensive, substantial work has been
done to adapt this method to GPU programming [9,10]. PyFWI
relies on OpenCL [11] in its core to accelerate the computation by
taking the advantage of GPU programming. As PyFWI is written
in Python, this integration is happening through PyOpenCL [12].
Contrary to CUDA, OpenCL is compatible with the majority of
existing processors [10] and this makes PyFWI a portable option.

In addition to computation cost, FWI is an ill-posed prob-
lem [13]. An additional challenge is the crosstalk between the
parameters [3,14]. To make the problem better posed, four com-
mon regularization methods such as Tikhonov, total-variation,
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prior-information, and parameters relationship [4,15-17] are in-
tegrated into this package. The most effective methods to miti-
gate the problem of crosstalk are performing the inversion using
an optimal parameterization [14,18] and using the Hessian for
optimization [19,20]. To model isotropic elastic Earth, three pa-
rameters are required [18]. Depending on the problem at hand,
different parameterizations (all linked to the elastic properties)
can be used to perform the calculations. In the current version,
PyFWI can be used to perform TL-FWI in four different param-
eterizations such as DV (density, P-wave velocity, and S-wave
velocity), PCS (porosity, clay content, and water saturation), LMD
(Lamé moduli and density), and KMD (bulk modulus, shear modu-
lus, and density). It should be noted that users can easily augment
this list with custom-defined parameterizations. In addition to
conjugate gradient, the £-BFGS method is provided to minimize
the loss by taking the approximate of Hessian into account [21].
In addition to the mentioned techniques, gradient scaling abil-
ity [22] is integrated into this package to better address the
problem of crosstalk.

PyFWI is a versatile and flexible package to perform TL-
FWI. Different methods have been proposed to provide accurate
time-lapse estimates of the subsurface using TL-FWI. PyFWI al-
lows geophysicists to conduct a time-lapse study using seven
methods such as parallel, double-difference [23], cascaded [24],
cross-updating [25], simultaneous [25], central-difference [5], and
weighted-average inversion [6]. These methods are discussed in
more detail in [26].

2. Software description

PyFWI is a Python package first published in January 2022 on
the Python Package Index (PyPi) under the GNU General Public
License (GPLv3). The source code is hosted on GitHub and open
to contributions.

2.1. Software functionality

The main functionality of PyFWI is providing the required
tools to perform FWI and TL-FWI with a variety of techniques,
considering seismic wave propagation in an elastic medium. FWI
is a local minimization of residuals between the observed and es-
timated wavefields at the receiver’s locations [ 13]. Taking the reg-
ularization term ( xggc) into the consideration, the cost function of
FWI problem can be written as

1
x(m) = = || Wy (RF(m) — d) I3 + Xrec, (1)

where R samples the seismic wavefield at the receiver’s locations.
Vectors m and d represent the model parameters and observed
data, respectively, along with Wy which is a weighting operator
of the data misfit. The wavefield u is the solution of the partial
differential operator, F(m). In the time domain, this operator can
be written for the 2D elastic case as

dux __ OTxx 0Txz
Pt = Tx T 5z S

vz __ 9tz JTxz
L T + ax +SUZ’

U = (n 4 2p) 8 4202 5., (2)
e A0 4042008 4,
Itxz dvx

o = 15+ %f)’

where s is the source function and where the particle velocities in
x- and z-directions (vyx and v,) plus normal (7, and t,,) and shear
stresses (1) build the wavefield vector, u. The initial condition
of the problem is given by

vl = tézo =0. (3)

SoftwareX 22 (2023) 101384

For boundary condition, perfectly matched layer [27] (PML) is
used to reduce the reflected energy from the edges of the model.
To estimate the gradient of the cost function of a PDE-constrained
optimization problem such as FWI, the adjoint state method can
be used [8]. The adjoint of wavefield, @, written as,

S~ o~~~ o~ T
u =[x, Uz, Taxs Tzzs Tazl s (4)

is the solution of the adjoint of Eq. (2), presented as

Ay _ _ OAF2W)Tx _ OATzz _ IUTxz r

at ax ax 3z Vx>

Ay AT _ 0A2u)T  IpTxr r

it 9z 9z ax Vz>

ATxx 3/)715X
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where T is the transpose operator and r represents the residuals
between the components of seismic data. The gradient of the cost
function can be obtained by

- 8F(m)u>

Vmx = <l,l, m (6)

which is the zero-lag cross-correlation between the forward
wavefield and the adjoint wavefield multiplied by the scattering
matrix, 20 Eq. (2) is used to perform forward propagation and
it is solved forward in time (t : 0 — T) where T is the recording
time. In contrast, Eq. (5) performs backward propagation and
is solved in reverse of time (t : 0 <« T). Hence, the forward
wavefield, u, should be available while solving Eq. (5) to calculate
the gradient of the cost function using Eq. (6). In PyFWI, the wave
equation is solved in the time domain and u should be stored at
each time step of forward modeling to be used after obtaining the
adjoint wavefield at the corresponding time step. Although this
technique is simple, the storage and input/output requirements
of this data volume is demanding and needs a more efficient
strategy. Different strategies are discussed in [28]. In PyFWI, a
checkpointing strategy is employed where the forward wavefield
is stored at some time steps and reconstructed at other time
steps. PyFWI allows users to specify what percentage of forward
wavefield should be stored.

Due to its ease of implementation and great compatibility with
GPU programming, the finite-difference method (FDM) is used to
solve Eqs. (2) and (5). These equations are discretized in space
using a staggered grid [29] as shown in Fig. 1a. In time, derivatives
are estimated using the leapfrog method where velocities and
their adjoints are updated at integer time steps, and stresses and
their adjoints are updated at half-time steps. Fig. 1b shows the
temporal discretizing scheme for wave propagation.

2.2. Software architecture

Algorithm 1 describes the process of computing the gradient of
the cost function (Eq. (1)) with respect to model parameters using
the adjoint state method. This algorithm is implemented as the
core of PyFWI in a module named wave_propagation (Fig. 2).
This module allows users to perform the wave propagation (for-
ward and backward) using the class WavePropagator. Wave-
Propagator consists of two main methods, forward_modeling
for performing the forward propagation (step 3-13) and gradi-
ent for performing the backward propagation and computing the
gradient (step 15-28).

To estimate the gradient using PyFWI, it is first required to
input the acquisition geometry and define parameters such as
location of sources and receivers and the source function. This
step is performed with the aid of the module acquisition.
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Fig. 1. Geometry of a grid used for discretizing Eqgs. (2) and (5). (a) The staggered grid is used for spatial discretizing. Temporal discretizing for (b) forward and (c)

adjoint modeling where k is a time step.

a) b)/ rock_physics \ / grad_switcher \ f fwi_tools \
R

Models to estimate

\_

Tools to switch « Total-variation
o % between parameters * Tikhonov
RYRA e ° % X ) * LMD * Parameter relation
< rock_physics ° me. el ¢ KMD * Prior information

T © (el e DV Cost Function
<acquisitioD l : gUIk rf‘°d“'”5 0 [HES ¢ L-1norm
N B _ * Porosity o (LB MEmD

;rad switc@ : S\Ilay content . ¢ L-2 of Hilbert
N . ater saturation o LR aEnEEE

egularization

/ K / & L-2 of intensity J

= fwi_tools
(pmcessing

\

wave_propagatlon\ / fwi \ /

‘ Wave Preparation TL-FWI based on
- Prepare PMLs - Parallel
* Prepare buffers FWI using * Double difference
¢ Choose the OpenCL | [ » Conjugate gradient ¢ Cascaded
= kernel ¢ |-BFGS ¢ Cross updating
oL Wave Propagator * Simultaneous
. * Forward modeling * Central difference
* Computing gradient * Weighted average

tfwi O\

Wy y € y

Fig. 2. (a) Structure of PyFWI. PyFWI has wave_propagation at its core to perform wave propagation and compute the gradient. This module is used in fwi and
t1l_fwi to perform FWI and TL-FWI. (b) Applications of each module where acquisition and processing are used to define the acquisition and perform gain

on in the current version.

These parameters, in addition to the observed data and an initial
model are the inputs for computing the gradient. PyFWI pre-
pares the buffers for forward and backward wave propagation.
In the next step, the software calls OpenCL kernels that apply
finite-difference stencils to offload the computation to the GPUs.
Forward wave propagation is performed on GPU. In the next step,
the waveform is sampled at the receiver’s locations (d.s). To
compute the gradient of the cost function, the OpenCL kernels
are called for performing the back propagation and the gradient
is computed using the adjoint-state method. At the end, the
gradients are transferred to CPU and the minimization step is
performed in Python. After estimating the gradient at step 28
of algorithm 1, the module grad_switcher can be used to
provide the gradient of the cost function in terms of different
parameterizations. The computation cost for such an operation
is negligible. Hence, changing the parameterization is performed
on CPU.

On top of wave_propagation, PyFWI consists of modules
fwi and t1_fwi to perform full-waveform inversion and time-
lapse full-waveform inversion, respectively. Forward and back-
ward propagations are the essence of performing these inver-
sions. The class TimeLapse in module t1_fwi is derived from
class WavePropagator, and thus benefits from the latter to
simulate wave propagation. The class TimeLapse, also uses the
class FWI from module fwi in its computation. The minimization
of the cost function occurs mostly in class FWI. The optimization
procedure can be regularized using Regularization, defined in
the module fwi_tools.

3. Illustrative examples

In this section, we present a simple synthetic example that
shows the main functionalities of PyFWI. In this example, we
simulate two common scenarios, and make use of the Marmousi
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Fig. 3. Marmousi model used as an example for this study. True (a-c) baseline, (d-f) monitor models, and (g-i) time-lapse changes. From left to right, the columns

show Vp, Vs, and p, respectively.

Algorithm 1 Pseudo-code for computation of the gradient using
the adjoint state method where Ng, N;, d.s;, and checkpoints are
number of sources, number of time samples, estimated data, and
a list of time steps at which the forward wavefield should be
stored.

1: Input: Observed data (d,ps), initial model (my), and acquisition

parameters

2: Initialize OpenCL

35«1
4: while s < N, do
5: t <1
6
7
8
9

while t < N; do
Call kernel_updatev for v;
Call kernel_updatet for ;
if t in checkpoints then
store v; and tj;

11: Increment t
Increment s

13: Record d,s

14: Compute residuals d.;; — dops

15: while 1 < s < N; do

16: t < N;

17: while 1 <t < N; do

18: if t in checkpoints then

19: read v; and T

20: else

21 Call kernel_updatet for
22: Call kernel_updatev for v;
23: Call kernel updatet for 7

24: Call kernel_updatev for v;

25: Call kernel_updateg for gradients
26: Decrement ¢

27: Decrement s

28: Compute gradients

29: Switch gradients

model [30], which is a well-known model for analyzing the effi-
ciency of FWI algorithms [4,6,25]. Fig. 3a-c show the properties
of the true baseline model and Fig. 3d-f show the properties
of the true monitor model. The Marmousi model contains two
sandstone reservoirs. To create the baseline model, we changed

AW N =

N o owu

the Vp and Vs in the reservoirs for their respective background
velocity. This means the velocity decreases in time in one reser-
voir (mimicking CO, injection in the reservoir) and increases in
another reservoir (simulating petroleum production). The true
time-lapse changes are presented in Fig. 3g-i, in which the reser-
voirs can be easily detected. The seismic data modeled with the
baseline and monitor models and their difference are presented
in Fig. 4. The time-lapse data (Fig. 4c) are amplified by a factor of
5 for better visualization. This figure illustrates a shot gather for
the middle source, in an acquisition where 7 isotropic explosive
sources are deployed. For these sources, the Ricker wavelet with
a peak frequency of 30 Hz is employed. We also use PML around
the model to avoid reflections from the edges of the model.

To perform TL-FWI, we used a lowpass Butterworth filter with
cut-off frequencies of [10, 20, 25, 35, 40, 55] Hz in a multi-
scale strategy with 10 iterations at each frequency (listing 1). The
multi-scale strategy is provided to mitigate the problem of cycle-
skipping and consists in performing the inversion from lower
frequencies toward higher ones. The simultaneous time-lapse
algorithm is used for this study, which minimizes the difference
between the observed and estimated data from different vintages
by considering a penalty term for the difference between the
baseline and monitor models, such that

x(my, my) =4, ||RF(my, up) — db”% + A [RE(My,, uy) — dm”%
+ Aallmy — my|3,
(7)

where A and the subscripts b and m represent the regularization
weight for each term, baseline, and monitor models.

from PyFWI.tl_fwi import TimeLapse

inv_freqs = [10, 20, 25, 35, 40, 55]
iterations =[10 for freq in inv_freqs]

# Creating a TL-FWI object
tl = TimeLapse(db_obs, dm_obs, inpa, src, rec_loc,
model_shape)

# Call the object for estimating the time-lapse
changes by updating mO as the initial model

dm, rms = tl(mO, iterations, inv_freqs, tl_method="sim
n_params=1, k_0=3, k_end=4)
Listing 1: Performing TL-FWI by creating the object TL and

calling this object by providing the initial model, number of
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Fig. 4. Seismic data from (a) baseline, (b) monitor models, and (c) time-lapse difference. The amplitude of the time-lapse data is amplified by a factor of 5 for better

visualization.
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Fig. 5. The estimated time-lapse image using (a-c) DV parameterization and (d-f) PCS parameterization. From left to right, the columns show the changes in Vp, Vs,
and p, respectively. The PCS parameterization leads to 11.7% higher accuracy in this study.

iteration for each frequency, and list of frequencies for performing
multi-scale inversion.

TL-FWI results are presented in Fig. 5 using two different
parameterizations. Fig. 5a-c are obtained using the DV param-
eterization while Fig. 5d-f are estimated using the PCS parame-
terization. Comparing the estimated time-lapse changes (Fig. 5)
with the true changes (Fig. 3g-i) shows how changing the pa-
rameterization can lead to a more accurate estimate of changes
in the elastic properties of the subsurface (11.7% higher accuracy).
Although the estimates still have artifacts, PyFWI gives the user
the possibility to choose a parameterization and a strategy that is
appropriate for the project at hand.

4. Impact

PyFWI can be employed to perform full-waveform inversion
and time-lapse full-waveform inversion. Using OpenCL allows
this package to reduce the computation time by leveraging the
compute power from GPU of most vendors. Although the authors
are dedicated to further development of the package, the current
version can be used only for 2D problems.

This package was first released in January 2022 and based
on statistics from PePy website, it has been downloaded 13000
times. The authors used this package in a variety of studies and
they published different papers [6,31-33], in addition to the pa-
pers under revision or in preparation where PyFWI is presented.
This should increase the visibility of this package outside of the
research group of the authors.

5. Conclusion
In this paper, PyFWI is presented which is a Python pack-

age for performing full-waveform inversion and time-lapse full-
waveform inversion. To mitigate some challenges inherent to

these problems, PyFWI provides different options such as differ-
ent types of regularization, multi-scale strategy, gradient scaling,
and different parameterizations. The most important aspect of
this package is the ability to perform the inversion with different
parameterizations which has significant effects on the results.
Using OpenCL makes this package compatible with majority of
GPU manufacturers. The source code is hosted on GitHub and
is open to contribution and further development. PyFWI is also
provided on the Python Package Index (PyPi) website which leads
to easy installation using the package installer for Python (pip).
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