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ABSTRACT

Enhancing seismic resolution is a key component in seismic data processing, which plays a valuable role
in raising the prospecting accuracy of oil reservoirs. However, in noisy situations, existing resolution
enhancement methods are difficult to yield satisfactory processing outcomes for reservoir character-
ization. To solve this problem, we develop a new approach for simultaneous denoising and resolution
enhancement of seismic data based on convolution dictionary learning. First, an elastic convolution
dictionary learning algorithm is presented to efficiently learn a convolution dictionary with stronger
representation capability from the noisy data to be processed. Specifically, the algorithm introduces the
elastic L1 norm as a sparsity constraint and employs a steepest gradient descent strategy to efficiently
solve the frequency-domain linear system with substantial computational cost in a half-quadratic
splitting framework. Then, based on the learned convolution dictionary, a weighted convolutional
sparse representation paradigm is designed to encode the noisy data to acquire an optimal sparse
approximation of the effective signal. Subsequently, a high-resolution dictionary with a broadband
spectrum is constructed by the proposed parameter scaling strategy and matched filtering technique on
the basis of atomic spectrum modeling. Finally, the optimal sparse approximation of the effective signal
and the constructed high-resolution dictionary are used for data reconstruction to obtain the seismic
signal with high resolution and high signal-to-noise ratio. Synthetic and field dataset examples are
executed to check the effectiveness and reliability of the developed method. The results indicate that this
method has a more competitive performance in seismic applications compared with the conventional
deconvolution and spectral whitening methods.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

small-scale reservoirs (Sheriff and Geldart, 1995; Ikelle and
Amundsen, 2005). In addition, side effects of some processing pro-

With the deepening of exploration and development, the oil and
gas industry has shifted its exploration direction from large-scale
structural reservoirs to smaller-scale lithologic reservoirs
(Kwietniak et al., 2018). Lithologic reservoirs are usually composed of
fine-scale geological bodies, such as thin sand beds, sandstone pinch-
outs, cave-cleft bodies, and lenses, whose accurate identification
places a higher demand on the resolution of seismic data. Never-
theless, due to the band-limited property of source wavelet and the
energy absorption and spherical diffusion of seismic wave propa-
gation in viscoelastic medium, the collected seismic data have a low
resolution that is often insufficient to identify and characterize these
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cedures, such as normal moveout correction stretching (Zhang and
Lan, 2020) and migration stretching (Perez and Marfurt, 2007), can
also reduce the resolution of seismic data. To enhance the certainty
of exploration and reduce the development risk of lithologic reser-
Voirs, it is necessary to process these low-resolution seismic data so
as to improve their vertical resolution.

Up to now, geophysicists have developed numerous resolution
enhancement methods that can be roughly classified into three cat-
egories: spectral whitening (Lee, 1986; Rosa and Ulrych, 1991;
Manenti and Porsani, 2016; Naghadeh and Morley, 2017), deconvo-
lution (Oldenburg, 1981; Treitel and Lines, 1982; Jin and Eisner, 1984;
Margrave et al., 2011; Gholami, 2017; Chen and Wang, 2018; Wang
et al.,, 2020), and inverse Q filtering (Irving and Knight, 2003; Wang,
2006; Yuan et al, 2016; Morozov et al, 2018; Aghamiry and
Gholami, 2018; Wang et al., 2018; Shao and Wang, 2021). Spectral
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whitening and its variants compensate for the high-frequency com-
ponents lost in seismic wave propagation by gaining all frequencies in
the useful band scope of seismic signal, thereby improving seismic
resolution. Typical techniques include frequency-domain spectral
whitening (Lee, 1986), time-variant spectral whitening (Naghadeh
and Morley, 2017), and spectral blueing (Rosa and Ulrych, 1991;
Kazemeini et al., 2010; Kwietniak et al., 2018). This type of method is
simple in principle and computationally efficient, so it is most
commonly used in practical processing. Unlike spectral whitening and
its variants, deconvolution enhances the vertical resolution of seismic
data by squeezing the source wavelet and widening the useful fre-
quency band. Oldenburg (1981) first proposed a time-domain
deconvolution method based on the least-squares wiener filter.
Later, Treitel and Lines (1982) developed a frequency-domain
deconvolution algorithm using the linear inversion theory. Both
methods have the assumption of stationarity, that is, minimum-phase
wavelet and white reflectivity, which greatly limits the practicality of
the method. To raise the applicability of this method, several im-
provements have been presented, such as homomorphic deconvo-
lution (Jin and Eisner, 1984), Gabor deconvolution (Margrave et al.,
2011; Gholami, 2016), wavelet scaling-based deconvolution (Chen
and Wang, 2018), blind deconvolution (Kazemi and Sacchi, 2014;
Suiand Ma, 2020), morphological deconvolution (Gholami, 2017),and
adaptive deconvolution (Wang et al, 2020). Besides, inverse Q
filtering has been applied to heighten the seismic resolution. Inverse
Q filtering, also called absorption compensation, accomplishes its
objective by compensating for non-stationary attenuation. Specif-
ically, this method performs amplitude compensation and phase
correction for each frequency component according to the theoretical
attenuation model based on a proper estimate of the underground Q-
values. In the detailed implementation of this method, two different
algorithms are proposed: the direct approach (Irving and Knight,
2003; Wang, 2006) and the inversion-based approach (Yuan et al.,
2016). The direct approach uses a gain limitation or stabilization
factor in the reverse operation of the forward wave propagation to
achieve stable attenuation compensation, while the inversion-based
approach employs the regularization tool to iteratively minimize
the misfit between the synthetic data and the field-collected data to
yield optimal desorption outcomes. The three types of resolution
enhancement methods mentioned above work well in the applica-
tions, but they all share a common premise: the noise contained in the
seismic data to be processed is so small that it does not interfere with
the high-resolution processing. In fact, the existence of noise is an
obstacle that must be overcome to obtain satisfactory enhancement
results. Therefore, these above methods always require a separate
denoising step prior to their processing.

Different from existing methods, the goal of this paper is to
combine the resolution enhancement process with the seismic
denoising process and investigate a novel method that can simul-
taneously attenuate noise and enhance seismic resolution. Convo-
lution dictionary learning (Chun and Fessler, 2018; Song et al.,
2020) is a machine learning technology developed in recent
years, which can represent seismic signals as a convolution sum of a
series of convolution dictionary atoms and their corresponding
mapping coefficients. These dictionary atoms adaptively learn the
inherent features and can mine detailed information hidden in the
seismic signal, providing a promising tool for the implementation
of this method. Current convolution dictionary learning is generally
defined as an extension of convolutional basis pursuit denoising
(Chen et al., 1998), which is essentially a sparse optimization
problem with L1 norm constraints. However, previous work reveals
that the L norm can cause a biased issue (Zhang, 2010), leading to
unsatisfactory representation results for the learned convolution
dictionary (Peng, 2019). Lately, the nonconvex elastic L1 norm (Lan
et al., 2021) has demonstrated significant potential in tackling the
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biased issue arising from the L; norm in numerous inversion works.
As an improvement, we introduce the nonconvex elastic Ly, norm
into convolution dictionary learning and develop an elastic
convolution dictionary learning (ECDL) algorithm to enhance the
representation capability of the learned dictionary. Meanwhile, to
improve the learning efficiency, we employ a steepest gradient
descent strategy to efficiently handle the frequency-domain linear
system with a huge computational cost in the half-quadratic
splitting framework. Subsequently, based on the developed
elastic convolution dictionary algorithm, we propose a novel pro-
cessing method for simultaneous denoising and resolution
enhancement. A series of experiments are performed on synthetic
and real datasets to evaluate the performance of this method.
Experimental results show the proposed algorithm can effectively
broaden the frequency bandwidth and enhance the seismic reso-
lution while greatly attenuating the noise and improving the
signal-to-noise ratio (S/N) of the data, which is superior to the
conventional deconvolution and spectral whitening approaches.

2. Methodology
2.1. Elastic convolution dictionary learning

Dictionary learning is a flexible framework that can adaptively
construct a basis function (dictionary) to achieve the sparse rep-
resentation of a signal based on the characteristics of the signal
itself. Convolution dictionary learning (Chun and Fessler, 2018;
Peng, 2019; Song et al., 2020), an important branch of dictionary
learning methods, can model the entire signal as the sum of the
convolutions between the dictionary atoms and their mapping
coefficients. For seismic signals, the introduction of the convolu-
tional form allows the dictionary to preferably capture the struc-
tural features of the seismic signal and thus obtain a better
representation. Generally, the problem of convolution dictionary
learning can be formulated as follows:

K

.1
argmin >

2
{dn} {Xmi } k=1 2

M
Vi — > dm* Xy
m=1

=

K M
> RXpy) st [dmly=1,vme{1,...,M}

m=1

+7
k=1

(1)

where y, denotes the k-th training sample, d;; denotes the m-th
dictionary atom, * denotes the convolution operator, X, ; denotes
the mapping coefficients of the training samples y, on the dictio-
nary atoms dy;, v is the regularization parameter, R( -) represents
the prior constraint on the mapping coefficients, notation ||,
denotes the Euclidean norm that aims to avoid scaling ambiguities
of dictionary atoms, K and M are the number of dictionary atoms
and training samples, respectively. Equation (1) is a typical
biconvex optimization problem that is hard to be minimized
directly. Fortunately, an indirect means is to minimize it effectively
by using iterative strategy and alternating optimization technology.
Concretely, each iteration of this algorithm consists of two alter-
nating steps: an encoding step and a dictionary update step.
Formulaically, the encoding step and the dictionary update step can
be described respectively as

K 2
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2

argmin=
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For the encoding step, the conventional algorithm (Zeiler et al.,

2010) has focused on the following regularization problems with
sparse constraints

M
Vi — O dm* Xy

m=1

(3)

K

.1
argminz >

{Xni} < k=1

2
+ (4)

2

M
Vi — O dm* Xy
m=1

K M
> D xmdly
k=1 m=1

where ||-||; is the L; norm. In fact, Equation (4) is not the optimal
constraint form, since the L; norm cannot yield an adequately
sparse solution (Zhang, 2010; Peng, 2019). In order to gain suffi-
ciently sparse mapping coefficients and thus achieve a lean and
compact signal representation, we introduce the most represen-
tative sparse constraint format, elastic Ly norm (Lan et al., 2021),
to impose the constraint on the mapping coefficients. Specifically,
the encoding step can be expressed as

1K M 2
argming "y~ 3 dn* Xy
{xmi} © k=1 m=1 2 (5)
K M
2
#7120 3 (Il + e 2)
k=1 m=

1/2
1/2
parameter. To make the solution more convenient, Equation (5) can
be equivalently transformed into the following matrix-vector form

where ||-|| denotes the Ly norm and wpe[0,1] is a scalar

1/2
12

.1
argming Y — DX|7 + v (|IX| (6)
X

+ulX)3)

where ||-|| is the Frobenius norm, Y = (y;y,--yu), and D=
(D1 Dy---Dyy) for which Dy, is defined as DX, = dm* X, and

X11  X12 X1k
X X X

x— | X21 22 2K 7)
Xv1 Xm2 XK

By introducing an auxiliary variable U = X in Equation (6), we
can obtain the equivalent form of this equation

1/2
1/2

.1
arg)r(nmjllYfDXH%H(HUH +uUJ3) st U=X 8)

Using the half-quadratic splitting (HQS) framework (Mila and

Michael, 2005) to solve Equation (8), the following iteration
format can be given

2
X+ — argminlﬂY ~DX|7 + &HX -u® H ©
x 2 2 !

S (I PECENS C

0, otherwise
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1/2

uen :arglrjniHY(HUHl/z +'“”UH§) + %HX(HI) - UHi ©0)

where t is the number of iterations, A is the penalty parameter used
to control the convergence rate of the algorithm. Equation (9a) is a
quadratic optimization problem that has a closed solution

(DTD + /\I)X(t“) =D'Y + ,u® (10)

where DT denotes the transpose of the dictionary matrix D, and I is
the identity matrix. In practical applications, it is not practical to
solve the linear system shown in Equation (10) directly because it
involves the inverse of large matrices. Former research work
(Wohlberg, 2014) shows that the efficiency of solving Equation (9a)
can be effectively improved with the assistance of the convolution
theorem. Transforming Equation (9a) to the frequency domain via
the fast Fourier transform (FFT) yields

2

S(t+1)

X :arg)r(11in%\|?—ﬁf(\\i+%”f(—lAJm”F (11)

where D= 7(D), X"V = 7 (x®) , Y = 7(v), 0Y = FwO),

and .7 (-) denotes Fourier operator. The solution of the above
equation can be given by the following linear system

S(t+1)

X :(ﬁHf)+Al>71 (ﬁH?+Aﬁ(t)) (12)

where the superscript H denotes the conjugate operator of the

matrix. Since ﬁHﬁ has a block diagonal structure, the frequency-
domain linear system shown in Equation (12) can be decomposed
into N (i.e., the length of the signal) independent linear systems.
Conventionally, each linear system is solved by the Sherman-
Morrison method (Egidi and Maponi, 2006). However, this pro-
cedure still has a high computational cost because each linear
system needs to perform many iterations during the solving pro-
cess. To reduce iterations and improve the computational effi-

ciency, we employ a steepest gradient descent strategy to update
S(t+1)

the coefficient matrix X ,as
S(E+1j+1)  S(t+1y ~H/aos(t+1)) o (1)) A
Xt _ 1y —6<D <Dx(t+ J) —Y> +A(X(H J) 7U(t)>)
o (t+1] ~H~ ~
—BX""" 1 5p"¥ + 00"

(13)

whereB = (1 — o) - 6]3H]3,j is the inner iteration index, and d is a
nonnegative step parameter. Equation (9b) belongs to a typical
elastic L1 norm optimization problem, and it can be easily solved
by the elastic half thresholding operation as follows

ut — a (X“*”) (14a)

(14b)
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inverse Fourier operator, and [X(””]i., denotes the element of the i-
(t+1)

where n = A,

th row and [-th column of the matrix X

For the dictionary update step, it is actually a convolution
version of the constrained optimum direction method (Engan et al.,
1999) as follows

K

.1
argmmiz Vi

{dm} k=1

st.dye GPN,VmE{l,...,M}

" 2
=D dn* X
m=1 2

(15)

where Gpy is a set composed of support constraint and normalized
constraint, which is defined as

GpNz{ceRN:(I—PPT>c:O, ||c||2=1} (16)

where P represents a zero-padded projection operator. By defining

the indicator function of the constraint set as i, (S) =
{ coif S&Gpy Equation (15) can be rewritten into the following

unconstrained form

K M 2 M
argmin% SNV =D dn* Xingel| + D teoy (dm) (17)
{dn} k=1 m=1 2 m=1
Defining Z,dm = Xpe*dm d= (dydy-dy)’, y=
’ 21y Zy; Zix
(V1 ¥2-yx) and Z = 22:‘1 22:’2 ZZZ‘K , Equation (17) can
Zu1 Zu> Zvk

be reformulated as

.1
argminy |y — ZdJ3 + ic,, (d) (18)
Similar to the encoding step, we also employ the HQS method to
solve Equation (18). Introducing the auxiliary variable g = d into
Equation (18) yields the following constrained optimization
problem
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.1
arggnmi\ly - Zd||§ +iG,y(8) st.d=g (19)
for which we have the HQS iterations
dih — argmln ly — zd|? +2Hd g (20a)
2
gli+D) fargmlm(;m(g) + ZHd (i+1) gH2 (20b)

where 7 is a penalty parameter. Analogous to Equation (11),
transforming Equation (20a) into the frequency domain using FFT
obtains

a(i+])

S DRSO S
—argmin||y - Zd| +%Hd _g® 1)
d

whered = 7 (d),y =.7(y), Z = 7 (Z), § = 7 (g). Equation (21)
has a closed-form solution that can be given by the following
linear system

~  /~Ha “1/.H.
d= (Z Z+Al> (Z y+7g>

Similarly, we also use the steepest gradient descent strategy to
update the main variable d, as

(22)

~(i+1j+1) = (i+1 “H s ~ ~(i+1 (i
d(1+ J+1) d (i+14) 5( H(Zd i+1) ) (d i+14) g(,)))
o~ (i+1 SH.. i
_ad"" +(5ZHy+6g<l>
(23)
where A = (1 —67)]—62H2 and j is the inner iteration index.

Equation (20b) is a proximal operator of (¢, (g) at the point dn),
and its solution can be calculated by

PPTd(i+1)

HPPTdT”H (24)
2

g(m) = prox,, (d(””) _

where proxLG ( ) represents the proximal operator, dh

17V AR@ ) + 17 1@AR@"")), A R(-) and AR -) denote

the forward estimate and backward estimate of the autoregressive
operator (Naghizadeh and Sacchi, 2012) that is employed to avoid
noise incursion into the atoms. Based on the above description,
Algorithm 1 comprehensively summarizes the workflow of the
ECDL algorithm developed in this paper.
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Algorithm 1. The developed ECDL algorithm summary.
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Input: {yk}f:],}/,ﬂ,i,f;

Initialize variables: {d,}" | {xm_k}:1

Repeat
fort=1to T'do

DF (0),X" F(x"),yF (v),0" F (07);X

for j=1to L do

(£+1,j+1) —_(r

X «~—BX
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X «X ;

end for
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<« X(t) ;
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End for
fori=1to/do

d(

for j=1to L do

(i+1,j+1) (i+1.j

«Ad

(i+1) (i+1,/+1)

d «d ;

end for

a <—1F - (ﬁ(dw) ))+1F "(
2 2

End for

Output: Convolutional dictionary {d,, } )

1
m=1

) " 0]
+0Z y+0og ;

) F (47),y < F (y),Z«<F (z).8" < F (£"):a

>

AR

(i+L1) (i)

«~d ;

PP’ d")
HPPTd(M) ?

2

(dwl) )) : g(i+1) -

and mapping coefficients {xm_k }::] .

2.2. Simultaneous denoising and resolution enhancement based on
ECDL

In noisy situations, the multichannel seismic signal {sj}}:l to be
processed can be represented as

si=uj+m;, vje{l,.. ]} (25)
where u; denotes the noise-free signal (also called effective signal),
n; denotes the random noise, j is the trace index of seismic signal,
and J is the total number of seismic traces. Taking the noisy signal to
be processed as training samples and learning them with the pro-
posed ECDL algorithm, we can obtain the learned convolution

dictionary {dm}f\n/’:1 and the corresponding mapping coefficients
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{Xm J}jzl to represent the signal. Since the encoding step in the

proposed ECDL algorithm is essentially equivalent to the denoising
problem based on convolutional sparse representation (Li et al.,
2021), the approximation of the effective signal can be obtained
by the following equation

M
= dn*Xpj, Vje{l,... ]} (26)

m=1

where #; is the approximation of the effective signal.
Unfortunately, the above way does not provide a competitive
performance in denoising effect. Thus, a further denoising process
is still necessary. Inspired by existing work (Carrera et al., 2019), we
design a weighted convolutional sparse representation paradigm to
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encode the noisy data to acquire an optimal sparse approximation
of the effective signal, which has been shown to greatly boost the
performance in subsequent applications. Specifically, the paradigm
can be expressed as follows

v 2
X :argmin% Si— > dn* Xp
Xim,j m=1 2
¢ 1/2 2
+7zzl(meJOXmJ”uz+:“||me©me||2> (27)
m=

where X;,; is the optimal sparse approximation of the effective
signal u;, s; is the noisy signal to be processed, the symbol ©
represents the element-wise product, and wp,; denotes the weight
vector, which is defined as

Wmi= 1

1

" oL (28)

where d;; is the conjugate filter of dictionary atom dy,, Dy, is the
matrix version of the atomic shifts, and (1—) denotes point-wise di-
vision. The solution procedure of the paradigm shown in Equation
(27) is basically the same as the encoding step involved in the
developed ECDL algorithm. The only difference is that the auxiliary

variable U1 needs to be updated by the following weighted
elastic half thresholding operation:

U =, (X0 ) ViE {1 MN) Vi1, )

(29a)
w11 W12 w1y

W= (1)%1 &)?72 w:2J (29b)
Wy Wh2 Wy

where W denotes the weight matrix.

While completing the estimation process of the effective signal,
we need to construct a new dictionary based on the learned
convolution dictionary to enhance the resolution of seismic data.
Due to the fact that the seismic resolution is a function of the fre-
quency width of the seismic data (Okaya, 1995), the newly con-
structed dictionary must have a wider frequency bandwidth than
the learned dictionary. For this purpose, we first transform the
learned dictionary to the frequency domain and model its ampli-
tude spectrum using the following function

Wa, (F) = cnlf " exp( = Cn(amlf)*" / ki), ¥me{1,...M}
(30)

where Wy _(f) is the amplitude spectrum of the atom dy,, f denotes
the frequency, ¢y and a, are nonnegative amplitude coefficients,
km and ¢, are nonnegative width parameters. For the estimation of
the modeling parameters ¢, &m, km, and ;;,, we do this by solving
the following least-squares problem

B
Cm,Gm>@m,Km

M M
min ; Sem=> Hln(de(f)) —1Incm — & In|f]
m=1 m=1

(el ) /i (1)
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where || H% denotes the square of the L, norm, ¢, is the misfit error
to be minimized. After we obtain these modeling parameters, the
desired spectrum with a wider frequency bandwidth needs to be
constructed. In fact, the desired spectrum can be easily constructed
by a parameter scaling strategy. To be specific, scaling down both
width parameters (i.e., k; and {,;) simultaneously can achieve the
above purpose. It should be emphasized that, in practical applica-
tions, the scaling of the parameters kp and ¢, needs to be opti-
mized by the cross-validation method to make the processing
results best fit the geological understanding of the work area. To
verify the feasibility of the parameter scaling strategy, a numerical
example is provided in Fig. 1. Fig. 1a shows a field seismic trace that
is used as a training sample to train the convolution dictionary with
optimal representation capability by the ECDL algorithm. Without
loss of generality, we randomly select an atom from the learned
convolutional dictionary as a validation object. Fig. 1b draws the
selected atom. Fig. 1c plots the spectrum (blue solid line) of the
atom shown in Fig. 1b and the modeled spectrum (red dotted line)
using Equation (30) with the modeling parameters ¢; = 0.0012,
am =0.0393, ky, = 1.833, and {,;, =2.785. From Fig. 1c, we can see
that the modeled spectrum is basically consistent with the original
spectrum, indicating that the modeling accuracy is satisfactory. By
shrinking the parameters kp, and ¢, (kn, = 1.633 and {,;, = 1.385),
we obtain the desired spectrum that is shown in Fig. 1d. As
observed in Fig. 1d, the desired spectrum is broadened at both the
high and low frequency ends, while the dominant frequency of the
atom is also improved. The improvements in bandwidth and
dominant frequency clearly show that the proposed parameter
scaling strategy effectively enhances the resolution of the dictio-
nary atom.

After obtaining the desired spectrum with a wide frequency
bandwidth, the matched filter between the original spectrum and
the desired spectrum needs to be estimated according to the least-
squares principle. Specifically, assuming that the input of the

matched filtering is Wy_(f) and the desired output is de (f), the
matched filter Hq, (f) in the least-square sense can be calculated by
the following equation

Ha, ()= (Wa, (W, () + ) Wa, ('Wa, (). yme{1.....M)
(32)

where Wy_(f) is the complex conjugate of de (f), ¢ is a small non-
negative factor that is used to ensure the stability of the solution.
For different dictionary atoms, the factor ¢ is usually chosen be-
tween 0.001 and 0.01. Once the matched filters are computed by
Equation (32), the new high-resolution dictionary can be con-
structed by applying these filters to the spectrum of the learned
atoms through the following equation

—

) 7 (dn©OHg, (f))
m Hfj?fl (dm OHy, () H27

vme({l,...,M} (33)

where Em is the new atom with a broadband spectrum. Subse-
quently, according to Equation (34), the optimal sparse approxi-
mation of the effective signal and the constructed high-resolution
dictionary are used to reconstruct the seismic traces, which can
simultaneously solve the problems of noise elimination and reso-
lution improvement.
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Fig. 1. Efficiency test of the parameter scaling strategy on a field trace. (a) The field seismic trace. (b) An atom learned from (a) using the ECDL algorithm. (c) Modeling of the atomic

spectrum. (d) Desired spectrum constructed by the parameter scaling strategy.

M
sj= Y dp* Xy, Vie{l, .. J} (34)
m=1

where §j denotes the reconstructed noiseless and high-resolution
seismic data. On the basis of the above-mentioned explanation,
the detailed working steps of the proposed method can be sum-
marized as follows:

(1) Construct the training sample set using the to-be-processed
noisy signal, and learn the convolution dictionary {dm}%:1
and the corresponding mapping coefficients {X, J}}:l from

the sample set by employing the ECDL algorithm described in
Algorithm 1;
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(2) Combine the convolution dictionary and the mapping co-
efficients by Equation (26) to obtain the initial approxima-
tion ©; of the effective signal;

(3) Encode the noisy signal according to the weighted convolu-
tional sparse representation paradigm shown in Equation
(27) to obtain the optimal sparse approximation {X;, J»}j:] of
the effective signal;

(4) Model the atomic spectrum Wy, (f) by solving Equation (31)

and design the desired spectrum de (f) by scaling the pa-
rameters ky, and {,;
(5) Estimate the matched filter Hq (f) using Equation (32), and

construct the new atom Hm by applying the matched filter to
the frequency spectrum of the dictionary atoms according to
Equation (33);
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Fig. 2. Synthetic model. (a) Velocity model (unit: m/s). (b) Noise-free synthetic data.
(c) Noisy data with 5 dB S/N.

(6) Repeat steps (4)—(5) until all convolution dictionary atoms
complete the resolution enhancement procedure;
(7) Reconstruct the noise-free and high-resolution seismic

traces {Ej#:l using the optimal sparse approximation
{Xm J}§:1 of the effective signal and the high-resolution dic-

tionary {am}",ﬂ:1 by Equation (34).

3. Examples
3.1. Synthetic data example
To verify the viability of the proposed method, we use a

geological model (Fig. 2a) with known layer thickness and medium
properties to create synthetic data. Fig. 2b presents the noise-free
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synthetic data generated by convolving a 25 Hz Ricker wavelet
with the above geological model (tuning thickness = 15.59 ms). In
Fig. 2b, the resolution limits of the two thin layers in the shallow
part are 26 m and 37 m respectively, which are nowhere near their
true thicknesses (13 m and 15 m). Therefore, these two thin layers
are indistinguishable in Fig. 2b. The same situation is evident in two
wedge-shaped strata of the deep part. To simulate a real noisy
situation, we add 5 dB random noise in Fig. 2b and obtain the
experimental data shown in Fig. 2c. We use spectral whitening
(Naghadeh and Morley, 2017), deconvolution (Treitel and Lines,
1982), and the developed method to process Fig. 2¢, and exhibit
their results in Fig. 3. Note that the spectral whitening and
deconvolution method is not robust in noisy situations, so a
denoising process needs to be executed before their processing. In
this paper, the denoising step is done by the F-X deconvolution (FX-
Decon) method (Gulunay, 1986). As evident in Fig. 3, all three
methods effectively resolve two thin layers in the shallow part,
indicating that three methods are successful in enhancing seismic
resolution. However, the developed method is superior to the other
two methods in terms of recognizing thin layers since the events
indicated by the red arrows in Fig. 3d are more evident and
continuous than those in Fig. 3a and 3b. In addition, we can also
find in Fig. 3a and 3b that the deconvolution and spectral whitening
methods produce false reflection events and introduce a certain
amount of extra interference in the processed result, strengthening
the difficulty of accurately identifying valid reflection signals. In
contrast, the proposed method better improves the S/N and reso-
lution of seismic data without introducing too much interference
(see Fig. 3c).

For a better comparison, Fig. 4a—4d display a local close-up of
Fig. 2c and Fig. 3a—3c, respectively. It can be seen from Fig. 4a that,
due to resolution limitations, the two reflection events at the top
and bottom interfaces of the wedge-shaped strata can only be
completely separated at the 42nd trace (onlap termination A) and
57th trace (pinch out termination B) of the synthetic data. After
processing by the three methods, the seismic traces that can
completely separate the reflection events at the top and bottom
interfaces move toward the true locations of terminations A and B,
which further demonstrates that all three methods effectively
improve the resolution of the data. In addition, we also notice that
the deconvolution method and the spectral whitening method can
completely separate the top-bottom reflections of two wedge-
shaped strata at the 46th and 60th traces, while the method pro-
posed in this paper can separate them at the 47th and 61st traces.
This shows that the deconvolution and spectral whitening methods
are inferior to the developed method in resolution enhancement.
Meanwhile, the above two methods are much worse than the
proposed method in terms of fidelity because they introduce more
additional interference in the processing results (as marked by the
arrows in Fig. 4b and Fig. 4c). To compare the three methods more
explicitly, the spectra of Fig. 2 and Fig. 3 are drawn in Fig. 5. Fig. 5a
and Fig. 5b plot the spectrum of Fig. 2b and Fig. 2c, respectively.
Fig. 5¢ plots the spectrum of Fig. 3a and clearly shows that the
deconvolution method effectively broadens the bandwidth of the
synthetic data, but it also retains visible noise. Fig. 5d shows the
spectrum of Fig. 3b. It can be evidently viewed that the noise is
greatly suppressed and the bandwidth of the data is significantly
expanded after processing by the spectral whitening method.
Fig. 5e shows the spectrum of Fig. 3c. From Fig. 5e, we can find that
the developed method obtains a cleaner and wider spectrum than
the other two methods. This result indicates that the method
proposed in this paper works more effectively and satisfactorily in
terms of simultaneous denoising and resolution improvement.
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Fig. 3. Comparison of the results of different methods on synthetic data. (a) The result
obtained by the deconvolution method. (b) The result obtained by the spectral whit-
ening method. (c) The result obtained by the proposed method. Note that deconvo-
lution and spectral whitening methods need to be preprocessed by the FX-Decon
method to eliminate noise interference, which is not required for the proposed
method. The events shown by the red arrows in (c) are more obvious and continuous
than those in (a) and (b), meaning that the proposed method outperforms the other
two methods in resolving thin layers. In addition, as indicated by the black rectangle,
(c) is cleaner than (a) and (b), which indicates that the processing result of the pro-
posed method has a higher S/N.

3.2. Field data example

To evaluate the effectiveness of the proposed method in prac-
tical processing, we apply it to a field post-stack profile. Fig. Ga
shows the profile that consists of 478 traces with 501 sampling
points and a sampling interval of 1 ms. In Fig. 6a, the reservoir is
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located between 1.2 s and 1.4 s. Due to the influence of overlying
high-velocity bodies and noise, this post-stack profile has a low
signal-to-noise ratio and resolution, causing more difficulty in
identifying and tracking the reservoir reflection events. To effec-
tively tackle this issue, we use deconvolution, spectral whitening,
and the proposed method to process it. Like the synthetic example,
this profile needs to be preprocessed with the FX-Decon method to
attenuate noise and highlight the effective signal before using
deconvolution and spectral whitening methods. Fig. 6b—6d draw
the results of deconvolution, spectral whitening, and the proposed
method, respectively. It is clear from Fig. 6 that the noise is greatly
eliminated and the seismic resolution is significantly enhanced
after processing by the three methods. Further analysis of Fig. 6
reveals that the proposed method is better than the deconvolu-
tion and spectral whitening approaches in terms of processing ef-
fect because the section obtained by this method has better lateral
continuity and higher resolution. To make the comparison more
obvious, we enlarge the rectangular area of each subplot in Fig. 6
and show them in Fig. 7. Fig. 7a shows the local enlargement of
the original data (Fig. 6a). From Fig. 7a, we can see that the noise
destroys the continuity of seismic reflection as well as masks the
fault information, which seriously affects the subsequent reservoir
prediction work. Fig. 7b shows the local enlargement of the result
obtained by the deconvolution method. We can observe that
although the deconvolution method improves the seismic resolu-
tion and reveals the hidden features to some extent, there are
obvious artifacts (between traces 300 and 350) in the processed
profile. Fig. 7c and 7d show the local enlargement of the result
obtained by the spectral whitening method and the proposed
method, respectively. As seen in Fig. 7c¢ and 7d, both methods
greatly enhance the resolution of the thin sand layer. The originally
discontinuous and weak thin reflection events become continuous
and strong reflection events (as shown by arrows), which is
meaningful for improving reservoir prediction accuracy.
Comparing Fig. 7c and Fig. 7d, it can be found that the processing
result of the presented method has higher resolution and better
event continuity than that of the spectral whitening method.
Additionally, we can also observe from Fig. 7 that the proposed
method outperforms the spectral whitening and deconvolution
methods in highlighting and portraying hidden features (especially
fault system), as indicated in the red rectangles.

In order to further compare and analyze the processing effect of
the three methods, we portray the spectra of Fig. 6 in Fig. 8.
Although the deconvolution method significantly widens the fre-
quency bandwidth (see Fig. 8b), it does not sufficiently enhance the
high-frequency components. This is the reason why the deconvo-
lution method has a lower resolution than the other two methods.
From Fig. 8c, we can see that the spectral whitening method can
expand the amplitude spectrum to fit the required bandwidth, but
it also suppresses some low-frequency components of the effective
signal. In contrast, the presented method effectively broadens the
bandwidth of seismic data while preserving low-frequency infor-
mation and boosting the dominant frequency of the data, as shown
in Fig. 8d. To check the rationality of the processing results, Fig. 9
shows the well-to-seismic calibration diagrams before and after
the processing by the three methods. Fig. 9a shows the well-to-
seismic calibration diagram before processing, in which the red
curve is the synthetic seismogram created by well logging and
Ricker wavelet, the blue curve is the through-well trace, and the
black curves are the traces next to the borehole. As visible in Fig. 9a,
the original data has low resolution and S/N, so the matching de-
gree between the through-well trace and the synthetic seismogram
is poor (shown by the green arrows). Fig. 9b—9d show the well-to-
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seismic calibration diagrams processed by deconvolution, spectral
whitening, and the proposed method, respectively. It can be seen
from Fig. 9b—9d that after processing by the three methods, the
resolution and S/N of the seismic data are markedly boosted, and
the matching degree between the through-well trace and the
synthetic trace is greatly enhanced. As far as the resolution
enhancement effect is concerned, our proposed method works best
because the thin layers indicated by the red arrows can be distin-
guished in Fig. 9d while they cannot well be identified in Fig. 9b and
Fig. 9c. For quantitative comparison, we compute the correlation
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coefficient between the synthetic seismogram and the through-
well trace in Fig. 9. The correlation coefficients of Fig. 9a—9d are
0.3571, 0.5948, 0.6107 and 0.7351, respectively. This clearly illus-
trates that the method proposed in this paper is also superior to the
other two methods in terms of the reliability of the processing
result. In summary, the proposed method is a reliable technology
that can simultaneously improve the resolution and S/N of seismic
data, and has promising applications in lithologic reservoir iden-
tification and characterization.
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4. Conclusions

In this paper, we propose a novel processing method for
simultaneous denoising and resolution enhancement of seismic
data. Specifically, this method employs the elastic convolution
dictionary learning developed in this paper as a theoretical
framework to solve the problem that the resolution enhancement
effect is restricted by noise. To this end, we first develop a weighted
convolutional sparse representation paradigm to encode the noisy
data to obtain the optimal approximation of the effective signal in
the dictionary domain. To enhance the seismic resolution, we then
propose a new approach for constructing the high-resolution
convolution dictionary, whose steps include modeling the spectra
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of the learned dictionary atoms, designing the desired spectra for
the atoms with a parameter scaling strategy, and broadening the
atomic spectrum using matched filtering technology. By adding up
the convolution result between the optimal sparse approximation
of the effective signal and the constructed high-resolution dictio-
nary, we finally reconstruct the seismic data with both high reso-
lution and high S/N. We use a synthetic record and a field seismic
section to examine the accuracy of the proposed method. Our re-
sults demonstrate that, in comparison to the conventional decon-
volution and spectral whitening methods, the proposed method is
more competitive in seismic applications and can provide reliable
supporting data for fine exploration and development of oil
reservoirs.
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demonstrate that the proposed method works best.
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