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(54) Systems and methods for randomizing firing times of simultaneous sources in marine surveys

(57) Computational systems and methods for rand-
omizing the order in which multiple sources are fired in
simultaneous source acquisition are described. In one
aspect, pseudo-randomly shifted time delays are gener-
ated for each shot interval of a marine-survey-time line.
Each shifted time delay is assigned to one or the sources.
The sources within each shot interval are fired based on
the shifted time delays.
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Description

BACKGROUND

[0001] In the past few decades, the petroleum industry
has invested heavily in the development of marine seis-
mic survey techniques that yield knowledge of subterra-
nean formations beneath a body of water in order to find
and extract valuable mineral resources, such as oil. High-
resolution seismic images of a subterranean formation
are essential for quantitative seismic interpretation and
reservoir monitoring. For a typical marine seismic survey,
an exploration-seismology vessel tows a seismic source
and the same, or another vessel, tows one or more
streamers that form a seismic data acquisition surface
below the surface of the water and over a subterranean
formation to be surveyed for mineral deposits. The vessel
contains seismic acquisition equipment, such as naviga-
tion control, seismic source control, seismic receiver con-
trol, and recording equipment. The seismic source con-
trol causes the seismic source, which is typically an array
of source elements, such as air guns, to produce acoustic
impulses at selected times. The seismic source is often
described as being "fired" or "shot" to produce the acous-
tic impulse. Each acoustic impulse is a sound wave that
travels down through the water and into the subterranean
formation. At each interface between different types of
rock, a portion of the sound wave is transmitted and an-
other portion is reflected back toward the body of water
to propagate toward the surface. The streamers towed
behind the vessel are elongated cable-like structures.
Each streamer may include a number of seismic receiv-
ers or multi-component sensors that detect pressure and
particle motion wavefields associated with the sound
waves reflected back into the water from the subterrane-
an formation. With conventional seismic data acquisition,
seismic data generated by the receivers is recorded over
a finite period and is considered to emanate from a single
source. In a simultaneous source acquisition, multiple
sources are fired within a small time window called a
"shot interval" and the recorded seismic data cannot be
considered to emanate from a single source but from
multiple sources recorded with a time overlap. Process-
ing methods should take these overlapping recordings
into account. One way to do so is to actively separate
the recorded data over the sources and for all gathers it
can be assumed that acoustic energy emanates from a
single source. The petroleum industry seeks systems
and methods that reduce seismic interference in the seis-
mic data generated by the receivers for simultaneous
source acquisition.

DESCRIPTION OF THE DRAWINGS

[0002]

Figures 1A-1B show top and side elevation views of
an example marine seismic data acquisition system.

Figure 2 shows a ship track and marine-survey-time
line for a marine seismic acquisition system.
Figure 3 shows a histogram of an example of random
seed time delays for the eight sources.
Figure 4 shows a representing of time delays using
time dials.
Figure 5A shows a shot interval divided into duration
groups.
Figure 5B shows an example listing of duration group
time intervals.
Figure 6 shows a random ordering of duration
groups.
Figure 7 shows a round-robin schedule of random
ordered duration groups shown in Figure 6.
Figure 8 shows a marine-survey-time line with a first
shot interval expanded to reveal a sequence in which
sources are fired.
Figure 9 shows an example of shifting time delays
of sources.
Figure 10 shows a marine-survey-time line with first
and second shot intervals expanded to reveal a se-
quence in which sources are fired.
Figure 11 shows an example of shifting time delays
of sources.
Figure 12 shows a marine-survey-time line with three
consecutive shot intervals expanded to reveal a se-
quence in which sources are fired.
Figure 13 shows a flow-control diagram of a method
for randomizing firing times of a simultaneous
source.
Figure 14 shows a flow-control diagram of a method
for shifting time delays called in block 1308 of the
flow-control diagram of Figure 13.
Figure 15 shows one illustrative example of a gen-
eralized computer system that executes a method
for randomizing firing times of simultaneous sources.

DETAILED DESCRIPTION

[0003] This disclosure presents computational sys-
tems and methods for optimizing randomization of the
order in which multiple sources are fired in simultaneous
source acquisition ("SSA"). The multiple sources are fired
in shot intervals separated by waiting periods in which
the sources are not fired. The systems and methods de-
scribed below are directed to pseudo randomizing the
order in which the sources are fired within each shot in-
terval. The order in which the multiple sources are fired
in a shot interval is pseudo randomized so that receiver
data processing methods can optimally separate record-
ed data from individual source gathers. In other words,
the methods and systems pseudo randomize the firing
times of the multiple sources in the shot intervals such
that each source is fired at a different time and the time
difference between firing any two consecutive sources
is greater than a specified parameter.
[0004] In conventional seismic data acquisition, data
generated by the receivers and recorded over a finite
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time period is considered to come from a single source.
In SSA, the seismic wavefields generated by multiple
sources contribute to the data generated over a finite
time period by the same set of receivers. Alternatively,
receiver data can be generated and recorded continu-
ously, where the recorded energy from different sources
interferes with each other. The aim of SSA is to reduce
the time to acquire the seismic data, and/or to increase
the diversity of the data in terms of fold, azimuth, and
offsets.
[0005] One approach to processing receiver data is to
separate the sources, such that single source data gath-
ers are obtained as if the interference between the sourc-
es never existed. This approach is called "active sepa-
ration," which benefits from randomly firing multiple
sources. With active separation, one of the multiple
sources is selected as a primary source and the receiver
data are aligned with the firing time of the primary source
and is sorted in an appropriate domain, such as common
receiver domain or common offset domain. Ideally, ran-
domized firing times for the multiple sources is manifest
so that the energy from the remaining secondary sources
will interfere and appear incoherent, whereas the receiv-
er data from the primary source will appear as coherent
energy. As a result, methods that separate the sources
in time based on coherency filtering can be used. How-
ever, strategies for randomizing time delays for the sourc-
es in SSA may lead to secondary source energy that
appears coherent in the seismic data generated by the
receivers, which may happen when, within a certain
number of shot intervals, two or more delay times for any
of the simultaneous sources are identical or close to each
other. As a result, when coherency-based separation
techniques are used, the coherency filter acting over a
certain time-space window is not able to determine that
the energy from the secondary sources is incoherent,
leading to suboptimal results.
[0006] By contrast, computational systems and meth-
ods described below use a multiple-source randomiza-
tion technique where the order or sequence in which the
multiple sources are fired is randomized from shot inter-
val to shot interval in order to avoid coherence in the
energy output from the secondary sources. The rand-
omized firing order for the multiple sources ensures that
within the operator length of the separation technique,
the firing time differences between subsequent traces in
the space-time window is large enough for the secondary
source energy to become incoherent.
[0007] Figures 1A-1B show a top view and side-eleva-
tion view, respectively, of an example marine seismic
data acquisition system composed of four exploration
seismology survey vessels 101-104. As illustrated, each
of the survey vessels tows at least one of eight separate
sources denoted by S1, S2, S3, S4, S5, S6, S7, and S8.
The sources S1-S8 are an example of a "simultaneous
source," the operation of which is described in greater
detail below. In particular, survey vessel 101 tows the
source S1, survey vessel 102 tows the sources S2 and

S3, survey vessel 103 tows the sources S4 and S5, and
the survey vessel 104 tows the sources S6, S7, and S8.
Different survey designs may entail various different
number and distributions of sources amongst the survey
vessels, which also may vary in number. In Figure 1A,
survey vessel 104 also tows six separate streamers
106-111 located in a body of water. In this example, each
streamer is attached at one end to the survey vessel 104
via a streamer-data-transmission cable. The streamers
106-111 form a planar horizontal receiver acquisition sur-
face with respect to the free surface of the body of water.
However, in practice, the receiver acquisition surface can
be smoothly varying due to active sea currents and
weather conditions. In other words, although the stream-
ers 106-111 are shown as being straight, in practice, the
towed streamers may undulate as a result of dynamic
conditions of the body of water in which the streamers
are submerged. It should be noted that a receiver acqui-
sition surface is not limited to having a horizontal orien-
tation with respect to the free surface 112. The streamers
may be towed at depths that orient the receiver acquisi-
tion surface at an angle with respect to the free surface
112 or so that one or more of the streamers are towed
at different depths. It should also be noted that a receiver
acquisition surface is not limited to six streamers. In prac-
tice, a receiver acquisition surfaces can be composed of
as few as one streamer to as many as 20 or more stream-
ers. Certain embodiments include one or more streamer
towed by one or more of the survey vessels 101-104.
[0008] Figure 1A includes an xy-plane 112 and Figure
1B includes xz-plane 114 of a Cartesian coordinate sys-
tem having three orthogonal, spatial coordinate axes la-
beled x, y and z. The coordinate system is used to specify
orientations and coordinate locations within a body of
water. The x-direction specifies the position of a point in
a direction parallel to the length of the streamers and is
referred to as the "in-line" direction. The y-direction spec-
ifies the position of a point in a direction perpendicular to
the x-axis and substantially parallel to the free surface
and is referred to as the "cross-line" direction. The z-di-
rection specifies the position of a point perpendicular to
the xy-plane (i.e., perpendicular to the free surface) with
the positive z-direction pointing downward away from the
free surface. Streamer depth below the free surface can
be estimated at various locations along the streamers
using depth measuring devices attached to the stream-
ers. For example, the depth measuring devices can
measure hydrostatic pressure or utilize acoustic distance
measurements. The depth measuring devices can be in-
tegrated with depth controllers, such as paravanes or
water kites, that control the depth and position of the
streamers as the streamers are towed through a body of
water. The depth measuring devices are typically placed
at about 300 meter intervals along each streamer. Note
that in other embodiments buoys attached to the stream-
ers 106-111 can be used to maintain the orientation and
depth of the streamers below the free surface.
[0009] In Figures 1A, shaded rectangles 116 represent
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receivers or sensors that are spaced-apart along the
length of each streamer. The streamers 106-111 are long
cables containing power and data-transmission lines that
connect the receivers 116 to seismic acquisition equip-
ment located on board the survey vessel 104. In one type
of exploration seismology, each receiver is a multi-com-
ponent sensor including one or more geophones that
each detect displacement within the body of water over
time by detecting particle motion, velocities or accelera-
tions, and a hydrophone that detects variations in water
pressure over time. The streamers 106-111 and the sur-
vey vessels 101-104 include sophisticated sensing elec-
tronics and data-processing facilities that allow measure-
ments from each receiver to be correlated with absolute
positions on the free surface and absolute three-dimen-
sional positions with respect to an arbitrary three-dimen-
sional coordinate system.
[0010] The sources S1-S8 are each composed of one
or more sources elements, such as water guns, air guns
or marine vibrators, suspended from floats below the free
surface. The air guns and water guns can be selected
with different chamber volumes and arranged in a par-
ticular manner within the array to generate a resulting
acoustic impulse. The marine vibrators may be used in
step function mode to generate a resulting acoustic im-
pulse. In other embodiments, the sources S1-S8 can be
electromagnetic ("EM") field sources. An EM-field source
includes two source electrodes located at opposite ends
of a cable to form an electric bipole transmission antenna,
which is connected to a survey vessel via a source lead-
in cable. An EM-field source electrodes and cable can
be horizontally or vertically arranged. Figure 1B shows
a side-elevation view of the survey vessels 101-104 tow-
ing the sources S1-S8 below a free surface 118 and
above a subterranean formation 120. The streamers
106-111 towed by survey vessels 102-104 are omitted
for convenience. Curve 122 represents a solid surface
at the bottom of a body of water located above the sub-
terranean formation 120. The subterranean formation
120 is composed of a number of subterranean layers of
sediment and rock. Curves 124, 126, and 128 represent
interfaces between subterranean layers of different com-
positions. A shaded region 130, bounded at the top by a
curve 132 and at the bottom by a curve 134, represents
a hydrocarbon-rich subterranean deposit, the depth and
positional coordinates of which may be determined by
analysis of seismic data collected during a marine survey.
As the survey vessels 101-104 move over the subterra-
nean formation 120 the sources S1-S8 produce short
duration pressure waves called acoustic impulses at spa-
tial and temporal intervals as described in greater detail
below. For the sake of convenience, Figure 1B illustrates
an acoustic impulse expanding outward from the source
S1 as a pressure wavefield 136 represented by semicir-
cles of increasing radius centered at the source S 1. The
wavefronts are, in effect, shown in vertical plane cross
section in Figure 1B. The outward and downward ex-
panding portion of the pressure wavefield 136 is called

the "primary wavefield," which eventually reaches the
solid surface 122 of the subterranean formation 120, at
which point the primary wavefield is partially reflected
from the solid surface 122 and partially refracted down-
ward into the solid, subterranean formation 120, becom-
ing elastic waves within the subterranean formation 120.
In other words, in the body of water, the acoustic impulse
is composed of compressional pressure waves, or P-
waves, while in the solid subterranean formation 120, the
waves include both P-waves and transverse waves, or
S-waves. Within the subterranean formation 120, at each
interface between different types of materials or at dis-
continuities in density or in one or more of various other
physical characteristics or parameters, downward prop-
agating waves are partially reflected and partially refract-
ed. As a result, each point of the surface 122 and each
point of the interfaces 124, 126, and 128 becomes a po-
tential secondary point source from which acoustic and
elastic wave energy, respectively, may emanate upward
toward the streamers (not shown) towed by the survey
vessel 104 in response to the acoustic impulse generated
by the source S1 and downward-propagating elastic
waves generated from the pressure impulse. As shown
in Figure 1B, secondary waves of significant amplitude
are generally emitted from points on or close to the solid
surface 122, such as point 138, and from points on or
very close to interfaces in the subterranean formation
120, such as points 140 and 142. Tertiary waves called
"receiver ghosts" are produced by secondary waves that
are reflected from the free surface 118 back towards the
streamers and the subterranean formation 120.
[0011] The secondary waves are generally emitted at
different times within a range of times following the initial
acoustic impulse. A point on the solid surface 120, such
as the point 138, receives a pressure disturbance corre-
sponding to the initial acoustic impulse more quickly than
a point within the subterranean formation 120, such as
points 140 and 142. Similarly, a point on the solid surface
122 directly beneath the source S1 receives the acoustic
impulse sooner than a more distant-lying point on the
solid surface 122. Thus, the times at which secondary
and higher-order waves are emitted from various points
within the subterranean formation 120 are related to the
distance, in three-dimensional space, of the points from
the source S1. It should be noted that acoustic impulses
generated by the other sources S2-S8 expand outward
as pressure wavefields that interact with the subterrane-
an formation 120 is the same manner as the acoustic
impulse generated by the source S1 described above.
[0012] Acoustic and elastic waves, however, travel at
different velocities within different materials as well as
within the same material under different pressures.
Therefore, the travel times of the primary wavefield and
secondary wavefield emitted in response to the primary
wavefield are complex functions of distance from the
source 104 as well as the materials and physical char-
acteristics of the materials through which the primary
wave travels. In addition, the secondary expanding wave-
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fronts may be altered as the wavefronts cross interfaces
and as the velocity of sound varies in the media are tra-
versed by the wave. The superposition of waves emitted
from within the subterranean formation 120 in response
to the primary wavefield is a generally very complicated
wavefield that includes information about the shapes, siz-
es, and material characteristics of the subterranean for-
mation 120, including information about the shapes, siz-
es, and locations of the various reflecting features within
the subterranean formation 120 of interest to exploration
seismologists.
[0013] Subterranean formations located beneath a
body of water can also be investigated using ocean bot-
tom seismic techniques. One example of these tech-
niques is implemented with ocean bottom cables
("OBCs"). The OBCs are similar to the towed streamer
cables described above in that the OBCs include a
number of spaced-apart receivers, such as receivers de-
ployed approximately every 25 to 50 meters, but the
OBCs are laid on or near the water bottom 122. The OBCs
may be electronically connected to an anchored record-
ing vessel that provides power, instrument command and
control, and data telemetry of the sensor data to the re-
cording equipment on board the vessel. Alternatively,
ocean bottom seismic techniques can be implemented
with autonomous systems composed of receiver nodes
that are deployed and recovered using remote operated
vehicles. The receiver nodes may be placed on or near
the water bottom 122 in a fairly coarse grid, such as ap-
proximately 400 meters apart. Autonomous receiver sys-
tems are typically implemented using one of two types
of receiver node systems. A first receiver node system
is a cable system in which the receiver nodes are con-
nected by cables to each other and are connected to an
anchored recording vessel. The cabled systems have
power supplied to each receiver node along a cable, and
seismic data are returned to the recording vessel along
the cable or using radio telemetry. A second receiver
node system uses self-contained receiver nodes that
have a limited power supply, but the receiver nodes typ-
ically have to be retrieved in order to download recorded
seismic data. Whether using OBCs or autonomous re-
ceiver nodes, source vessels equipped with two or seis-
mic sources as described above with reference to Fig-
ures 1A and 1B can be used to generate acoustic im-
pulses at spatial and temporal intervals as the source
vessels move across the free surface.
[0014] Simultaneous sources are not intended to be
limited to eight sources S1-S8 towed by four survey ves-
sels 101-104, as shown in Figures 1A and 1B. In practice,
the number of sources comprising a simultaneous source
can range from as few as two sources to as many as 10
or more sources, and the sources can be distributed over
any suitable number of survey vessels. For the sake of
convenience and brevity, the example set of eight sourc-
es S1-S8 are used to describe methods and systems for
operating a simultaneous source in a pseudo-simultane-
ous manner to achieve temporal overlap in recording of

the wavefields generated by the sources. In general, the
methods described below can be extended to n simulta-
neous sources, where n is an integer greater than "1."
[0015] Figure 2 shows the marine seismic acquisition
system shown in Figures 1A-1B traveling a ship track
represented by a directional arrow 202. Directional arrow
204 represents a marine-survey-time line associated
with operation of the sources S1-S8 as the seismic ac-
quisition system travels the ship track 202. Boxes repre-
sent shot intervals in which the sources S1-S8 are fired,
and double-headed directional arrows 210 represent
waiting periods between shot intervals. For example, the
first three shot intervals 206-208 may have durations of
approximately 1 second and the waiting periods 210 may
range from 6-8 seconds. As the seismic acquisition sys-
tem travels the ship track 202, the sources S1-S8 are
fired in a pseudo-simultaneous manner described below
within each shot interval, and the sources S1-S8 are not
fired during the waiting periods. The pseudo-simultane-
ous manner described below for firing the sources S1-
S8 results in temporal overlap in recording the wavefields
output by the sources. Pseudo-simultaneous firing of the
sources S1-S8 means that each one of the sources S1-
S8 is fired with a unique randomized time delay. The
randomized firing time delays avoid constructive interfer-
ence of the emitted wavefields. Methods for generating
a random distribution of the firing time delays for the
sources S1-S8 are described below.
[0016] Figure 3 shows a histogram of an example of
random seed time delays for the eight sources S1-S8.
Vertical axis 302 identifies the eight sources S1-S8, and
horizontal axis 304 represents an example of a shot in-
terval that ranges from 0 to 1000 milliseconds (i.e., 1
second). All eight of the sources S1-S8 are fired accord-
ing to time delays represented by shaded bars extending
from the source axis 302. The random seed time delays
are randomly determined with the constraint that the ran-
dom seed avoids constructive interference. Note also
that the time delays in the shot intervals are not the same
and cannot be closer than a user specified parameter.
The duration of each time delay corresponds to the length
of each bar and is marked along the time axis 304. For
example, the source S1 is assigned a time delay of 125
ms as represented by the length of bar 306 and the source
S5 is assigned a time delay of 726 ms as represented
by the length of the bar 308. As a result, the set of time
delays shown in Figure 3 is called the "random seed" and
each time delay is called a "random seed time delay."
The random seed is used to determine random time de-
lays for firing the sources S1-S8 in each shot interval.
[0017] Figure 4 shows an alternative way of represent-
ing the random seed time delays with respect to the shot
interval using an inner time dial 402 and an outer time
dial 404. The dials 402 and 404 are used below to illus-
trate the concept of shifting the random seed time delays
and wrapping the shifted time delays that are greater
than the duration of the shot interval described below.
The inner time dial 402 represents the shot interval and
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is composed of a circle with 20 regularly spaced marks
separated by 50 ms. The marks are labeled with points
of time separated by 50 ms in the 1000 ms shot interval.
The outer time dial 404 is composed of a circle with 8
markings that represent the random seed time delays
initially assigned to the sources S1-S8. In the description
below of pseudorandom ordering of the firing times of
the sources S1-S8 in each shot interval, the outer time
dial 404 is rotated with respect to the fixed position of the
inner time dial 402 to illustrate how the time delays
change for different shot intervals.
[0018] For each shot interval of a marine-survey-time
line, the order in which the sources S1-S8 are fired is
pseudo-randomized. The pseudo-randomized order in
which the sources S1-S8 are fired in a shot interval is
determined by adding a pseudo-randomly selected time
shift to the random seed time delays of the sources S1-
S8. A method for pseudo-randomly selecting the order
in which the sources S1-S8 are fired in a shot interval is
now described with reference to Figures 5-12. The du-
ration of the shot interval is divided by the operator length,
which can be the length of a local data window in which
data generated by the receivers is filtered for coherence.
Because seismic data is generated in the form of traces,
the operator length can be defined in terms of the number
of traces in a domain. For example, in order to determine
the filter results for a trace x, an example of a local data
window is defined from trace x - 4 up to trace x + 4. From
these 9 traces that lie within the local data window, a filter
result is determined for trace x. Thus, for every trace in
a full gather, the filter output is determined from a coher-
ency filter with an operator length of 9 traces. In the ex-
ample described below, the duration of the shot intervals
are 0 - 1000 ms, which is divided by an operator length
of 20 traces. In practice, the operator length can be any
desired number of traces. As a result, the shot interval
is divided into 20 sub-time intervals, called "duration
groups," where each duration group has a duration of
about 50 ms. Figure 5A shows the shot interval from 0 -
1000 ms divided into 20 duration groups with each du-
ration group denoted by gm, where m = 1, 2, 3,..., 20 is
the duration group index. Figure 5B shows a listing of the
20 duration groups and the time intervals associated with
each of the 20 duration groups. Note that for this example,
the ratio of the number of duration groups to the number
of traces in the operator length of a data window is one-
to-one, which may be appropriate for a source-receiver
or common-offset domain.
[0019] After the duration groups have been formed,
the duration groups are placed in random order using
pseudo randomization. Figure 6 shows a random order
of the 20 duration groups shown in Figure 5A in a direction
represented by directional arrow 602. For example, du-
ration group g7 is randomly selected as the first duration
group, duration group g12 is randomly selected as the
second duration group and so on with duration group g17
randomly selected as the last duration group. The dura-
tion groups are then arranged in a round-robin schedule

as represented in Figure 7. Figure 7 shows a circle 702
with 20 regularly spaced dots labeled in a clockwise man-
ner with the randomly sorted duration groups shown in
Figure 6. For example, dots 706-708 are identified by the
first three duration groups g7, g12, and g5 in the pseudo
randomly sorted duration groups displayed in Figure 6,
and dot 710 is identified by the last duration group g17
in the pseudo randomly sorted duration groups in Figure
6.
[0020] The round-robin schedule of the pseudo ran-
domly sorted duration groups, shown in Figure 7, and
the random seed, shown in Figure 4, are used in combi-
nation to determine a random firing sequence for the
sources S1-S8 in each shot interval in a marine-survey-
time line as follows. For the first shot interval in a marine-
survey-time line, the shortest time delay in the random
seed is identified and the duration group in which the
shortest time delay falls within is identified. For example,
the random seed represented in Figures 3 and 4 reveals
that the source S1 is assigned the shortest time delay of
125 ms, which falls within the duration group g3 as indi-
cated by the list of duration group sub-time intervals
shown in Figure 5B. As a result, firing the sources S1-
S8 in the first shot interval begins in the round-robin
schedule shown in Figure 7 with the duration group g3.
In Figure 7, the duration groups assigned to the first three
shot intervals are identified by circled numbers 1, 2, and
3 with duration group g3 labeled by circled number 1 to
indicate that duration group g3 contains the source with
the shortest time delay.
[0021] At the beginning of the first shot interval, the
sources S1-S8 are fired according to the random seed
time delays. Figure 8 shows the marine-survey-time line
204 with the first shot interval 206 expanded to reveal
the sequence in which the sources S1-S8 are fired. In
this example, the sources S1-S8 are fired according to
the random seed time delays after the shot interval 206
begins. For example, source S1 is fired 125 ms after the
shot interval begins followed by firing source S7 212 ms
after the beginning of the shot interval, and the sources
S4, S2, S6 S5, and S8 are fired according to the random
seed time delays until the source S3 is fired 920 ms after
the beginning of the shot interval. After the sources S1-
S8 have been fired, the sources are reset, and when the
shot interval expires at 1000 ms, a waiting period is al-
lowed to pass before the second shot interval 207 begins.
[0022] For the second shot interval 207, a time delay
is selected for the source with the shortest random seed
time delay from the duration group that is next in the
round-robin schedule shown in Figure 7. For example,
source S1 has the shortest random seed time delay and
is assigned a randomly selected time delay, t15, in the
duration group g15. In other words, the source S1 can
be assigned any time t15 in the time interval 701-750 ms.
The time delays for the remaining sources S2-S8 are
shifted by adding the difference between time delay t15
and the random seed time delay of 125 ms for the source
S1 (i.e., t15 - 125 ms) to each of the random seed time
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delays of the remaining sources S2-S8. When a shifted
time delay is greater than the duration of the shot interval,
the shifted time delay is adjusted by subtracting the du-
ration of the shot interval so that the shifted time delay
falls within the shot interval. Suppose the time delay t15
selected for the source S1 in the duration group g15 is
725 ms. The difference between the selected time delay
t15 = 725 ms for the source S1 and the random seed time
delay for the source S1 is 600 ms (i.e., 725 - 125 ms).
Each of the random seed time delays of the remaining
sources S2-S8 are also shifted by 600 ms. For example,
the shifted time delays for the sources S7 and S4 are
812 ms (i.e., 212 + 600 ms) and 902 ms (302 + 600 ms),
respectively. However, adding 600 ms to the random
seed time delays for the sources S2, S6, S5, S8, and S3
produces shifted time delays that are greater than 1000
ms, which are outside the duration of the shot interval.
The shifted time delays that are greater than the shot
interval are corrected by subtracting the duration of the
shot interval, which places the shifted time delays back
into the shot interval with the differences between shot
times maintained. In other words, the shifted time delays
that are greater than the duration of the shot interval are
"wrapped" back into the shot interval and are also called
"wrap-around time delays." For example, the source S2
has a random seed time delay of 420 ms which is shifted
to 1020 ms (i.e., 420 + 600 ms). Because the shifted time
delay of 1020 ms is greater than 1000 ms, the shifted
time delay is wrapped around back into the shot interval
by subtracting 1000 ms to get a wrap-around time delay
of 20 ms.
[0023] Figure 9 shows an example of shifting the time
delays of the sources S1-S8 for the second shot interval
207 using the time dials 402 and 404 described above
with reference to Figure 4. Assigning shifted time delays
to the sources S1-S8 is equivalent to rotating the outer
time dial 404 in a clockwise direction by 600 ms as rep-
resented by directional arrow 902. The locations of the
marks associated with each of the sources S1-S8 with
respect to the inner dial 402 can be used to assign the
shifted time delays for the second shot interval 207. Shift-
ed time delays that fall within a region of the outer time
dial 404 identified by a dashed-directional arrow 904 are
also wrap-around time delays. At the beginning of the
second shot interval, the sources S1-S8 are fired accord-
ing to their assigned shifted time delays.
[0024] Figure 10 shows the marine-survey-time line
204 with the first and second shot intervals 206 and 207
expanded to reveal the time sequence in which the sourc-
es S1-S8 are fired. In the second shot interval 207, the
sources S1-S8 are fired according to their assigned shift-
ed time delays after the shot interval 207 begins as rep-
resented on the outer time dial 404 in Figure 9. For ex-
ample, source S2 is the first source fired at 20 ms after
the shot interval begins followed by firing source S6,
which is fired 148 ms after the beginning of the shot in-
terval, and the sources S5, S8, S3 S1, and S4 are fired
according to their associated shifted time delays repre-

sented in Figure 9. After the sources S1-S8 have been
fired, the sources are reset, and when the shot interval
expires at 1000 ms, a waiting period is allowed to pass
before the second shot interval 208 begins.
[0025] For the third shot interval 208, the time delay
for the source with the shortest assigned time delay is
chosen from the next duration group in the round-robin
schedule shown in Figure 7. As described above with
reference to Figure 3, source S1 is the source with the
shortest random seed time delay and is assigned a shift-
ed time delay t1 in the duration group g1, which is the
time interval 0-50 ms, as shown in Figure 5B. Shifted
time delays for the remaining sources S2-S8 are calcu-
lated by first calculating the difference between the time
delay t1 and the random seed time delay of 125 ms for
the source S1 (i.e., t1 - 125 ms) followed by adding the
difference to each of the random seed time delays asso-
ciated with the remaining sources S2-S8. For example,
suppose the randomly selected time delay t1 for the
source S1 is 25 ms, which is in the duration group g1.
The difference between the selected time delay t1 = 25
ms for the source S1 and the random seed time delay
for the source S1 is -100 ms (i.e., 25 - 125 ms). Shifted
time delays for the remaining sources S2-S8 are calcu-
lated by adding the difference -100 ms to each of the
random seed time delays for the sources S2-S8 de-
scribed above with reference to Figure 3. For example,
the shifted time delays for the sources S7 and S4 are
112 ms (i.e., 212 - 100 ms) and 202 ms (302 - 100 ms),
respectively.
[0026] Figure 11 shows an example of shifting the time
delays of the sources S1-S8 for the third shot interval
208 using the time dials 402 and 404 described above
with reference to Figure 4. Assigning shifted time delays
to the sources S1-S8 is equivalent to rotating the outer
time dial 404 in a counterclockwise direction by -100 ms
as represented by directional arrow 1102. The locations
of the marks associated with each of the sources S1-S8
with respect to the inner dial 402 can be used to assign
shifted time delays to the sources S1-S8 for the third shot
interval 208. At the beginning of the third shot interval
208, the sources S1-S8 are fired according to their as-
signed shifted time delays represented in Figure 11.
[0027] Figure 12 shows the marine-survey-time line
204 with the first, second, and third shot intervals 206-208
expanded to reveal the time sequence in which the sourc-
es S1-S8 are fired each of the shot intervals. In the third
shot interval 208, the sources S1-S8 are fired according
to their assigned shifted time delays after the shot interval
208 begins. The shifted time delays are represented on
the outer time dial 404 in Figure 9. For example, source
S1 is the first source fired at 25 ms after the shot interval
begins followed by firing the source S7, which is fired 112
ms after the beginning of the shot interval, and the sourc-
es S4, S2, S6, S5, S8, and S3 are fired according to their
associated shifted time delays represented in Figure 11.
[0028] In general, when a shot interval expires, the
sources are reset and a waiting period is allowed to pass
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before the next shot interval begins. The method selects
the next duration group gm from the round-robin sched-
ule and the time delays for the next shot interval are shift-
ed based on the time delay randomly selected for the
source with the shortest random seed time delay as fol-
lows. Let D represent the length of a shot interval, tm
represents a shifted time delay from the duration group
gm for the source with the shortest random seed time
delay, ts represents the random seed time delay for the
source with the shortest random seed time delay, and ti
represents the random seed time delay for the ith simul-
taneous source. Computation of the shifted time delays
for each source can be executed by the follow pseudo
code:

for (i = 1; i ≤ n; i++) {
Ti = ti + (tm - ts);
if Ti > D, then
Ti = Ti - D; /* wrap-around time delay */
return Ti;
}

When the shot interval begins, the sources are fired ac-
cording to the shifted time delays. The process of select-
ing a duration group from the round-robin schedule and
shifting the random seed time delays can be repeated
until the survey is completed.
[0029] Figure 13 shows a flow-control diagram of a
method for randomizing firing times of a simultaneous
source. In block 1301, a duration D of shot intervals in a
marine-survey-time line are divided by an operator length
selected for a coherency filter, as described above with
reference to Figures 5A-5B. In block 1302, the duration
groups are placed in a round-robin schedule based on
random ordering using pseudo randomization, as de-
scribed above with reference to Figures 6 and 7. In block
1303, a random seed of firing time delays is generated
for n simultaneous sources as described above with ref-
erence to Figure 3. In block 1304, the source with the
shortest random seed time delay is identified and the
duration group in the round-robin schedule in which the
shortest random seed time delay falls is identified. In
block 1305, the simultaneous sources are fired according
to the time delays. In block 1306, when the survey is
complete, the method stops; otherwise control flows to
block 1307 and the operations in blocks 1307-1309,
1305, and 1306 are executed. In block 1307, the next
duration group in the round-robin schedule is selected.
In block 1308, a routine "shift time delays," described
below with reference to Figure 9, is called to shift the time
delays of the sources according to the duration group
selected in block 1307. In block 1309, the waiting period
between shot intervals is allowed to elapse as described
above with reference to Figure 2.
[0030] Figure 14 shows a flow-control diagram of a
method for shifting time delays called in block 1308 of
the flow-control diagram of Figure 13. In block 1401, a
time delay, tm, is randomly selected time delay from the

duration group selected in step 1304 or step 1307 of Fig-
ure 13 for the source with the shortest random seed time
delay. In block 1402, the source index i is initialized to
"1." In block 1403, when source index i is less than the
number of simultaneous sources n, control flows to block
1404 in which a shifted time delay, Ti, is calculated; oth-
erwise, a set of shifted time delays {Ti} for the shot interval
are returned in block 1308 of the method described in
Figure 13. In block 1405, when the shifted time delay Ti
is greater than the duration of the shot interval D, control
flows to block 1406 in which the duration D is subtracted
from the time delay Ti to obtain a wrap-around time delay
that is within the shot interval; otherwise, control flows to
block 1407 in which the source index i is incremented
and the operations executed in blocks 1403-1407 are
repeated.
[0031] In the above described example embodiment,
the number of duration groups is the same as the number
of traces in the operator length of a data window. As a
result, for each shot interval, a duration group is pseudo
randomly selected to determine the randomized time de-
lays within each shot interval, which is suitable for the
source-receiver or common-offset domain in which the
ratio of number of duration groups to the number of traces
in the operator length is one-to-one. However, it should
be noted that the separation operator may be applied to
other domains, such as the common-midpoint domain.
The spacing of the traces in the common-midpoint do-
main is larger than the common-offset domain, which de-
pends on the ratio between the distance between shots
versus the distance between the different traces within
one shot (i.e., often 2 or 4). As a result, the number of
traces in the operator length is not necessarily equal to
the number of duration groups used to execute the pseu-
do-randomization method described above. Embodi-
ments include selecting the number of duration groups
based on the operator length in the domain where sep-
aration is accomplished. In other words, in the common-
midpoint domain the ratio of the number of duration
groups to the number of traces or the operator length
may be two-to-one or four-to-one. For example, when
the operator length in the common-midpoint domain (i.e.,
number of traces in the common-midpoint domain) is five
with a source/trace spacing ratio of two-to-one, the
number of duration groups in the round robin schedule
is 9. In particular, consider nine shots 1, 2, 3, 4, 5, 6, 7,
8, and 9 of dual sources (flip and flop) in the common-
midpoint domain. For a common-midpoint line belonging
to the flip shots 2, 4, 6, and 8, only flop shots 1, 3, 5, 7,
and 9 contribute to the operator length of 5 traces. A shot
10 would contribute to the flop common-midpoint line. As
a result, only 9 consecutive shots would have to be pseu-
do randomized. Note that the ratio returns to 1:1 when
the flips and flop shots are treated separately. Alterna-
tively, when the operator length in the common-midpoint
domain is five with a source/trace spacing ratio of four-
to-one, the number of duration groups in the round-robin
schedule is 20.
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[0032] Figure 15 shows one illustrative example of a
generalized computer system that executes an efficient
method for randomizing firing times of simultaneous
sources and therefore represents a data-processing sys-
tem. The internal components of many small, mid-sized,
and large computer systems as well as specialized proc-
essor-based storage systems can be described with re-
spect to this generalized architecture, although each par-
ticular system may feature many additional components,
subsystems, and similar, parallel systems with architec-
tures similar to this generalized architecture. The com-
puter system contains one or multiple central processing
units ("CPUs") 1502-1505, one or more electronic mem-
ories 1508 interconnected with the CPUs by a CPU/mem-
ory-subsystem bus 1510 or multiple busses, a first bridge
1512 that interconnects the CPU/memory-subsystem
bus 1510 with additional busses 1514 and 1516, or other
types of high-speed interconnection media, including
multiple, high-speed serial interconnects. The busses or
serial interconnections, in turn, connect the CPUs and
memory with specialized processors, such as a graphics
processor 1518, and with one or more additional bridges
1520, which are interconnected with high-speed serial
links or with multiple controllers 1522-1527, such as con-
troller 1527, that provide access to various different types
of computer-readable media, such as computer-reada-
ble medium 1528, electronic displays, input devices, and
other such components, subcomponents, and computa-
tional resources. The electronic displays, including visual
display screen, audio speakers, and other output inter-
faces, and the input devices, including mice, keyboards,
touch screens, and other such input interfaces, together
constitute input and output interfaces that allow the com-
puter system to interact with human users. Computer-
readable medium 1528 is a data-storage device, includ-
ing electronic memory, optical or magnetic disk drive,
USB drive, flash memory and other such data-storage
device. The computer-readable medium 1528 can be
used to store machine-readable instructions that encode
the computational methods described above and can be
used to store encoded data, during store operations, and
from which encoded data can be retrieved, during read
operations, by computer systems, data-storage systems,
and peripheral devices.
[0033] After the sources have been fired in a shot in-
terval, each source is aligned with a set of recorded data.
Consider, for example, a simultaneous source with n dif-
ferent sources. A data set recorded in a shot interval is
aligned with a source Sm by shifting the time associated
with the recorded data set by the same time delay as-
signed to the source Sm in the shot interval. When sorting
to a particular domain, such as the common-receiver do-
main or common-midpoint domain, the energy produced
by the source Sm is coherent while the energy produced
by the remaining sources is incoherent. The same holds
for alignment of the recorded data with each of the other
sources. The recorded data can be aligned with any of
the sources, making that energy coherent and energy

from the other sources incoherent.
[0034] Various embodiments described herein are not
intended to be exhaustive of or to limit this disclosure to
the precise forms described above. For example, any
number of different computational-processing-method
implementations that carry out the methods for randomiz-
ing firing times of simultaneous source may be designed
and developed using various different programming lan-
guages and computer platforms and by varying different
implementation parameters, including control structures,
variables, data structures, modular organization, and
other such parameters. The systems and methods for
randomizing firing times of simultaneous source can be
executed in near-real time while conducting a marine sur-
vey of a subterranean formation. The term "near-real
time" refers to a time delay due to data transmission and
data processing that is short enough to allow timely use
of the firing time delays computed during a seismic data
acquisition survey. For example, near-real time can refer
to a situation in which generating the time delays and
transmitting corresponding firing signals to the simulta-
neous source is insignificant. In other embodiments, the
time delays for each shot interval and waiting periods of
a seismic data acquisition survey can be calculated in
advance and stored in a computer-readable medium.
When the survey begins, the simultaneous sources can
be fired according to the predetermined sequence of time
delays and waiting periods. Embodiments include other
randomization implementations provided the rand-
omized time delays for the secondary sources are within
one operator length and cannot be identical or within a
user-specified minimum length of time. The data window
may also have a cross-line component, such as a com-
ponent that is perpendicular or angular to the in-line di-
rection. As a result, when the data window has in-line
and cross-line components, the data window is not lim-
ited to a one-dimensional operator length, but instead
has an "operator area." The methods described above
can be used with any kind of marine survey, such as
surveys with straight survey tracks or coil-shooting sur-
veys.
[0035] It is appreciated that the previous description of
the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present dis-
closure. Various modifications to these embodiments will
be readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to other
embodiments without departing from the spirit or scope
of the disclosure. Thus, the present disclosure is not in-
tended to be limited to the embodiments shown herein
but is to be accorded the widest scope consistent with
the principles and novel features disclosed herein.

Claims

1. A method for activating multiple sources towed by
one or more survey vessels, the method comprising:
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generating a set of time delays;
assigning each time delay to one of the multiple
sources;
for each shot interval of a marine-survey-time
line,
pseudo-randomly shifting the time delays to
generate shifted time delays assigned to the
multiple sources within the shot interval; and
firing the multiple sources within the shot interval
based on the assigned shifted time delays.

2. The method of claim 1, wherein generating the set
of time delays includes randomly generating time de-
lays that are within the duration of the shot intervals.

3. The method of claim 1 or claim 2 further comprises
dividing a duration of the shot intervals of the marine-
survey-time line into a set of duration groups; and
for each shot interval of the marine-survey-time line,
pseudo randomly selecting a duration group from
the set of duration groups;
and
pseudo-randomly shifting the time delays by calcu-
lating the shifted time delays for the multiple sources
based on the selected duration group and the short-
est time delay.

4. The method of claim 3, wherein dividing the duration
of the shot intervals into the set of duration groups
includes determining the number of duration groups
based on a ratio of the number of duration groups to
the number of traces in an operator length of a data
window, the ratio equal to one or greater than one.

5. The method of claim 3, pseudo randomly selecting
the duration group includes:

randomly arranging the duration groups in the
set into a sequence; and
for each shot interval, selecting the duration
group according to the sequence.

6. The method of claim 3, wherein calculating the shift-
ed time delays for the multiple sources includes:

selecting a time delay in the duration group;
calculating a difference between the time delay
and the selected time delay; and
adding the difference to the time delay of each
of the multiple sources to generate a shifted time
delay for each source.

7. The method of claim 6 further comprises when a
shifted time delay is greater than the duration of the
shot intervals, subtracting the duration of the shot
interval from the shifted time delay to generate a
wrap-around shifted time delay within the shot inter-
val.

8. The method of any of the preceding claims further
comprises
resetting the multiple sources for a subsequent shot
interval; and
allowing a waiting period to elapse between shot in-
tervals.

9. The method of any of the preceding claims wherein
firing the multiple sources within the shot interval
based on the shifted time delays includes firing the
sources in order from the shortest shifted time delay
to the longest shifted time delay.

10. The method of any of the preceding claims wherein
each source further comprises air guns, water guns,
marine vibrators, or an electromagnetic-field source.

11. A computer system for pseudo-randomizing the or-
der in which multiple sources are fired in simultane-
ous source acquisition, the computer system com-
prising:

one or more processors;
one or more data-storage devices; and
a routine stored in one or more of the one or
more data-storage devices and executed by the
one or more processors, the routine directed to
perform the method according to any of the pre-
ceding claims and wherein each time delay is
assigned to one of the multiple sources towed
by one or more marine survey vessels.

12. The system of claim 11 further comprising storing
the shifted time delays in the one or more data-stor-
age devices.

13. A computer-readable medium having machine-
readable instructions encoded thereon for enabling
one or more processors of a computer system to
perform the operations of the method according to
any of claims 1 to 10, wherein
each time delay is assigned to one of two or more
sources towed by one or more marine survey ves-
sels; and,
said pseudo-randomly shifted time delays are gen-
erated for each shot interval of a marine-survey-time
line, each shifted time delay assigned to one or the
two or more sources.

14. A marine seismic data acquisition system compris-
ing:

multiple sources; and
a computer system for operating the seismic
source comprising:

one or more processors;
one or more data-storage devices; and
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a routine stored in one or more of the one
or more data-storage devices and executed
by the one or more processors, the routine
directed to perform the method according
to any of claims 1 to 10, wherein
each time delay is assigned to one of the
multiple sources for each shot interval of a
marine-survey-time line, and
said time delays assigned are pseudo-ran-
domly shifted to the multiple sources to gen-
erate shifted time delays within the shot in-
terval.

15. The system of claim 14 further comprising storing
the shifted time delays in the one or more data-stor-
age devices.
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