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Abstract: Seismic impedance inversion is essential to characterize hydrocarbon reservoir and detect
fluids in field of geophysics. However, it is nonlinear and ill-posed due to unknown seismic wavelet,
observed data band limitation and noise, but it also requires a forward operator that characterizes
physical relation between measured data and model parameters. Deep learning methods have been
successfully applied to solve geophysical inversion problems recently. It can obtain results with higher
resolution compared to traditional inversion methods, but its performance often not fully explored
for the lack of adequate labeled data (i.e., well logs) in training process. To alleviate this problem,
we propose a semi-supervised learning workflow based on generative adversarial network (GAN) for
acoustic impedance inversion. The workflow contains three networks: a generator, a discriminator
and a forward model. The training of the generator and discriminator are guided by well logs
and constrained by unlabeled data via the forward model. The benchmark models Marmousi2,
SEAM and a field data are used to demonstrate the performance of our method. Results show that
impedance predicted by the presented method, due to making use of both labeled and unlabeled
data, are better consistent with ground truth than that of conventional deep learning methods.

Keywords: generative adversarial network; semi-supervised learning; seismic impedance inversion;

deep learning

1. Introduction

Seismic data are nonlinearly related to the Earth’s model parameters. Physical proper-
ties of subsurface medium such as P and S wave velocity, density and impedance (product
of density and seismic velocity) can be inferred from seismic data by solving an inverse
problem. The commonly used inversion methods in field of geophysics such as impedance
inversion, AVO inversion and full waveform inversion aim to obtain the Earth model for
which the predicted data best fit the observed seismic data [1-5]. Seismic impedance inver-
sion is an effective technique for reservoir characterization and fluid prediction. However,
seismic impedance inversion is usually ill-posed, nonlinear and non-unique because of
unknown seismic wavelet, observed data with band limitation and various noise. It is
necessary to regularize the results by imposing some constraints on the solution space
or incorporating prior knowledge (i.e., well log data) into the model space to make the
inverse problem well-posed. The problem of seismic inversion can be traditionally solved
by two typical approaches: deterministic and stochastic methods [2,6,7] through an opti-
mization routine. Moreover, the classical geophysical inversion needs to know the forward
operator that characterizes the physical relation between the measured data and the model
parameters such as wave equations or the convolution model. However, it is hard, if not im-
possible, to get the accurate forward model in the real subsurface surroundings. The wave
equation or convolution model is always an approximation of the wave propagation or
relationship between measured seismic data and physical parameters due to complexity
of the medium in geological structures and environments, saturated fluids, etc. In recent
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years, machine learning has been popularized and successfully applied in different fields
such as computer science, information engineering and geophysics. Machine learning
especially deep learning methods have shown great potential for different tasks in the
field of geophysics such as seismic inversion, interpretation and seismic signal recogni-
tion [8-22]. Machine learning, a data driven method, is a powerful tool that utilizes the
neural networks to approximate the nonlinear mapping between the data space and the
model space by weighted nonlinear basis functions. It has been proven to be effective to
solve nonlinear inverse problems when noise exists which is common in geophysical data.
Yuji Kim et al. compared the geophysical inversion based on the least-squares method
with the machine learning (artificial neural networks) approach to solve the reflectivity
inversion and they concluded that machine learning, especially deep learning, displays
inversion results with higher resolution than that of the geophysical inversion [23]. Re-
cently, supervised learning algorithms have been explored for seismic inversion intensively,
i.e.,, Motaz et al. (2018) utilized recurrent neural networks for petrophysical parameters
estimation [24]. Das et al. and Wu et al. used convolutional neural networks (CNNs) to
invert seismic impedance by training the network using the synthetic seismograms on
the earth models constrained by rock physics relations and their results showed that the
prediction of the trained network are sensitive to the depositional facies type and source
wavelet parameters used in the training data set [12,25]. Mustafa et al. used Temporal
Convolutional Network (TCN) to estimate acoustic impedance, which not only successfully
captured the long-term trends but also preserved the local patterns [26]. Du et al. proposed
SeisInv-ResNet for pre-stack seismic inversion to obtain the P-wave impedance, S-wave
impedance and other rock physics parameters [27]. However, the supervised-learning
algorithms are given a set of measurement and labeled data as inputs, thus, a big challenge
for those methods is the lack of labeled data. On the other hand, the effectiveness of deep
learning methods highly depends on the quantity and diversity of the training data set.
In seismic impedance inversion, the well log data are main source of the training labels,
which are limited in real case due to high cost. An alternative approach to overcome this
problem is taking advantage of both labeled and unlabeled data. To this end, Alfarraj
et al. proposed a semi-supervised machine learning workflow for acoustic impedance
inversion from zero-offset seismic data by combining an inverse model based on CNN and
recurrent neural networks (RNN) with a forward model that is based on the Aki-Richards
approximation, in which they used a learned seismic forward model as a geophysical
constraint to regularize the training process of inversion [28]. Wang et al. introduced
cycle-consistent generative adversarial network (Cycle-GAN) for impedance inversion and
the Cycle-GAN had a better performance than the conventional CNN method by making
use of the unlabeled data [10]. Cai et al. employed the Wasserstein cycle-consistent GAN
(WCycle-GAN) by integrating the Wasserstein loss with gradient penalty loss as the target
loss function to improve the performance of Cycle-GAN [29].

In this paper, we propose a semi-supervised learning workflow for seismic impedance
inversion based on GAN. A CNN is trained as a seismic forward model to learn seismic
traces from impedance and then the GAN is trained which is supervised by limited well
logs and constrained by the forward model. The remainder of this paper is organized
as follows. In Section 2, we briefly introduce the theory of GAN and the architecture of
networks including the generator, the discriminator and the forward model, as well as the
formulation and training details of the proposed method. In Section 3, we present, analyze
and discuss the experimental results on two types of typical seismic models such as 2-D
Marmousi2, an inline section of 3-D SEAM model and a field dataset. The experimental
results are further compared with that of CNN and other state-of-the-art deep learning
algorithms. Finally, Section 4 summarizes this paper.

2. GAN-Based Networks

Three networks are involved in the proposed workflow, a generator, a discriminator
and a forward model. In this section, the architectures of these networks are first intro-



Remote Sens. 2021, 13, 909

30f16

duced, then the details of the formulations and training process of the whole workflow
are presented.

2.1. GAN

Since proposed by Goodfellow et al., GANs have attracted wide attention and been
successfully applied in various fields such as image processing and computer vision,
natural language processing, engineering, data science, etc. [30-32]. GANSs and their
variants are available on the website https:/ /github.com/hindupuravinash/the-gan-zoo,
accessed on 30 December 2020, with name “The GAN Zoo”. Recently, GANs have also
successfully been implemented in the field of geophysics such as seismic data interpolation
and impedance inversion [10,33,34]. The GANSs are composed of two models: a generator
and a discriminator. These two models can produce the mapping of data from noise
domain to a target domain using neural networks. The generator aims to capture the
distribution of true examples for generating new data, while the discriminator, usually a
binary classifier, is used to discriminate the generated examples from the true examples as
accurate as possible.

The original GANs learn the mapping from a noise domain to a target domain [30].
In such unconditioned GAN:Ss, there is no control on modes of the data being generated [35].
In seismic impedance inversion, we inverse impedance conditioning on seismic data.
Therefore, we build our method based on a conditional GAN (cGAN) framework to learn
the mapping from each seismic trace to the corresponding impedance [35].

GAN: s suffers from the training instability [36]. Arjovsky et al. proposed Wasser-
stein GAN (WGAN) to improve the performance and training stability of GANs [36].
They use Earth-Mover distance to measure the distance between two distributions instead
of Kullback-Leibler (KL) divergence and Jensen—Shannon (JS) divergence in original GANs
and use weight clipping to enforce a Lipschitz constraint on discriminator. Gulrajani et al.
proposed WGAN with gradient penalty (WGAN-GP), in which they penalize the norm
of the discriminator’s gradient instead of weight clipping [37]. WGAN-GP outperforms
the WGAN and can be trained more stably. In this study, we introduce the strategies of
WGAN-GP into the cGAN framework.

In our method, the generator is trained to predict impedance from the input seismic
trace. The architecture of the generator is illustrated in Figure 1. The generator has a fully
convolutional structure in which the outputs can be obtained from the inputs with arbitrary
sizes. Three residual blocks are stacked between two 1D convolution layers as shown in
Figure 1b. The structure of each residual block is shown in Figure 1a. All convolutions
employ the zero-padding to keep the data size constant through the whole network.
Rectified linear unit (ReLU) is adopted as activation function and batch normalization
(BN) is used in the network, which can speed up the convergence of the network [38,39].
We use 1D convolution kernels with size of 300, which is comparable to the number of
time samples for the 30 Hz Ricker wavelet [12,25], in the first convolution layer of the
network and the first convolution layer in each residual block. In consideration of the large
computational consumption caused by large kernels, we use small 1D convolution kernels
with kernel size of 3 in the rest convolution layers of the network.

On the other hand, the discriminator is trained to distinguish between the impedance
generated by the generator and true impedance from the corresponding seismic traces.
The generated impedance or true impedance and the corresponding seismic traces are
concatenated together as the input of discriminator. The architecture of the discriminator is
illustrated in Figure 2. The discriminator consists of an encoder, an atrous spatial pyramid
pooling (ASPP) module and two fully connected layers, which are shown in Figure 2a—c,
respectively [40]. The encoder has a similar structure to the generator. We utilize max
pooling with stride of 2 in the encoder to downsample the feature maps. ASSP is after
the encoder to capture features at multiple scales [40]. In the ASPP module, the resulting
feature of four 3 x 1 1D convolutions with dilations of 1, 3, 5, 7 are concatenated. At the
end of the discriminator, we use two fully connected layers to output a single scalar.
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Figure 1. The architecture of the (a) residual block and (b) generator.

2.2. Forward Model

We train a CNN as the seismic forward model to learn the synthetic seismic data from
impedance, which learns the opposite task to the generator. The architecture of the forward
model is same with the generator, as shown in Figure 1. Compared to physical forward
operator (i.e., wave theory) [2,3], a deep learning forward model is a generalized form
to capture the relationship between data and earth model parameters which may not be
described by equations.

2.3. Formulation and Training Details

The forward model F learns the mapping from impedance domain I to seismic domain
S. In most seismic exploration, there are limited number of labeled samples from well
logs and sufficient unlabeled samples. In this study, we separate the samples into three

xf S S,yf € I},

non-overlapping parts: labeled sample pairsD; = { (xll,yll),. . (xlNl,yf\]’>

unlabeled samples D, = {x}l,...,xf,\]“

1 1 Ny Ny j j . ys
{(xvul,yml),..., (xml’,ywll) X €S Y€ I}. Note that N, > N;. The traditional
supervised learning is employed to train the forward model F on D;. We use the mean
squared error (MSE) loss as the loss function to train F, which can be written as:

xi €S } and validation sample pairs D,,; =

LF = E(X[,yI)ED[ |:||F(yl) - XI||§:| (1)

We obtain F* when the validation loss is minimal in the set epochs. Then, we freeze
F* and train the generator and discriminator.
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Figure 2. The architecture of (a) encoder, (b) Atrous spatial pyramid pooling (ASPP) module and
(c) discriminator.

In our method, we introduce the strategies in WGAN-GP into the cGAN framework.
Our GAN contains a generator G and a discriminator D. D aims to distinguish between
the generated impedance and true impedance under the condition of the corresponding
seismic trace. The loss function of D consists of adversarial loss and gradient penalty which
is used to enforce the Lipschitz constraint [37]. The loss function of D can be expressed as:

LD = _]E(Xl,yl)EDl [D(xl/yl)] +]EXZES [D(XZ,G(XZ))]
Adversarial loss

+AIEXI€5[<|VgD(xl,m||2_1>2} )

Gradient penalty
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where i are randomly sampled points along the straight lines between y; and G(x;),
defined by

y=ey+(1-€)G(x) ®)
where € ~ U[0,1]. A is penalty coefficient.

The generator G aims to predict impedance from the input seismic traces. The training
of G is supervised by impedance labels and constrained by the forward model F. The loss
function of G consists of adversarial loss, impedance loss and seismic loss, which can be
formulated as:

Lo = —Exes[D(x1, G(x1))] + aE (s, e, [IG(x1) - 11 3]

Adversarial loss

Impedance loss ( 4)
* 2
+BEx,es [||F (Glxu)) — xu||2}

Seismic loss

where « and § are weights that balance the loss terms. The impedance loss refers to the
loss between the generated impedance and the labels and seismic loss is the loss between
output of the freezed forward model F* and the unlabeled seimic traces.

All the network parameters are initialized with initialization approach in [41] and
trained from scratch with a learning rate of 0.001. Adam optimizer is used in the training
with a batch size of 10 [42]. During training, we train D for five steps and then perform one
step on G. In the training experiment, the value of adversarial loss is much larger than the
value of seismic loss, which makes the seismic loss play a very small role during the training.
Therefore, we set large weight coefficients for the seismic loss to balance the adversarial
loss and seismic loss. On the other hand, we require more constraints from labeled data
than unlabeled data in seismic loss. Thus, we give large weight coefficients to the seismic
loss for labeled data constraint. The specific weighting parameters are chosen by trial and
error. For all the following experiments in this paper, we set the penalty coefficient A = 10
in Equation (2) and weights of loss function « = 1000, § = 500 in Equation (4), respectively.

3. Experimental Results, Analysis and Discussion

Marmousi2 model and SEAM model are widely used to validate the performance
of deep learning inversion methods [22,26,28]. These two models are used to test the
performance of the proposed workflow in seismic impedance inversion in this part first.
In addition, we apply the proposed method to the field data to further validate its perfor-
mance in the last experiment.

3.1. Marmousi2 Model

Marmousi2 P-wave velocity model [43] is an open and generally representative model
in the field of geophysics, which has complex stratigraphic structures. The Marmousi2
model is firstly used to validate the proposed method. We calculate reflectivity of this
model by using the difference of impedance between two layers, such as the reflectivity of

— Ziy1"Zi

the ith interface of being r; = EREE herein, z; = p;v; is the acoustic impedance of the ith

layer, p; and v; are the density and p-wave velocity of the i layer, respectively. Seismic
data is generated by convoluting the reflectivity with zero-phase Ricker wavelet of 30Hz
as shown in Figure 3, in which the abnormal area on the top-left side represents the gas
charged sand channel, while the sharp edges and complicated curved interfaces exist on
the right side of the profile. The synthetic seismic profile has 13,601 traces with 2800 time
points. We choose 101 evenly-spaced traces from the seismic and impedance profile as
labeled data denoted by D;(N; = 101), which is less than 1% of the total traces. For the rest
13,500 traces, we randomly select 10% (1350 sample pairs) as D, (Nyq = 1350) and 90%
seismic traces as D, (N,, = 12,150).
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Figure 3. Synthetic seismic data profile of Marmousi2.

In our framework, we first train the forward model F on D; to synthesize seismic traces
from impedance. Then, we freeze the forward model F* after 1000 epochs training as the
network converges in 1000 epochs and we obtain F* when the validation loss is minimal.
The training and validation convergence curves is illustrated in Figure 4. Subsequently,
we train D and G to minimize Lp and L in Equations (2) and (4) for 1000 epochs. After the
entire training procedure, the generator G is utilized to predict impedance from seismic
data. To show the performance of the proposed method compared to conventional deep
learning inversion methods in the case of limited labeled data, we choose a conventional
CNN method as baseline. The CNN has the same architecture as that of the generator as
well as forward model and it is trained with supervised learning on D; to minimize the
MSE between the predicted impedance and labels. The training details of CNN and the
forward model are exactly the same.

0.6

—— Train
0.5 H ——  Validation |

0.4

Loss

03+

02

0.1

g e

0!
0

250 500 750 1000
Epoch

Figure 4. The training and validation convergence curves on Marmousi2 model.

We first show the seismic section predicted by the forward model F* in Figure 5a.
The predicted seismic section is highly consistent with true seismic section compared to
Figure 3 with metrics: average 72 coefficient of being 0.9903, Pearson’s Correlation Coeffi-
cient (PCC) of being 0.9955 and MSE of being 9.544 x 10~°, respectively. The impedance pro-
tiles predicted by conventional CNN method and our method are illustrated in Figure 5c,d,
respectively. The true impedance profile and the residual profiles are also respectively
shown in Figure 5b,e,f for comparison. It can be seen that the impedance predicted by our
method is closer to the true impedance than that of CNN, especially for the gas charged
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sand channel and the area of complex structures indicated by red arrows. Figure 5 obvi-
ously indicates that the proposed method improves the result on CNN around the edges
of the abnormal region and the complex structures. The average r? coefficient, PCC and
MSE between the predicted impedance profiles and true impedance are also calculated and
shown in Table 1. All the metrics of our method are better than those of the CNN method,
which demonstrates the effectiveness of the proposed method.

(a) Trace No. (b) Trace No.

Time (s)

(99/8)- (syuny) douepaduiy

0 2000 4000 6000 8000 10,000 12,000 0 2000 4000 6000 8000 10,000 12,000
(c) Trace No. (d) Trace No.
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(4]
g
z
[} —_
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& =
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[2]
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25 7 ﬁ '
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—

(=1

Time (s)
(99/8) - (sywy) [enpisay

'
—_

0 2000 4000 6000 8000 10,000 12,000 0 2000 4000 6000 8000 10,000 12,000

Figure 5. Predicted seismic data section, impedance sections, true impedance section and residual sections on Marmousi2
model: (a) the seismic data section predicted by the forward model F*; (b) the true impedance; (c) the impedance predicted
by conventional Convolutional Neural Network (CNN) method; (d) the impedance predicted by the proposed method;
(e) the residual of (c,b); (f) the residual of (d,b). The red arrows mark the abnormal gas charged sand channel and the
complex structures in the model.

Table 1. Performance metrics of our method on Marmousi2 model compared with the conventional

CNN method.
Metric Our Method CNN
MSE 0.0184 0.0332
PCC 0.9948 0.9938

r? 0.9874 0.9847
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In addition, the impedance of Marmousi2 model around the area of the gas charged
sand channel and complex structure marked by the red arrows in Figure 5 are more
difficult to be estimated. The prediction of impedance from those areas are challenging
for the conventional CNN method due to the lack of labeled training data. We choose
two highly representative traces with Trace No. 2700 and 7440, which belong to D,
to show the performance of our method by comparing with the result of CNN as illustrated
in Figure 6. Figure 6a,b show the variations of impedance with respect to time for the
Trace No. 2700 and Trace No. 7440, respectively. The red line, green line and blue line
respectively refer to the true impedance, impedance predicted by CNN and the proposed
method. The Trace No. 2700 is next to the right border of the channel, where a sudden
transition of impedance occurs, while the Trace No. 7440 passes through most layers of
the profile incorporating complicated structures such as sharp edges. Figure 6 indicates
that the impedance predicted by our method basically matches well with the true values of
impedance for both traces. The prediction of CNN largely deviates from the true impedance
at the time range of 0.7 s to 1.2 s for Trace No. 2700 and the time after 0.7 s for the Trace No.
7440. It is noted that the large deviation from CNN respectively occurs at the area of the
gas charged sand channel for Trace No. 2700 and the appearance of sharp edges for Trace
No. 7440. The PCC of the proposed method on Trace No. 2700 and No. 7440 are 0.9970 and
0.9880, respectively, while those of CNN method are 0.9384 and 0.8855 respectively. Hence,
the proposed method predicts more accurate impedance than that of the conventional
CNN. The improvement of our method is mainly contributed by the utilization of the
unlabeled data during training.

Impedance Impedance

(km/s)- (g/cc) (km/s)- (g/cc)

o1 2 3 4 5 01 2 3 4 5
0.0 —r—t —r—r—

Time (s)

L .1 L .. . s—

Trace No. = 2700 Trace No. = 7440
Predicted by CNN

True Impedance

Predicted by our method

Figure 6. Impedance of the selected representative traces. (a) Trace number: 2700; (b) Trace number: 7440.
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3.2. SEAM Model

In order to further validate the feasibility of our method, we conduct our workflow
on another dataset, SEAM, which is open and also widely used for the validation of deep
learning inversion methods [16,29,44]. The SEAM model is a 3-D seismic survey with
strong lateral varying density and p-wave velocity which is challenging for inversion
algorithms. A 2-D cross-section impedance is used in our tests, which is obtained by
the multiplication of density and p-wave velocity. The selected 2-D profile as illustrated
in Figure 7, which has 1751 traces with 2501 time points and the time interval is 8ms.
We choose 34 evenly-spaced traces (1.94%) as D). The proportion of labeled data is less
than that in [16,44]. For the other 1719 traces, we randomly choose 171 traces (10%) as
Dy, and 1546 traces (90%) as D,,. We train the network with the same way as that in the
Marmousi2 model, then we perform impedance inversion over all 2-D profile with the
trained network. Figure 7 shows the true impedance section (Figure 7a), the impedance
predicted by the aforementioned CNN method (Figure 7b) and the impedance predicted
by our method (Figure 7c). It can be seen that our method gives a better prediction than
the CNN method. Furthermore, we compute the average r? coefficient and PCC over all
the impedance pseudo-wells (1751 traces) in the seismic section to quantitatively evaluate
the performance of the proposed method, as shown in Table 2. Table 2 lists the result of our
method with those of the state-of-the-art deep learning inversion methods. Table 2 clearly
indicates that the values of PCC and 72 of our method are, respectively, 0.9902 and 0.9753,
which are larger than that of other methods such as CNN (0.9770, 0.9436), joint learning 2-D
TCN (unavailable, 0.8399) [16], 2-D TCN (0.9259, 0.7977) [44], 1-D TCN (0.9088, 0.6709) [26]
and LSTM (0.8526, 0.4738) [44].

Table 2. Performance metrics of our method on a section of SEAM model compared with that of the state-of-the-art deep

learning inversion methods.

Joint Learning

Metric Our Method CNN 2-D TCN [16] 2-D TCN [44] 1-D TCN [26] LSTM [44]
PCC 0.9770 unavailable 0.9259 0.9088 0.8526
r2 0.9436 0.8399 0.7977 0.6709 0.4738

In order to demonstrate the effectiveness of the proposed method in the complicated
SEAM model, we select two representative traces such as Trace No. 750 and Trace No. 800
as marked with red dashed line in Figure 7a to clearly show the details of prediction.
Trace No. 750 is located in the most complex part of the SEAM model, which passes
through the low-velocity zone between layers with high velocities and the deeper layer
of Trace No. 750 is incorporated with rugged salt interfaces. Trace No. 800 is located
in the relatively simple area of the model, which pass the whole area of the salt body.
Figure 8a,b illustrates the variations of impedance prediction of CNN method (green line)
and the proposed method (blue line) with respect to time for the Trace No. 750 and Trace
No. 800 and the true impedance (red line) is also shown in those figures for comparison.
The PCC of the proposed method on Trace No. 750 and No. 800 are 0.9948 and 0.9977,
respectively, while those of CNN method are 0.9256 and 0.9834 respectively. Figure 8
clearly indicates that the impedance predicated with the presented method matches well
with the true values through the whole shallow to deeper layers. Especially, the prediction
of our method at the low-velocity zone for the Trace No. 750 displays a consistent result
with true impedance. These detailed results further prove the performance of our method.
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Figure 7. Predicted impedance and true impedance of SEAM model: (a) true impedance;
(b) impedance predicted CNN method; (c) impedance predicted by proposed method.
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Figure 8. Impedance of the selected representative traces. (a) Trace number: 750; (b) Trace number: 800.

3.3. Volve Field Data

We use Volve field data to validate the effectiveness of the proposed method. The Volve
field, a clastic reservoir, is located in offshore Norway as illustrated in Figure 9. We obtain
the dataset from the open source code of [25]. The dataset has 1300 impedance traces,
which are generated based on the statistics of the impedance log from the well location
as shown in Figure 9b using the data augmentation method [25]. We randomly choose
750 traces as labeled training data D;, which is the same as [25]. For the rest of 550 traces,
we randomly choose half (275 traces) of them as D, and the other half is used as D,,;.
In this experiment, we change all the kernels with size 300 to size 80 in all the networks
in our method, because the data only has 160 time points in this experiment. We then
followed proposed workflow to train the networks and invert the impedance at the well
location. Figure 10a shows the input seismic data along the well as illustrated in Figure 9b.
Figure 10b compares the impedance predicted by our method (blue line) with that of
the CNN method (green line) [25] and the true impedance at the well location is also
shown in Figure 10 (red line). In general, there are good sides for results of both CNN and
the proposed method. At the very beginning (around 0.01 s) and time interval between
0.06 s and 0.07 s, CNN shows better result while the proposed method behaves a good
match with the true impedance for the time span after 0.2 s. However, the PCC of our
method is 0.88 which is higher than that of CNN being 0.82. Furthermore, we repeated
the Volve data experiment for five times to show the influence of random samples on the
results. Each time, we randomly choose the training samples accordingly mentioned above.
The PCCs of these five times are 0.8772, 0.8895, 0.8656, 0.8791, 0.8939 respectively and
aforementioned 0.88 is the average. The result of the Volve field data proves effectiveness
of the proposed method on real scenario.
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Figure 9. (a) Volve field shown in map located in offshore North Sea, (b) Seismic data along with a well trajectory from the

Volve field (Figures are from [25]).
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Figure 10. (a) Input seismic data along well and (b) true impedance (red line), impedance predicted
by CNN (green line) and our method (blue line) along the well. The correlation between true
impedance and impedance predicted by our method is 0.88 which is higher than 0.82 in [25].
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3.4. Discussion

The proposed workflow includes three networks, a generator, a discriminator and a
forward network. The generator and forward network share same architecture as fully
convolutional residual network (FCRN) in [12] and only small adjustment is made to fit
into the WGAN-GP framework. For example, the kernel size we used is 300, which is same
as [12,25,28]. We did not conduct ablation study to show the superiority of the chosen
hyperparameters. For sure there would be network module or architecture with higher
accuracy or efficiency to improve the proposed method. Our preliminary tests show that
dilated convolution [45], with same receptive field as the original kernel and appropriate
dilation value in suitable position, can dramatically reduce the number of network pa-
rameters but producing a higher accurate result. Comparing to the supervised network
with same prediction result in Figure 4, the training time of the proposed algorithm almost
quadrupled since there are three networks to train and more loss terms to calculate. How-
ever, the prediction efficiency is the same because only the trained generator is used after
training process. For the synthetic tests, the wavelet is the same for all time and locations,
which is not a premise for the field data prediction. To avoid the wavelet time varying
effect, for the Volve field data prediction, only a short time span of seismic data (0.236 s) is
used for the tests. Only one-shot impedance prediction is given for the proposed workflow.
It is necessary to quantify the uncertainty of the prediction for quantitative geoscientific
interpretation or inversion. Das et al. proposed to use approximate Bayesian computa-
tion (ABC) for the posterior uncertainty quantification [25]. The uncertainty estimation
in impedance inversion can be achieved using Bayesian deep learning [46]. Bayesian
models offer grounded mathematical foundation but with prohibitive computation cost.
The regression results uncertainty from generator, also known as epistemic uncertainty,
can be estimated by the Monte Carlo dropout Bayesian approach [47]. A dropout layer
can be added after the convolution layer in the generator. In the prediction stage, multiple
Monte Carlo samples can be retrieved due to different weights from the dropout layer
for different execution [48]. This is one of the research topics for impedance estimation
currently and also for the future.

4. Conclusions

We propose a semi-supervised learning workflow based on GAN for seismic impedance
inversion. The GAN-based network is composed of a forward model, a generator and a
discriminator, in which the CNN is trained as a forward model to learn seismic data from
impedance. In this way, the forward model is a data-driven model that can better capture
the geophysical feature of the training data by comparing with the traditional forward op-
erator such as convolutional model. The generator in GAN is trained to predict impedance
from the input seismic data by minimizing adversarial loss and seismic loss which make
uses of both labeled and unlabeled data. We introduce the strategies in WGAN-GP into the
cGAN framework. The process of training generator is supervised by the labeled data and
constrained by the forward model. The discriminator is trained to distinguish between
the generated impedance and true impedance corresponding to the input seismic traces as
accurately as possible through minimizing the adversarial loss and gradient penalty loss.
The gradient penalty is introduced to enforce the Lipschitz constraint in the training of
the discriminator. Tests on Marmousi2 model and SEAM model show that the proposed
method predicts more accurate impedance than that of the conventional CNN and other
state-of-the-art deep learning inversion methods. The test results show that the proposed
workflow outperforms the conventional CNN method in Marmousi2 model especially in
challenging areas and the performance metrics are improved in SEAM model. In addition,
the field data are also applied to demonstrate the performance of the proposed method,
the result indicates that the presented method improves the prediction of CNN.
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