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ABSTRACT - The seismic data interpolation method has been widely used to increase the fold coverage in
seismic data processing. This technique could be applied to convert multi-2D lines into pseudo-3D, which
is an alternative to obtaining 3D seismic volume data due to the relatively high acquisition cost. However,
the quality of the seismic interpolation results is not the same as the real 3D seismic data acquisition
results. This study concientiourly analyzed these differences to understand how accurate the results were.
There are two methods used for data interpolation, especially Unaliased f-k trace interpolation (UFKI) and
Regularized Interpolation Nonstationary Autoregression (RNA) methods, which are applied to 2D pre-
stack data to increase the fold coverage and 3D data to convert multi-2D lines into pseudo-3D. Then, the
interpolation results on the pre-stack data are evaluated on the 2D and 3D data, and an amplitude change is
analyzed. It is done to test whether the amplitude of the seismic data from the interpolation results is still
relatively preserved based on the evaluation results of the changes in the AVO response. The results show
that the interpolation process in the receiver and shot gather domain (UFKI and RNA) could increase the
fold coverage and maintain the relative amplitude preservation and AVO response.
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INTRODUCTION temporal sampling. This would result in a Nyquist
frequency of up to 125 Hertz. Increasing the temporal
sampling to two milliseconds or one millisecond will
increase the frequency of the seismic data. Spatial
sampling is as important as temporal sampling;
if temporal sampling is associated with vertical
resolution, then spatial sampling is associated with

Seismic data interpolation has been widely used
and applied in seismic data processing for various
purposes. The quantity of seismic data sampling
significantly affects the quality, especially with
respect to the frequency content. For example,
consider seismic data with a four-millisecond
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lateral resolution. Improving the temporal resolution
of seismic data is easy and cheap, but increasing
the lateral resolution is very expensive because
it requires more seismic acquisition equipment,
time, and human resources (Liu and Fomel, 2011);
(Lan et al., 2022); (Triyoso et al., 2023). Seismic
data with sparse spatial sampling will result in
poor quality seismic data processing results. For
example, when the Radon transform algorithm is
used in applications, it fails if the common depth
point spacing is too large. Under these conditions,
spatial aliasing occurs, which prevents the algorithm
from successfully demultiplying (Foster and Mosher,
1992); (Zhang et al., 2019).

The interpolation method could be applied
to sparse spatial sampling data to obtain a denser
spatial sampling. The smaller spatial sampling of the
data improves the quality of the seismic processing
results. The interpolation method can be applied
to sparse spatial sampling data to obtain a denser
spatial sampling. The denser spatial sampling will
improve the quality of the seismic processing results.
Figure 1 shows the results of seismic migration on
seismic data with sparse to dense spatial sampling
(Spitz, 1991).

The results show that denser spatial sampling
produces a more reliable subsurface structure
model.(Trad, 2009) and others (Carozzi and Sacchi,
2019); (Zhang et al., 2019); (Bayati and Trad, 2023)
interpolated the 3D seismic data to increase the fold
coverage, and then compared the data processing
results of data with and without interpolation.
Figure 2 shows the result of data processing with
interpolation, which shows an increase in quality
compared to without interpolation. The data

processing results become more reliable as the
interpolation increases the fold coverage of the data.
Various interpolation methods have been developed
and widely used in seismic data processing. Some
methods are applied in the frequency domain and
some in the time domain. (Giiliinay and Chambers,
1996) and others (Xie et al., 2020); (Cao et al., 2020)
introduce the unaliased f-k trace interpolation (UFKI)
method in the frequency domain, which has been
used for a long time. (Fomel, 2009) and others (Liu
and Fomel, 2011); (Liu and Chen, 2018); (Liu et
al., 2019) introduce the Regularized Nonstationary
Autoregression (RNA) interpolation method in the
time domain. (Triyoso et al., 2020) and (Mubhtar et
al., 2021) showed the application of the Common
Reflection Surface (CRS) as an alternative method
for seismic interpolation in the time domain.

It is important to better understand the advantages
and disadvantages of time and frequency domain
interpolation applications. This knowledge allows
for optimal decision making when applying these
techniques. The f-k interpolation method uses the
low-frequency non-alias portion of the data to
interpolate the high-frequency alias. Therefore, it
can properly handle the spatial domain.

The application of seismic data interpolation
that has also been widely used is interpolation to
convert multi-2D line data into 3D seismic data
volume. It is called pseudo-3D. The pseudo-3D
seismic acquisition is a seismic acquisition with
2D geometry where the distance between the lines
is dense, namely 50m to 200m. The main reason
for performing pseudo-3D seismic acquisition is
cost, which is much cheaper than true 3D seismic
acquisition.
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Figure 1
Result of seismic migration of 75m (left) and 25m (right) spatial sampling (Spitz, 1991). It shows that denser spatial
sampling produces a more reliable subsurface structure model.
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Figure 2
Fold coverage before (A) and after (B) interpolation; stack data before (C) and after (D) interpolation (Trad, 2009).
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Figure 3
The 2D muiltiline (left), 2D multiline time slice (middle), and pseudo-3D time slice (right) (Riandy 2014).

For example, (Riandy, 2014) interpolated
seismic data from 2D seismic multiline data with
an intertrack distance of about 50m to a 3D seismic
volume with an inline to xline distance of 12.5m. This
seismic data interpolation is performed on post-stack
data prior to migration to 3D post-stack data, then 3D
post-stack migration is performed. The conversion of
multi-2D line data into 3D seismic volumes showed

excellent results in increasing lateral resolution. This
can be seen in Figure 3 below.

The most important thing to note about the
seismic interpolation results is to evaluate whether
the result still retains the preserved amplitude.
In other words, it is essential to see whether the
seismic data that has undergone the interpolation
process is still feasible for advanced processing and
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further work in reservoir characterization, such as
AVO analysis for hydrocarbon detection, seismic
inversion, or multi-attribute analysis.

The motivation of this study is to compare
the unaliased f-k trace interpolation (UFKI)
and regularized nonstationary autoregression
(RNA) interpolation methods in relative amplitude
preservation. Therefore, the AVO response of 2D and
3D seismic as the interpolation results are discussed
in this study. The interpolation of 2D seismic data
focuses on pre-stack interpolation to increase the
fold coverage. In contrast, the interpolation of 3D
seismic data will focus on multi-2D line conversion
into pseudo-3D seismic data of the partial stack of
near and far offsets.

METHODOLOGY

The UFKI method was proposed by (Giiliinay
and Chambers, 1996, 1997) and others (Xie et al.,
2020); (Cao et al., 2020) - the frequency domain
technique that has long been used in seismic data
processing. (Fomel, 2007, 2009) and others (Liu
and Fomel, 2011); (Liu and Chen, 2018); (Liu et
al., 2019) introduced the RNA interpolation method
in the time domain. Thus, understanding the basic
theory of these two methods would make it easier to
compare the advantages and disadvantages of these
two methods.

Data

Two types of data are used in this study: synthetic
2D and 3D seismic data. In the case of 2D seismic
data, the analysis was performed using synthetic
data from the Marmousi-2 model (Martin et al.,
2006), which consists of volume Vp, Vs, and density.
Preserved amplitude analysis was performed using
AVO analysis on the Water Wet Sand, Oil Sand,
and Gas Sand zones so that the effect of amplitude
changes due to the interpolation process can be
known with certainty. In the case of 3D seismic data,
the analysis was performed using offshore seismic
data from the Penobscot area, Sable Islands, Canada.
The data have been processed by prestack time
migration (PSTM). The objective is to evaluate the
effect of interpolation on the reservoir distribution
from the seismic attributes of P and S impedance.

Unaliased f-k Trace Interpolation (UFKI)

The algorithm of unaliased f-k domain trace
interpolation (Giiliinay and Chambers, 1996, 1997);
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(Xieetal., 2020); (Cao et al., 2020) can be shown as
follows (Figure 4).

Regularized nonstationary autoregression (rna)
interpolation method

(Liu and Fomel, 2011) and others (Liu and Chen
,2018); (Yang et al., 2020) have made significant
contributions to the development of interpolation
techniques for aliased seismic data. Their approach,
which includes adaptive prediction error filtering
and regularized nonstationary autoregression, has
shown promising results in effectively interpolating
aliased seismic data. As a result, these methods
have improved the ability to interpret and analyze
subsurface structures in seismic data. Instead of
cutting the data into overlapping windows (patching),
a popular method for dealing with nonstationarity,
they obtain smooth nonstationary PEF coefficients by
solving a global regularized least-squares problem.
They used the two-step strategy similar to that
of (Claerbout, 1992) and others (Crawley, 1998,
1999); (Yang et al., 2020). However, they computed
the adaptive prediction error filter (PEF) using
regularized nonstationary autoregression (Fomel,
2009); (Liu and Fomel, 2011); (Liu and Chen, 2018)
to deal with nonstationarity and aliasing. The key
idea is shape regularization (Fomel, 2007); (Liu and
Fomel, 2011); (Liu and Chen, 2018) to constrain the
spatial smoothness of the filter coefficients. (Fomel,
2007, 2009) and others (Liu and Fomel, 2011); (Liu
and Chen, 2018); (Liu et al., 2019) define a stationary
data regression formulation as follows,

N

e(x) = m(x) —Zaksk(x) 1

k=1

Where, e(x): error, m(x): master signal, S(x):
slave signal, a : regression coefficient and x: space

The RNA interpolation has two steps, such as
the PEF estimation and the second step of applying
the PEF to estimate the data interpolation (Liu and
Fomel 2011); (Liu and Chen 2018); (Liu etal. 2019).
PEF estimation can be written as follows,

N
By(1,x) = argmin||S(r,x) = > Ba(t.0)S( —ix—j)|3
" n=1
(2)

N
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Figure 4
The UFKI interpolation flowchart (Gilinay and Chambers, 1996, 1997).

where S (t,x) = S(t - mAt,x - m, \)» representing
the causal translation of S(t,x), with the temporal
shift index i and the spatial shift index j scaled by
the decimation interval m. Note that the predefined
constant m uses the interlace value as the interval;
i.e., the shift interval is equal to 2. The subscript n is
the general shift index for both time and space. The
total number of i and j is N. D is the regularization
operator, and ¢ is a scalar regularization parameter.
All coefficients Bn(t,x) are estimated simultaneously
in a time-space variant manner. This approach has
been described by (Fomel, 2007) and others (Liu
and Fomel, 2011); (Liu and Chen, 2018); (Liu et al.,
2019) as regularized non-stationary autoregression
(RNA)..

In the second step, the Bn prediction coefficient
is used to estimate the empty trace on incomplete
aliased data S(t,x). The formulation of the data
interpolation estimates is as follows,

N
S(t,x) = argmin||S(t.x) - D Bat.x)se—ix=7)3  (3)

n=1

Where B is the prediction coefficient obtained
from the PEF estimation, S(z,x) is the interpolated
data, S(t,x) is incompletely aliased data, i.e., the
known input data (S, ) inserts an empty trace between
each trace (S), S(t-i"x-j') is the translation of S(z,x)
in time and space.

RESULT AND DISCUSSION

2D Seismic data

The synthetic data obtained from forward mod-
eling is divided into three datasets. The first dataset
contains the initial forward modeling results. The
second dataset expands upon seismic interpolation
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by applying trace decimation with a ratio of'4:1 using
the UFKI method, as shown in Figure 5. The final
dataset is created by interpolating data using the RNA
method. All three datasets are processed with identi-
cal parameters and flow for comparative purposes.
RMS velocity analysis is conducted exclusively on
the original dataset. The results are then applied to the
UFKI and RNA interpolated datasets. This strategy
ensures that amplitude alterations in the interpolated
data stem exclusively from the interpolation process,
not parameter or velocity discrepancies. This section
explains the procedure for processing 2D synthetic
data from forward modeling. The processed results
are then compared directly with the original data and
outputs from UFKI interpolation and RNA to evalu-
ate the strengths and weaknesses of each method.

Data Decimation

In forward modeling, the data is reduced by a
4:1 ratio based on the direction of both the shot point
and the receiver. The geophones were initially spaced
12.5 m apart, but this is expanded to 50 m in the pro-

cessed data. Similarly, the distance between original
shot points, initially set at 25 m, is extended to 100
m. This transformation is shown in the table below.

The data that has been reduced by decimation is
then reorganized with new headers to create a CMP
gather, as illustrated in Figure 5. Panel (a) shows
the CMP gather before decimation, while panel (b)
shows it after decimation.

Data Interpolation

The decimated data is interpolated in the direc-
tion of both the shot point and receiver at a ratio
of 1:4. This ensures that the distance between the
geophone and the shot point reverts to that of the
original data. The interpolation process involves
two stages: first in the geophone direction, then in
the direction of the shot point. Figure 6 illustrates
the outcome of interpolation in the receiver direction.
Figure (a) shows the original data, (b) displays the
results after UFKI interpolation, and (c) features the
results following RNA interpolation.

Table1
Geometry data before and after decimation

Original After Space
Data Given
Receiver amount 240 60
Receiver Space 12,5m 50 m
Shotpoint Space 25 m 100 m
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Figure 5

CMP gather before decimation (a) and after decimation (b).
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Figure 6
The results of the interpolation based on the receiver direction can be observed in three stages: (a) illustrating the
original data, (b) post-UFKI interpolation, and (c) following RNA interpolation.

100

150 0 50 100 150

Figure 7
The results of the interpolation based on the direction of the shot point can be observed in three stages: (a) illustrating
the original data, (b) post-UFKI interpolation, and (c) following RNA interpolation.

2D Interpolation analysis

The document presents an analysis of the
effect of Interpolation on the Amplitude Versus
Offset (AVO) response on synthetic data from the
Marmousi2 reservoir (Martin et al., 2006). The study
covers three distinct reservoir zones: gas reservoirs
(A), oil reservoirs (B), and water reservoirs (C),
which are detailed in Figure 8. The specifics of
the AVO analysis vary according to the reservoirs.

AVO analysis was conducted on CDP 532 for gas
reservoirs, CDP 789 for oil reservoirs, and CDP 406
for water reservoirs.

The AVO analysis for the gas zone was conducted
at CDP 532. The original data for this gas zone shows
an intercept value (A) of -3.46 and a gradient value
(B) of -13.72. The interpolated data from UFKI
shows an intercept value (A) of -3.44 and a gradient
value (B) of -19.21.
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The Marmousi2 velocity (Vp) model (left) and PSTM stack data processing results (right), (A) gas, (B) oil,
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The AVO response of the gas zone.
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The AVO Response of the water zone
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The data from RNA interpolation shows an
intercept value (A) of -3.54 and a gradient value
(B) of -13.73. The amplitude value changes after the
interpolation process. This is evident from the curve
in Figure 9, which shows that the amplitude value
points differ between the original and interpolated
data. The amplitude of the UFKI interpolation
results appears more spread out, while the RNA
interpolation results appear smoother. Although
the amplitude’s absolute value has changed, the
intercept and gradient values of the interpolated data
have not changed significantly. The intercept values
have only changed by 0.6% for UFKI and 1.7%
for RNA compared to the original data. The UFKI
interpolation resulted in a 40% change in the gradient
value, while the RNA changed by only 0.1%.

AVO analysis was performed on CDP 789 in the
oil zone. Figure 10 displays the original data from
the oil zone with an intercept value (A) of -2.11 and
a gradient value (B) of -10.30. The UFKI interpolated
data has an intercept value (A) of -2.28 and a gradient
value (B) of -11.85. The RNA interpolation data
has an intercept value (A) of -1.87 and a gradient
value (B) of -9.34. The intercept value for the UFKI
interpolation results changed by 8%, while the RNA
interpolation results changed by 11%. It is worth
noting that the gradient value resulting from the
UFKI interpolation changed by 15%, while that of
RNA changed by 9%.

The water reservoir does not exhibit a significant
impedance contrast, and the amplitude with respect to
offset remains relatively constant. Thus, the intercept
and gradient values are close to zero, as depicted in
Figure 11.

3D Seismic Data

Interpolation of 3D seismic data aims to
determine how the process affects the reservoir
distribution map. This analysis utilizes the P
impedance and S seismic attributes obtained from
the partial near and far stack angles using the Fatti
algorithm (Fatti et al., 1994); (Huang et al., 2020);
(Nieetal.,2021). The reservoir being analyzed is the
spread of the sand#5 reservoir from the Missisauga
Formation, as depicted in Figure 12.

The impedance of reservoir sand #5, as shown
in the original data, indicates excellent distribution
and thickness. Mapping of the sand#5 reservoir was
performed by slicing at 2125ms in well L-30 using
horizon D, as illustrated by the arrow in Figure
13. The errors resulting from the UFKI and RNA
interpolation processes were evaluated by comparing
the interpolated map to the original data map. The
error value can be calculated using the following
formula:

Int lated — Original
(Interpolate riginal) % 100% (4)

Error =

Original

VEKRILL CANYON

I11l|.i|.||41||L|J|||||||q“1||uu|u|||uu|m||||u|1||||uu]f|

Figure 12
The correlation of sonic log and synthetic seismogram of well L-30 to seismic tie (Clack and Crane, 1997)
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Figure 13
The P impedance section. The arrow indicates the location of the slice mapping reservoir sand #5

UFKI Interpolation

The distribution map of reservoir sand #5, result-
ing from the UFKI interpolation of P impedance,
closely resembles the original data with a relatively
small error. The error map indicates that the change
in the P impedance distribution map caused by the
UFKI interpolation is minimal, with a maximum of
only 2-5%, as shown in Figure 14. The change in
the S impedance distribution map is slightly more
significant than that of the P impedance, up to 7%,
as shown in Figure 15c.

RNA Interpolation

The distribution map of P impedance from res-
ervoir sand #5, interpolated by the RNA method,
closely resembles the original data with no significant
changes. This is evident from the map error, which is
only around 2-3%, as shown in Figure 16. However,
impedance S shows slightly different results, with a
more significant error map of up to 10%, as shown
in Figure 17.

Both the UFKI and RNA interpolation methods
resulted in minor changes to the P impedance
distribution map, with the reservoir distribution
remaining in the same location and only a small
error of approximately 2-5%. The scattering of
the S impedance resulting from UFKI and RNA
interpolation had a higher error than the P impedance,
but the reservoir scattering distribution did not
differ significantly from the original data. The S
impedance distribution map error resulting from
RNA interpolation is greater than that of the UFKI
method.

The study compared the RNA interpolation
method and the UFKI method and found that the
RNA interpolation method was slower due to its
operation in the time domain and the need for itera-
tion to estimate the PEF prediction coefficient and
interpolations. However, RNA interpolation better
interpolated slanted structures than UFKI despite
producing smoother results. Both UFKI and RNA
changed data amplitude values in the prestack in-
terpolation process to increase fold coverage, but
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there was minimal alteration to the AVO response. impedance values. However, the distribution maps
The 3D seismic volume data was generated using remained unchanged, with an error margin below
an interpolation process based on the Multi 2D line 10%. Notably, there were more significant errors in

(Pseudo-3D), resulting in slightly altered P and S S impedance due to changes in the AVO gradients.
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Figure 14
The P Impedance map from UFKI interpolation results, (a) original data, (b) UFKI interpolation, (c) error
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Figure 15
The S impedance map from UFKI interpolation results, (a) original data, (b) UFKI interpolation, (c) error
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Figure 16
The P impedance map from RNA interpolation results, (a) original data, (b) UFKI interpolation, (c) error
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Figure 17
The s impedance map from RNA interpolation results, (a) original data, (b) UFKI interpolation, (c) error

CONCLUSION

Based on the results of this study, it can be
concluded that the RNA interpolation method
requires a longer processing time than the UFKI
method due to its operation in the time domain and
the need for iteration to estimate the PEF prediction

coefficient and iterations in the interpolation
process. Additionally, the UFKI interpolation
method produces more random noise than the
RNA interpolation method. The RNA interpolation
method is better suited for interpolating slanted
structures compared to the UFKI interpolation
method. However, the results of the RNA method
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are smoother than both the UFKI and original data.
The prestack interpolation process in the receiver and
shot gather domains (UFKI and RNA) increases the
fold coverage but also changes the amplitude values
of the data. Despite this, the AVO response (intercept
and gradient) remains relatively unchanged. The
Multi 2D line interpolation process into pseudo-3D
alters P and S impedance values but does not affect
the distribution map of P and S impedance with an
error below 10%. Due to the interpolation process,
the S impedance error is larger than the P impedance
because the AVO gradient also changes.

The suggestions presented require further testing
and evaluation for future research. The first sugges-
tion is to convert the multi-2D line to pseudo 3D. It
is important to note that the error of the interpolation
result is highly dependent on the complexity of the
subsurface. Therefore, further research is necessary
to evaluate the distance between 2D lines used as
input to obtain the optimal and reliable result. Sec-
ondly, in the case of prestack interpolation, NMO
corrections must be applied before interpolation to
reduce aliasing caused by data skew. Thirdly, when
converting a multi-2D line to pseudo-3D interpola-
tion, it is necessary to compare the 2D interpolation
algorithms (in-line or x-line directions only) with the
3D interpolation algorithms (simultaneous in-line
and x-line directions).
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GLOSSARY OF TERMS
Symbol Definition
UFKI Unaliased f-k Interpolation
RNA Regularized
Nonstationary Autoregression
PEF Prediction Error Filter
PSTM Pre-stack Time Migration
NMO Normal Move Out
AVO Amplitude Versus Offset
CDP Common Depth Pointc
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