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Abstract—Irregularity and coarse spatial sampling of seismic
data strongly affect the performances of processing and imaging
algorithms. Therefore, interpolation is a usual pre-processing step
in most of the processing workflows. In this work, we propose
a seismic data interpolation method based on the deep prior
paradigm: an ad-hoc Convolutional Neural Network is used as
a prior to solve the interpolation inverse problem, avoiding any
costly and prone-to-overfitting training stage. In particular, the
proposed method leverages a multi resolution U-Net with 3D
convolution kernels exploiting correlations in cubes of seismic
data, at different scales in all directions. Numerical examples
on different corrupted synthetic and field datasets show the
effectiveness and promising features of the proposed approach.

Index Terms—Seismic data processing, Interpolation, Inverse
problems, Convolutional Neural Networks.

I. INTRODUCTION

ECONOMIC or environmental constraints, cable feather-

ing in marine acquisitions and the presence of dead or

damaged traces result in most seismic datasets being poorly

and irregularly sampled in space. As a result, the vast majority

of seismic processing and imaging workflows [1]–[3] typically

include a preliminary interpolation step. The importance of the

issue is confirmed by the vast number of methods proposed

and the vitality of the relevant scientific literature.

Interpolation of seismic data is an ill-posed inverse problem.

Therefore, some reasonable a-priori information must be used

in order to solve it, at least implicitly. Depending on the

underlying hypothesis, interpolation methods can be roughly

grouped in four families.

Model driven techniques make simplifying assumptions

on subsurface velocities and implicitly apply a migration-

demigration pair [4], [5]. The performance of these techniques

is strongly hindered by complex structural burden.

A second family of approaches models seismic data as

a (local) superposition of plane waves and leverages based

on prediction filters. These techniques mainly target regularly

sampled data [6].

A third alternative relies on the fact that seismic data are

inherently low-rank due to their repetitive features [7], whereas

F. Kong and X. Tang are with the School of Geosciences, China University
of Petroleum (East), 266580, Qingdao, China (e-mail: kft upc@hotmail.com).

F. Picetti, V. Lipari, P. Bestagini and S. Tubaro are with the Dipartimento
di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, 20133
Milan, Italy (e-mail: vincenzo.lipari@polimi.it).

The authors gratefully acknowledge financial support from China Scholar-
ship Council and Fundamental Research Funds for the Central Universities
(grant 18CX06021A). GPU computation has been made available thanks to the
GPU Grant Program by NVIDIA Corporation, to which the authors express
deep gratitude.

missing traces increase their rank. These methods recast

interpolation problems as rank reduction and matrix/tensor

completion ones [8]–[10].

Finally, a fourth family of interpolation algorithms leverages

the hypothesis that seismic data are characterized by a parsi-

monious representation in some transform domain. Data can be

well represented by only a few non-zero transform coefficients;

therefore, they can be recovered by imposing some sparsity

constraint [11]–[14]. These methods assume that it is possible

to represent the data as a linear combination of atoms (i.e.,

elementary signals) taken from a dictionary (i.e., a fixed set

of atoms). However, a fixed basis defines only a subset of

the transforms and alternatively represents clean signals as a

linear combination, under a sparsity constraint, of the atoms

in a learned overcomplete dictionary [15].

More recently, besides these traditional processing methods,

many seismic interpolation methods based on Convolutional

Neural Networks (CNNs) have been proposed [16]–[21].

CNNs learn how to reconstruct missing traces during a training

step, usually performed on a set of pairs of corresponding

corrupted and uncorrupted data. Then, at test time, they are

employed to interpolate new data. The performances of these

methods strongly depend on training data. However, collecting

high-quality and well-structured training datasets is a time-

consuming and expensive operation. In addition, while these

techniques have demonstrated cutting-edge performance when

training and test data are strongly correlated, generalizing

results to different data distributions is difficult.

A different approach has been proposed interpreting the

CNN architecture as a deep prior in the framework of inverse

problems to address tasks such as inpainting, denoising or

super-resolution [22]. Through this approach, a CNN learns

how to map a random noise realization into the solution of the

assigned task, only based on the data itself, without the need

of a different training dataset. This strategy has been recently

explored also for the task of 2D seismic data interpolation

using common U-Net as deep prior [23], [24].

Inspired by our previous studies [24], we propose a 3D

interpolation method belonging to the deep prior family. A

key element in this framework is the specific design of the

actual network architecture, which is also the main goal of

this letter. More specifically, the contribution of this study can

be summarized as follows:

• We analyze the deep prior paradigm used in the context

of seismic data interpolation, highlighting some improve-

ment possibilities.
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• Based on these analyses, we propose the MultiResUNet

as a suitable deep prior for the task of seismic data

interpolation instead of the most commonly used U-Net.

• We make use of 3D convolutional layers to fully exploit

correlations in both horizontal and depth/time directions,

in contrast to classically used 2D convolutions.

• We propose an inizialization of the CNN weights which

greatly accelerate the convergence of the method.

• We test the proposed approach on synthetic and field data,

validating it against both a deep prior method based on

U-Net and more traditional interpolation techniques.

II. INTERPOLATION VIA DEEP PRIOR

Let us describe our goal for seismic data interpolation in the

framework of inverse problems. We consider an ideal densely

and regularly sampled three-dimensional cube of seismic data

(e.g., a 3D common shot gather, 2D dataset, a 3D post-stack

volume, etc.). This data cube represents the true model we aim

at estimating through interpolation. Without loss of generality

we can represent such ideal data as a vector mtrue. We can

think the observed seismic data dobs as generated by a linear

sampling operator S applied to mtrue (i.e., a diagonal operator

with zeros on the missing data locations and ones elsewhere).

Therefore, we can recast the interpolation problem as the

inversion of

dobs = Smtrue (1)

This is an ill-posed inverse problem: each solution pre-

serving the observed data honours (1). In order to obtain a

reasonable solution it is necessary to constrain the inversion

by adding some kind of a-priori information. A standard way

consists in formulating the inverse problem as finding the

solution m
∗ that minimizes an objective function

J (m) = E (Sm− dobs) +R (m) , (2)

where E(·) is the data fidelity term measuring some distance

between modeled and observed data, and R(·) is a regularizer

function formalizing the distance of the solution from the

space of solutions honouring the desired prior. The choice of

the prior R(·) is critical and usually derives from insights of

human experts.

Deep Image Prior (DIP) is an alternative solution for the

regularization of inverse problems originally proposed in the

context of image restoration [22]. Here, a convolutional au-

toencoder acts as a parametric non linear function fθ (·) and

the problem is recast as finding the set of parameters θ∗ which

minimizes the objective function

J (θ) = E (Sfθ (z)− dobs) , (3)

where θ is the set of weights of the CNN and z is a

random noise realization. Through this procedure, rather than

minimizing the objective function in the space of the model,

we perform the search in the space of the CNN parameters.

In other words, the parametrization through a convolutional

autoencoder modifies the shape of the objective function,

similarly to a preconditioner, and drives the iterative solver

toward solutions consistent with the inherent self similarities

of seismic data.

Although the optimization goal constrains the CNN output

only to fit the observed data dobs, as a byproduct the missing

trace also are adequately reconstructed, because they share

the same inner structure captured by the CNN during the

optimization. Therefore, the interpolated solution is obtained

as

m
∗ = fθ∗ (z) . (4)

Notice that, even though the interpolated result is the output

of a convolutional neural network, this method does not

exploit the deep learning paradigm where a training phase is

performed over a specifically designed set of data.

In particular, with the DIP paradigm, only corrupted data

are used in the reconstruction process and the CNN implicitly

assumes the role of prior information that exploits correlations

in the data to learn their inner structure. Therefore, the choice

of a specific CNN architecture is critical for a suitable and

well-performing solution.

III. PROPOSED NETWORK ARCHITECTURE

The U-Net is a convolutional autoencoder (i.e., a CNN

aiming at reconstructing a processed version of its input)

characterized by the so called skip-connections and originally

introduced for medical image processing [25]. If properly

trained according to the standard deep learning paradigm, it

proves very effective for multidimensional signal processing

tasks such as denoising, segmentation, inpainting, etc.

More recently, the MultiResUNet [26] has been proposed to

improve the performance of the U-Net for multimodal medical

image segmentation, based on the consideration that the targets

of interest have different shapes and scales. If we want to

exploit self-similarities of seismic data, working at different

scales can be strongly beneficial. Therefore, we propose an

ad-hoc MultiResUNet as a proper deep prior for seismic data

interpolation. Moreover, in order to exploit correlations in both

horizontal and vertical directions, in the layers of the proposed

network we use 3D convolutions.

In short, the features of the proposed architecture (Fig. 1)

can be summarized as follows.

i. All filtering operations in network are fully 3D.

ii. Convolutional layers are replaced by so called Multi

Resolution (MultiRes) blocks shown in Fig. 1. This block

approximates multi-scale features of the Inception block

while limiting the number of parameters of the network,

which is critical when employing it as a deep prior.

iii. Skip connections, which are the distinctive feature of the

U-Net, are replaced by Residual Path blocks shown in

Fig. 1, E is the output of an encoding layer, and D is

concatenated to the corresponding decoding layer.

iv. Downsampling is achieved by 3×3×3 convolutions with

stride 2×2×2. Upsampling is performed by nearest inter-

polation. Batch Normalization and LeakyReLU activation

function follow every convolutions apart from the last one

(responsible for the CNN output).

By using this MultiResUNet architecture as a deep prior

we follow the workflow below for both irregular or regular

seismic data interpolation.
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×<latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit>
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<latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit> ×<latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit>
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<latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit>

3
<latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit>
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D<latexit sha1_base64="tAL794a6tNbEtZswxWiyJigcOuk=">AAACCHicbVDLSsNAFJ3UV42vqks3wSK4KokIuizqwmUF2wppKJPppB06mQkzN2IJ+QH3bvUX3Ilb/8I/8DOctFnY1gMDh3Pu5Z45YcKZBtf9tiorq2vrG9VNe2t7Z3evtn/Q0TJVhLaJ5FI9hFhTzgRtAwNOHxJFcRxy2g3H14XffaRKMynuYZLQIMZDwSJGMBjJ78UYRgTz7Cbv1+puw53CWSZeSeqoRKtf++kNJEljKoBwrLXvuQkEGVbACKe53Us1TTAZ4yH1DRU4pjrIppFz58QoAyeSyjwBzlT9u5HhWOtJHJrJIqJe9ArxP89PIboMMiaSFKggs0NRyh2QTvF/Z8AUJcAnhmCimMnqkBFWmIBpae6KZqlg8JTbtqnGWyximXTOGp7hd+f15lVZUhUdoWN0ijx0gZroFrVQGxEk0Qt6RW/Ws/VufVifs9GKVe4cojlYX79D65pz</latexit><latexit sha1_base64="tAL794a6tNbEtZswxWiyJigcOuk=">AAACCHicbVDLSsNAFJ3UV42vqks3wSK4KokIuizqwmUF2wppKJPppB06mQkzN2IJ+QH3bvUX3Ilb/8I/8DOctFnY1gMDh3Pu5Z45YcKZBtf9tiorq2vrG9VNe2t7Z3evtn/Q0TJVhLaJ5FI9hFhTzgRtAwNOHxJFcRxy2g3H14XffaRKMynuYZLQIMZDwSJGMBjJ78UYRgTz7Cbv1+puw53CWSZeSeqoRKtf++kNJEljKoBwrLXvuQkEGVbACKe53Us1TTAZ4yH1DRU4pjrIppFz58QoAyeSyjwBzlT9u5HhWOtJHJrJIqJe9ArxP89PIboMMiaSFKggs0NRyh2QTvF/Z8AUJcAnhmCimMnqkBFWmIBpae6KZqlg8JTbtqnGWyximXTOGp7hd+f15lVZUhUdoWN0ijx0gZroFrVQGxEk0Qt6RW/Ws/VufVifs9GKVe4cojlYX79D65pz</latexit><latexit sha1_base64="tAL794a6tNbEtZswxWiyJigcOuk=">AAACCHicbVDLSsNAFJ3UV42vqks3wSK4KokIuizqwmUF2wppKJPppB06mQkzN2IJ+QH3bvUX3Ilb/8I/8DOctFnY1gMDh3Pu5Z45YcKZBtf9tiorq2vrG9VNe2t7Z3evtn/Q0TJVhLaJ5FI9hFhTzgRtAwNOHxJFcRxy2g3H14XffaRKMynuYZLQIMZDwSJGMBjJ78UYRgTz7Cbv1+puw53CWSZeSeqoRKtf++kNJEljKoBwrLXvuQkEGVbACKe53Us1TTAZ4yH1DRU4pjrIppFz58QoAyeSyjwBzlT9u5HhWOtJHJrJIqJe9ArxP89PIboMMiaSFKggs0NRyh2QTvF/Z8AUJcAnhmCimMnqkBFWmIBpae6KZqlg8JTbtqnGWyximXTOGp7hd+f15lVZUhUdoWN0ijx0gZroFrVQGxEk0Qt6RW/Ws/VufVifs9GKVe4cojlYX79D65pz</latexit><latexit sha1_base64="tAL794a6tNbEtZswxWiyJigcOuk=">AAACCHicbVDLSsNAFJ3UV42vqks3wSK4KokIuizqwmUF2wppKJPppB06mQkzN2IJ+QH3bvUX3Ilb/8I/8DOctFnY1gMDh3Pu5Z45YcKZBtf9tiorq2vrG9VNe2t7Z3evtn/Q0TJVhLaJ5FI9hFhTzgRtAwNOHxJFcRxy2g3H14XffaRKMynuYZLQIMZDwSJGMBjJ78UYRgTz7Cbv1+puw53CWSZeSeqoRKtf++kNJEljKoBwrLXvuQkEGVbACKe53Us1TTAZ4yH1DRU4pjrIppFz58QoAyeSyjwBzlT9u5HhWOtJHJrJIqJe9ArxP89PIboMMiaSFKggs0NRyh2QTvF/Z8AUJcAnhmCimMnqkBFWmIBpae6KZqlg8JTbtqnGWyximXTOGp7hd+f15lVZUhUdoWN0ijx0gZroFrVQGxEk0Qt6RW/Ws/VufVifs9GKVe4cojlYX79D65pz</latexit>+
<latexit sha1_base64="WO1DMb+MGBtHE8ddtgJ1UA8J+RA=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARBKEkIuiy6MZlC/YCbSiT6aQdOpmEmROxhIJ7t/oK7sStr+Ib+BhO2yxs6w8DH/85h3PmDxLBNbrut1VYW9/Y3Cpu2zu7e/sHpcOjpo5TRVmDxiJW7YBoJrhkDeQoWDtRjESBYK1gdDettx6Z0jyWDzhOmB+RgeQhpwSNVb/olcpuxZ3JWQUvhzLkqvVKP91+TNOISaSCaN3x3AT9jCjkVLCJ3U01SwgdkQHrGJQkYtrPZodOnDPj9J0wVuZJdGbu34mMRFqPo8B0RgSHerk2Nf+rdVIMb/yMyyRFJul8UZgKB2Nn+munzxWjKMYGCFXc3OrQIVGEoslmYYvmqeT4NLFtE423HMQqNC8rnuH6Vbl6m4dUhBM4hXPw4BqqcA81aAAFBi/wCm/Ws/VufVif89aClc8cw4Ksr1/hjpXI</latexit><latexit sha1_base64="WO1DMb+MGBtHE8ddtgJ1UA8J+RA=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARBKEkIuiy6MZlC/YCbSiT6aQdOpmEmROxhIJ7t/oK7sStr+Ib+BhO2yxs6w8DH/85h3PmDxLBNbrut1VYW9/Y3Cpu2zu7e/sHpcOjpo5TRVmDxiJW7YBoJrhkDeQoWDtRjESBYK1gdDettx6Z0jyWDzhOmB+RgeQhpwSNVb/olcpuxZ3JWQUvhzLkqvVKP91+TNOISaSCaN3x3AT9jCjkVLCJ3U01SwgdkQHrGJQkYtrPZodOnDPj9J0wVuZJdGbu34mMRFqPo8B0RgSHerk2Nf+rdVIMb/yMyyRFJul8UZgKB2Nn+munzxWjKMYGCFXc3OrQIVGEoslmYYvmqeT4NLFtE423HMQqNC8rnuH6Vbl6m4dUhBM4hXPw4BqqcA81aAAFBi/wCm/Ws/VufVif89aClc8cw4Ksr1/hjpXI</latexit><latexit sha1_base64="WO1DMb+MGBtHE8ddtgJ1UA8J+RA=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARBKEkIuiy6MZlC/YCbSiT6aQdOpmEmROxhIJ7t/oK7sStr+Ib+BhO2yxs6w8DH/85h3PmDxLBNbrut1VYW9/Y3Cpu2zu7e/sHpcOjpo5TRVmDxiJW7YBoJrhkDeQoWDtRjESBYK1gdDettx6Z0jyWDzhOmB+RgeQhpwSNVb/olcpuxZ3JWQUvhzLkqvVKP91+TNOISaSCaN3x3AT9jCjkVLCJ3U01SwgdkQHrGJQkYtrPZodOnDPj9J0wVuZJdGbu34mMRFqPo8B0RgSHerk2Nf+rdVIMb/yMyyRFJul8UZgKB2Nn+munzxWjKMYGCFXc3OrQIVGEoslmYYvmqeT4NLFtE423HMQqNC8rnuH6Vbl6m4dUhBM4hXPw4BqqcA81aAAFBi/wCm/Ws/VufVif89aClc8cw4Ksr1/hjpXI</latexit><latexit sha1_base64="WO1DMb+MGBtHE8ddtgJ1UA8J+RA=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARBKEkIuiy6MZlC/YCbSiT6aQdOpmEmROxhIJ7t/oK7sStr+Ib+BhO2yxs6w8DH/85h3PmDxLBNbrut1VYW9/Y3Cpu2zu7e/sHpcOjpo5TRVmDxiJW7YBoJrhkDeQoWDtRjESBYK1gdDettx6Z0jyWDzhOmB+RgeQhpwSNVb/olcpuxZ3JWQUvhzLkqvVKP91+TNOISaSCaN3x3AT9jCjkVLCJ3U01SwgdkQHrGJQkYtrPZodOnDPj9J0wVuZJdGbu34mMRFqPo8B0RgSHerk2Nf+rdVIMb/yMyyRFJul8UZgKB2Nn+munzxWjKMYGCFXc3OrQIVGEoslmYYvmqeT4NLFtE423HMQqNC8rnuH6Vbl6m4dUhBM4hXPw4BqqcA81aAAFBi/wCm/Ws/VufVif89aClc8cw4Ksr1/hjpXI</latexit>

Residual Path Block

×<latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit>

3
<latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit><latexit sha1_base64="c66uViq8RlA5HQTAAH6r5K/EwqY=">AAAB/nicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEBV0W3bhswV6gDWUyPWmHTiZhZiKWUHDvVl/Bnbj1VXwDH8Npm4Vt/WHg4z/ncM78QcKZ0q77bRXW1jc2t4rb9s7u3v5B6fCoqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLR3bTeekSpWCwe9DhBPyIDwUJGiTZW/bJXKrsVdyZnFbwcypCr1iv9dPsxTSMUmnKiVMdzE+1nRGpGOU7sbqowIXREBtgxKEiEys9mh06cM+P0nTCW5gntzNy/ExmJlBpHgemMiB6q5drU/K/WSXV442dMJKlGQeeLwpQ7Onamv3b6TCLVfGyAUMnMrQ4dEkmoNtksbFEsFUw/TWzbROMtB7EKzYuKZ7h+Va7e5iEV4QRO4Rw8uIYq3EMNGkAB4QVe4c16tt6tD+tz3lqw8pljWJD19QvuXpXQ</latexit> ×<latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit><latexit sha1_base64="t2f/fm43xYBx34mIKxszeOnuCU8=">AAACBHicbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUAbymQ6aYdOJmHmRiyhW/du9RfciVv/wz/wM5y0WdjWAwOHc+7l3DlBIrhG1/22SmvrG5tb5W17Z3dv/6ByeNTScaooa9JYxKoTEM0El6yJHAXrJIqRKBCsHYxvc7/9yJTmsXzAScL8iAwlDzklaKR2D3nEtN2vVN2aO4OzSryCVKFAo1/56Q1imkZMIhVE667nJuhnRCGngk3tXqpZQuiYDFnXUElMip/Nzp06Z0YZOGGszJPozNS/GxmJtJ5EgZmMCI70speL/3ndFMNrP+MySZFJOg8KU+Fg7OR/dwZcMYpiYgihiptbHToiilA0DS2kaJ5Kjk9TO6/GWy5ilbQuap7h95fV+k1RUhlO4BTOwYMrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVnFzjEswPr6BZFZmGE=</latexit>

3
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Fig. 1. The MultiResUNet: a Unet-like composed of multi-resolution blocks
(bottom right) and linked by residual path blocks (bottom left).

i. We normalize dobs by applying a gain function to correct

for the geometrical spreading and make data dynamics

more suitable for the CNN. In particular, for the test we

performed, we imposed the standard deviation of the data

to be about 5 after applying the gain function.

ii. The CNN input z is a volume of white gaussian noise

with zero mean and standard deviation of 0.1.

iii. We optimize the weights of the CNN through the ADAM

algorithm by minimizing the `1 distance between the nor-

malized data dobs and the corresponding traces returned

by the CNN. At each iteration we perturb the CNN input

noise with additional gaussian noise to strengthen the

convergence.

iv. After the optimization, the desired interpolated data are

obtained by de-normalizing the CNN output volume to

account for dobs normalization.

The process of reconstruction of a seismic gather is illus-

trated in Fig. 2. In particular, it shows a vertical section and

a time section of the CNN output at different iterations. First,

some blurry structures are recovered; then all the events are

gradually reconstructed as the number of iterations increases.

As the DIP based inversion requires a high number of

iterations to converge, in order to exploit the proposed method

in production applications, it is mandatory to deal with the

issues related to its computational cost. We faced this aspect

through a strategy similar to transfer learning: contrary to the

original DIP algorithm, where the CNN weights are randomly

initialized, we start with a pre-trained network. In particular,

we observed that convergence is greatly accelerated if we start

with the weights computed for nearby data.

Moreover, with regard to computational aspect, it is worth

considering that the proposed method can also be applied in

a patchwise fashion and its parallelization is straightforward.

IV. EXAMPLES

In this section we report some examples designed to high-

light relevant features of the proposed interpolation strategy. In

the examples, we used the ADAM optimization algorithm set-

ting the learning rate to 0.001. For the sake of reproducibility,

we provide the codes to replicate these examples in the repos-

itory https://github.com/polimi-ispl/deep prior interpolation.

Metrics. In order to evaluate the interpolation performance

we report two metrics: signal-to-noise ratio (SNR) between

mtrue and m
∗; Pearson correlation coefficient � computed

between mtrue and m
∗, considering only the corrupted sam-

ples. Notice that, as these objective metrics do not completely

describe the goodness of an interpolation result, we also rely

on visual inspection.

3D simple synthetic data. A first set of examples we show

is the reconstruction of a simple 3D shot gather including

several hyperbolic reflection events and 4 superimposed weak

events simulating diffractions (Fig. 3a). The data includes

128×128 traces of 512 time samples with 50 spatial sampling

and 4ms time step. We build the corrupted dataset by randomly

deleting 66% of the traces (Fig. 3b).

The corresponding final interpolated section is shown in

Fig. 3c. The interpolation result is visibly satisfactory and the

SNR achieved is 15.22 dB. The correlation coefficient between

the predicted data and the true data is 0.985.

As a matter of fact, this example has been designed to test

the effectiveness of the proposed interpolation on a challenging

case with weak events. From the results displayed in Fig. 3 we

observe that, despite they are barely visible, the weak events

crossing the much more energetic hyperbolas are reconstructed

by interpolation.

The wiggle plot in Fig. 4 emphasizes the effectiveness of

the achieved result by displaying the comparison between four

reconstructed and original traces on the large gap after trace

35. Red filled wiggles indicate the interpolated traces, well

fitting the original ones in black.

The effectiveness of the strategy we propose in order to

accelerate the convergence is shown in Fig. 5. Here the red

continuous and dashed lines display the value of SNR and

objective function vs. the iteration number when the CNN

weights have been randomly initialized. The blue lines show

the corresponding curves for a CNN with the starting weights

set as those learnt after interpolating a nearby gather. Notice

that the blue line is always above the red line. Moreover,

the pre-trained optimization convergences after 100 iterations

approximately, while when starting from scratch it needs more

than 2000 iterations to get similar results in terms of both

SNR and residual value. This means that, while on a single

TITAN V GPU the computation time is ∼70 minutes for 2000

iterations when starting from scratch, the transfer learning

strategy allows to obtain a suitable result in ∼ 4 minutes.

2D synthetic data. The second set of experiments aims at

demonstrating the impact of the architecture design and the

improvements achieved through 3D convolutions. It should

Fig. 2. Reconstruction of seismic data at increasing iterations.
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(a) (b) (c)

Fig. 3. 3D synthetic shot gather with weak events(a): interpolation results of
DIP method (c) from irregular sampled data(b).
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Fig. 4. (a) Comparison of single traces between original (black line)
and interpolated (red wiggles) data. (b) Difference between original and
interpolated data plotted in the same scale of Fig. 4a.

be noted that a 2D seismic dataset is actually a cube whose

dimensions are source position, receiver position and time.

On the central part of the well known 2D Marmousi model,

data are modeled through finite differences on an acquisition

geometry of 256 sources and 256 receivers; the source is

a Ricker wavelet centered at 15Hz; the temporal sampling

is 8ms. From this dataset (which is the ground truth of the

experiment) we regularly erase 50% of the traces.

Figs. 6a and 6b show an interpolated shot gather obtained

through a standard U-Net deep prior and the corresponding

residual, respectively. While the result is visually satisfactory,

significant signal leakage is evident in the residual. The SNR

in this case is 12.2 dB, and the correlation coefficient between

the interpolated data and the ground truth is 0.969.

By using as a deep prior the MultiResUNet with 2D

convolutions we achieved the result shown in Fig. 6c. The

corresponding residual, displayed in Fig. 6d, is clearly less

energetic but still contaminated by coherent signal leakage

Fig. 5. Cost function and SNR vs. iteration number for the case of
initialization from scratch and from the nearby gather respectively.

(a) (b)

(c) (d)

(e) (f)

Fig. 6. Interpolation result and residual of (a)(b) ordinary U-net, (c)(d) 2D
MultiResUNet and (e)(f) 3D MultiResUNet, respectively.

throughout the whole gather. The SNR and correlation co-

efficient is 14.3 dB and 0.981, respectively.

Finally, Figs. 6e and 6f depict the output of the proposed

MultiResUNet with 3D convolutions and the corresponding

residual, respectively. By taking advantage of the correlation

and self-similarities between different gathers we are able

to greatly limit the residual power and the signal leakage.

This improved result is confirmed by the SNR of 22.1 dB.

More important, the correlation coefficient between original

and restored traces approaches to 0.997, indicating a good

performance.

3D field data. Finally, we test the proposed interpolation

strategy on a 3D migrated field data. The migrated volume we

use is a portion of 128 inlines (250-378) and crosslines (750-

878) with a time sampling of 16 ms from the F3 Netherlands

survey [27]. An inline section of the original volume is shown

in Fig. 7a and the corresponding decimated image (50%
missing traces) is shown in Fig. 7b. For this section is mainly

characterized by horizontal and slightly dipping events, which

is favorable for rank-reduction methods; we test the proposed
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technique against the multichannel singular-spectrum analysis

(MSSA) [8]. The deep prior result in Fig. 7c and the MSSA

result in Fig. 7d are visually comparable while SNR (10.36
dB vs. 7.81 dB) and correlation coefficient (0.935 vs. 0.910)

indicate a better performance of the deep prior method.

(a) (b)

(c) (d)

Fig. 7. Reconstruction example of field data. (a) complete data (b) corrupted
data (c) reconstruction of DIP method (d) reconstruction of MSSA method

V. CONCLUSION

We proposed an unsupervised CNN-based reconstruction

strategy for 3D seismic cubes that does not rely on standard

training procedures.

A 3D version of the MultiResUNet acts as a deep prior

for constraining the ill-posed interpolation problem. Com-

pared to standard U-Net applied in previous works, this

architecture captures inner data features at different scales,

and 3D convolutions exploit correlation in both horizontal

and vertical directions, making the prior information more

effective. Results achieved on both synthetic and field data

demonstrate the convincing abilities of the proposed workflow

when reconstructing irregularly sampled data even in the

challenging case of weak events.

Computational costs are significantly reduced by properly

presetting the initial CNN weights. Future studies will con-

tinue to address the issues related to computational cost and

the reconstruction of aliased events.
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