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Time-lapse imaging and inversion of decentralized Dispersed Source Array seismic data
Matteo Caporal*, Gerrit Blacquiére and Shan Qu, Delft University of Technology

SUMMARY

In Dispersed Source Arrays (DSA) acquisitions, traditional
broadband seismic sources are replaced (or supported) with
dedicated narrower band devices with different central fre-
quencies, blended together to cover the entire temporal and
spatial bandwidth of interest. The recent advances in un-
manned systems technology and the improved operational
flexibility enabled by the limited dimensions of most DSA de-
vices may be beneficial to the data acquisition efficiency. In
fact, with DSAs the use of relatively simple autonomous de-
vices becomes a practical proposition for seismic surveys. In a
marine environment we might consider employing several au-
tonomous source boats at the same time, while on land a com-
bination of autonomous source trucks of varied dimensions
and designs is suggested. This abstract presents a real-time
decentralized and automated approach to acquisition design in
order to handle the larger number of sources simultaneously
operational in the field. Additionally, using the Simultaneous
Joint Migration Inversion (SIMI) technology it is possible to
reliably recover time-lapse information despite the significant
mismatch between baseline and monitor survey geometries in-
troduced by the decentralized acquisition method.

INTRODUCTION

The past decade has seen some substantial growth in the in-
terest towards the Dispersed Source Arrays (DSA) acquisi-
tion method (Berkhout, 2012; Tsingas et al., 2016; Caporal
et al., 2017). With this novel technology, geophysicists aim
at acquiring more effectively broadband seismic data in order
to improve image quality and reservoir characterization. The
conventional methodology to acquire broader-bandwidth data
consists of producing more energy at all frequencies utilizing
broadband sources. From a practical point of view, a signifi-
cant effort is required to profitably produce and operate such
sources and often it is unavoidable to accept a trade-off be-
tween transmission efficiency, costs and operational flexibility.
Traditional broadband sources are replaced (or supported) by
several devices individually transmitting diverse and reduced
frequency bands and covering together the entire bandwidth
of interest. Addressing specific attention to the manufacture
of different narrowband source units can drastically improve
their signal emission properties and simplify their production.
Furthermore, the devices dedicated to the transmission of the
higher frequencies may be smaller and less powerful than con-
ventional sources (Laws et al., 2008; Kragh et al., 2012), pro-
viding the acquisition system with increased operational flex-
ibility. In fact, provided that the signal to noise ratio is ac-
ceptable, the required number of source units (and/or shots)
producing the lower significant frequencies is relatively small.
The concept received growing attention in the last years and
new FWI-friendly ultralow (1-5 Hz) frequency seismic sources
have already been developed both for land and offshore envi-
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ronments (Reust et al. 2015, Dellinger et al. 2016).

We propose to coordinate the DSA devices simultaneously op-
erational in the field, in a fully or semi decentralized and auto-
mated manner. In particular, every unit must be able to modify
in real-time its own behavior (the moving speed and direction)
in order to promptly adapt to environmental changes such as,
for instance, the presence of an unexpected obstacle on its path.
To do so, we chose a specific decentralized approach called ar-
tificial potential field method (Khatib, 1986) which proves to
be particularly flexible in such situation.

In the following sections, we will first present in more detail
the concepts of decentralization and artificial potential field
method. Secondly, using the Full Waveform Migration method
(FWM, Davydenko and Verschuur, 2017), a numerical exam-
ple of inversion of decentralized DSA data acquired follow-
ing this scheme is shown. Finally, we prove that, by choosing
the Simultaneous Joint Migration Inversion method (SJMI, Qu
and Verschuur, 2016), it is possible to efficiently deal with the
significant changes in the survey geometry introduced by the
non-repeatable nature of the suggested acquisition approach.

DECENTRALIZATION

Recently, decentralized system architectures inspired great ad-
vances in automation technology and new approaches to the
coordination of large numbers of relatively simple devices or
robots. This branch of robotics is referred to as swarm robotics
(Bayindir and Sahin, 2007), emphasizing the analogy with nat-
ural sciences. In fact, this kind of system organization can be
easily found in nature and it is commonly used, for instance,
by certain insect colonies. Functions, powers and tasks are re-
distributed from a central location or authority and the com-
plex behavior of the system originates in independent deci-
sions made by lower level components operating on local in-
formation. From a practical point of view, the reliability of
a swarm coordination method can be measured on the basis
of three key characteristics: robustness, flexibility and scala-
bility. Robustness can be defined as the capacity of a system
to tolerate failures of single system components, flexibility is
the capacity of a system to adapt to unexpected complications
and dynamic environments while scalability is the ability of
a system to support a smaller or larger number of individuals
without appreciably impacting the overall performance.

Under this perspective, an efficient and reliable real time co-
ordination method which is particularly suitable for the orga-
nization of DSA acquisition systems is the artificial potential
field method (Khatib, 1986). Following this approach, each
seismic source moves in a virtual field of forces influencing
the target acquisition area. The position to be reached (in
case there is any) is an attractive pole, while every obstacle
on the field, including other source devices and optionally the
target area boundaries, acts as a repulsive surface (Figure 1).
The method essentially acts as a fastest descent optimization
procedure forcing the source units to avoid collisions and to
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remain within the boundaries of the region of interest. Out-
side the obstacles region of influence, the source is forced to
move towards the attractive poles, for instance the recovery
point or a poorly sampled area, or to move forward along its
path. Artificial potential field functions can be updated with
the aid of real-time data (for instance AIS and radar signals)
or, when available, with the aid of more sophisticated tools
aimed at improving the situational awareness (Endsley, 1995)
of the highly dynamic acquisition systems. An excellent ex-
ample of a software solution that provides a spatial and tempo-
ral overview of all simultaneous operation taking place during
marine seismic acquisitions has been developed by Pember-
ton et al. (2015). Geological and ecological prior information
about the region of interest, from previous surveys or geologi-
cal and environmental studies, may also be integrated.

-

Attractive Potential

Repulsive Potential

I

Total Potential

Figure 1: Example of artificial potential field functions with
two obstacles and one target point (left corner).

NUMERICAL EXAMPLE: FULL WAVEFORM MIGRA-
TION OF DECENTRALIZED DSA DATA

In this section we will present migration outputs from decen-
tralized DSA data simulated with a real-time path coordination
approach based on the artificial potential field concept. We will
then compare this result with the one obtained from a central-
ized DSA dataset acquired on a regular shot grid.

The method utilized to perform the inversion is the so called
Full Waveform Migration (FWM, Berkhout, 2014a; Davydenko
and Verschuur, 2017). This algorithm aims at constructing the
image iteratively from the reflection response, involving the
exploitation of the internal and, optionally, the surface related

© 2018 SEG
SEG International Exposition and 88th annual Meeting

multiples. The inversion is driven by the residual between the
modeled data (zero for the first iteration) and the measured
data, which defines the update of the reflectivities for the fol-
lowing iterations of the algorithm. The modeled wavefield can
take into account all the coda and the transmission effects, thus
the observed data is explained in the correct (non-linear) way
and multiple scattering contributes to the imaging, rather than
compromising it. The amplitude and phase properties of the
seismic data are decoupled and separately given by so called
scattering and propagation operators, respectively. As a con-
sequence, the nonlinearity in migration and inversion is de-
creased significantly (Berkhout, 2014a).

The numerical example is based on the 3D SEG EAGE salt
model. The velocity model used as reference is shown in Fig-
ure 3a, while the density model is considered to be homo-
geneous. Note that the three visible sections of the velocity
model shown in Figure 3a portray three orthogonal slices from
inside the model. The horizontal slice (top-left) is located at
z="750 m. The slice on the bottom-right is located at x = 1000
m and the slice on the bottom-left corner is located at y = 1000
m. The model is 2000 m wide along both horizontal directions
and 1000 m deep. Four different DSA units were considered:
ultralow- (2-6 Hz), low- (5-15 Hz), mid- (10-30 Hz) and high-
frequency sources (20-60 Hz). For both simulations, 8 source
boats per type were deployed simultaneously except for the
ultralow frequency sources, where 4 boats were deployed in-
stead. The shot interval is irregular in order to distribute the
blending noise more uniformly (between 10 m and 20 m for
the high-frequency units, between 20 m and 30 m for the mid-
frequency units, between 30 m and 70 m for the low-frequency
units and between 50 m and 100 m for the ultralow-frequency
units). The same survey duration is considered for the two ex-
periments. For the decentralized case (Figure 2a), the sources
are left free to sail within an artificial potential field generated
as described in the previous section. No offline path-planning
is computed beforehand. For the centralized case (Figure 2b),
the source boats sail along straight lines parallel to both hor-
izontal axes. The crossline spacing between lines is constant
and equal to 100 m for the ultralow-frequency sources, 50 m
for all other sources.

On the receiver side, a total of 6 floating nodes is chosen. One
is placed at the center of the area of interest while the others
are evenly spaced around it along a circumference of 250 m
radius. Each node is positioned at a depth of 250 m below the
water surface, 50 m above the ocean bottom. The receivers are
recording continuously, and the result of this blended exper-
iment is one single supertrace per node. The data inversion
is performed without deblending (i.e., the inversion uses the 6
supertraces). All internal multiples were utilized and not re-
moved in the inversion process.

The FWM results are presented in Figure 3b-c. The same
slices as for the velocity model are portrayed. With these
acquisition settings, we do not expect to properly image the
whole model, especially in the larger offsets but we can see
that at the final iteration the crosstalk and the blending noise
are largely suppressed in both cases and the inversion results
are comparable. This example proves that it is not strictly nec-
essary to acquire data on a regular grid in order to obtain good
inversion results as far as good coverage is guaranteed.
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Figure 2: Source side acquisition geometries for the decen-
tralized (a) and decentralized (b) simulations. Different colors
correspond to different source types. The green triangles indi-
cate the position of the ocean bottom nodes.

NUMERICAL EXAMPLE: SIMULTANEOUS JOINT MI-
GRATION INVERSION OF DECENTRALIZED DSA DATA

As shown in the previous sections, decentralized DSA surveys
are non-repeatable by nature. It is thus crucial to find a robust
and reliable strategy to properly handle time-lapse data. We
propose a seismic monitoring method based on the so-called
Joint Migration Inversion (JMI), an extension of the FWM al-
gorithm including autonomous velocity updating (Berkhout,
2014b). Being an inversion-based method, JMI does not re-
quire baseline and monitor acquisition geometries to exactly
match in order to accurately estimate time-lapse perturbations,
provided that the subsurface illumination is adequate (both with
primary and multiples energy, Verschuur et al., 2014). Further-
more, it has been demonstrated (Wason et al., 2014; Qu and
Verschuur, 2017) that time-lapse acquisition geometry changes
can even provide additional information and improved moni-
toring results. In the light of these considerations, we propose
to invert decentralized DSA time-lapse data with the so-called
Simultaneous Joint Migration Inversion (SIMI, Qu and Ver-
schuur, 2016, 2017), which combines JMI with simultaneous
time-lapse data processing by inverting baseline and monitor
data contemporaneously.

The numerical example is based on a modified version of the
well-known Marmousi model. The velocity and reflectivity
models used as reference are shown in Figure 4a-b, together
with the time-lapse differences (c-d). Concerning the time-
lapse changes, two gas sand traps and one oil sand trap were
embedded in the model. Respectively, water-gas replacements
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Figure 3: Reference velocity model (a) and 3D images of de-
centralized (b) and centralized (c) DSA data.

modify the reservoir velocity causing an increase of 150 m/s
while injection reduces the reservoir velocity by 200 m/s. Ad-
ditionally, pressure perturbations and water velocity variations
caused by temperature fluctuations are also considered. In-
ternal multiple and ghost signals are not removed both in the
modeling and in the inversion, see Caporal and Blacquiere
(2016) for a more detailed discussion on how to include them
in the inversion procedure.

The inversion results of three distinct time-lapse acquisition
scenarios are compared hereafter. In each case, three differ-
ent source types were utilized: ultralow- (2-8 Hz), low- (5-
20 Hz) and mid-frequency sources (10-40 Hz). In the first
time-lapse acquisition scenario, repeated regular baseline and
monitor survey geometries were considered. The source sam-
pling for the ultralow-, low- and mid- frequency sources is
regular and equal to 100 m, 40 m and 20 m, respectively. In
the second and third acquisition scenarios, the acquisition ge-
ometries are non-repeated. In one case, a regular baseline
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Figure 4: Reference velocity and reflectivity models for the
baseline survey (a-b) and time-lapse changes (c-d).

survey is followed by a decentralized monitor survey. In the
other case, both baseline and monitor surveys are decentral-
ized (non-repeated). For the decentralized surveys, the same
number of shots per source type as for the regular surveys is
randomly distributed along the surface to simulate a fully de-
centralized acquisition. On the receiver side, the channels den-
sity and locations were not modified. The geophone interval is
regular and equal to 20 m. The inverted time-lapse image and
velocity for each acquisition scenario are presented in Figure
5. Itis shown that SJMI can provide most time-lapse informa-
tion in each case while no substantial degradation in the overall
quality is introduced by the survey geometry mismatch in the
decentralized acquisition scenario.

CONCLUSIONS

A major practical advantage of the Dispersed Source Array
(DSA) concept is that most of its source units are smaller and
less powerful than conventional sources providing the acqui-
sition system with increased operational flexibility. To han-
dle the larger number of sources simultaneously operational
in the field, which is difficult in conventional centralized sur-
veys, we propose to organize the acquisition system in an au-
tomated and decentralized manner. By applying this strategy
it is possible to produce valid results even without path plan-
ning. A hybrid approach, which involves real-time automated
path adaptations of a simple predetermined plan with the aid of
live positional data, is expected to further improve this result.
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Finally, using the SIMI technology it is possible to reliably re-
cover time-lapse information even with a significant mismatch
between baseline and monitor survey geometries (e.g. decen-
tralized DSA).
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Figure 5: Inverted time-lapse results for: repeated regular
baseline and monitor survey geometries (a, d), regular base-
line and decentralized monitor surveys (b, e), non-matching
decentralized baseline and monitor surveys (c, f).
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