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Abstract

We present a wide azimuth beam tomography
based on Fast Beam Migration and a method
for automatically estimating the RMS velocity.
This combination allows us to have a direct input
data to velocity model work-flow that does not
involve laborious manual user interaction other
than QC. The estimated RMS velocity model
serves as an inital model for tomography. A 3D
RMO estimation enables a very rapid estimation
of the depth or time delays along each ray, which
represent the direct input to a tomographic up-
date, without the time-consuming steps required
for traditional tomography, including preparing
the gathers for semblance analysis, semblance
picking and back-projection picks QC. A 2,000
sq km velocity model can be updated using 400
CPUs in less than 5 minutes on a 20 by 20 by
20 m velocity model grid. In addition, Beam
Tomography retains the true azimuthal informa-
tion. This allows the tomographic update to go
beyond the current limitation of limited wide az-
imuth velocity updates. Beam Tomography al-
lows for faster turnaround time for large 3-D seis-
mic projects and at the same time increases the
accuracy of the velocity model by using wide az-
imuth information that is typically unavailable in
traditional tomography. In addition to a single-
parameter update (one time delay or residual ve-
locity value for each image point), and multiple-
parameter update (time delay depends on offset),
we now have a wide azimuth and offset update
(time delay depends on offset and azimuth).

1 Introduction

Fast Beam Migration (FBM) is a super-efficient
algorithm that is two orders of magnitude faster
than the standard Kirchhoff depth migration,
and at the same time images multi-pathing
energy and handles abrupt lateral amplitude
changes, properties that are typically associated
with wave-equation migration algorithms. The
faster imaging software allows for more iterations
of velocity model building, which enable the pro-
cessing team to enhance the seismic resolution
and imaging of complex geologic structures, and
allows for deeper data penetration, steeper dip
and sub-salt structure imaging. Improved veloc-
ity models in combination with wave-equation
imaging provide much greater resolution and ac-
curacy than what can be accomplished today
with standard imaging technology.

Fast Beam Migration and all beam methods
pivot on a preliminary step in which the seismic
input data has to be decomposed into beams. A
beam (Fomel and Tanushev, 2009) is a seismic
event characterized by an arrival time, source
and receiver location, amplitude, source and re-
ceiver dip orientation, curvature, and extent.
The extent of a beam is controlled by an ampli-
tude taper. This is done by analyzing the data
for locally coherent events. The slope of these
events is identified and the associated wavelet is
recorded as a beam. This a preparation step that
needs to be done only once since it is indepen-
dent of velocity.

The beam forming stage is computationally
expensive, however, each beam lets us make fol-
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lowing strong statement about the subsurface of
the earth: If we inject a packet of coherent waves
at the source location with orientation given by
the source dip and we wait a precise amount of
time, we will record a packet of coherent waves
at the receiver location with orientation given by
the receiver dip. This provides us with a trove
of information about the subsurface, including a
way of estimating the RMS velocity. A natural
next step is to convert this velocity to an interval
velocity in depth using Dix formula and use it as
the starting model for beam tomography.

We will begin with a short review of tradi-
tional tomography and Fast Beam Migration,
since they are at the core of the velocity-building
method that we propose. Next, we explain how
components of traditional tomography and Fast
Beam Migration can be put together for make
a fast velocity building tool. Additionally, we
describe how to automatically extract an RMS
velocity model from beams. Finally, we show an
example of the velocity-building method in prac-
tice and RMS velocity extraction.

2 Traditional Tomography

Migration velocity analysis improves the velocity
model associated with a survey in order to cre-
ate an accurate image of subsurface structures.
This is done by carefully analyzing the data and
exploiting the fact that subsurface reflectors are
evident in the data at different source and re-
ceiver configurations.

Ray-based reflection tomography is an itera-
tive inversion method that updates the velocity
model and minimizes the deviation in the com-
mon image gathers from a flat event. Through
semblance analysis, these gathers are analyzed
to produce velocity residual values that would
flatten the gathers. Additionally, special im-
age points are selected based on dip and event
coherency called back-projection points, from
which rays are traced back to the surface in
order to distribute the velocity residual values
throughout the velocity model. Mathematically,

the problem can be formulated as

L∆s = ∆τ , (1)

where L is the tomography matrix assembled
from the rays, ∆τ is a vector containing the
residual time delays computed from the velocity
residual values associated with each rays, and ∆s
is the desired update to the slowness (reciprocal
of the velocity).

Intuitively speaking, rays from different back-
projection points illuminate parts of the same
areas of the velocity model, and an appropri-
ate compromise between velocity residuals com-
ing from different rays is made by solving equa-
tion (1) in a least-squares sense.

A typical work-flow for tomography includes
the following steps:

• Migration: A migration method is used to
migrate the input seismic data and produce
common image gathers.

• Data Preparation: The gathers are
cleaned and pre-processed to facilitate bet-
ter semblance analysis.

• Pick Generation: Points are picked man-
ually or automatically in the subsurface of
the earth that will be used for velocity anal-
ysis.

• Semblance Analysis: The seismic gath-
ers are analyzed at the generated picks to
quantify the mismatch between subsurface
images, and measure time delays along rays
due to velocity errors in the model.

• Ray Tracing: Fans of rays are traced back
to the surface from each of the subsurface
picks.

• Velocity Update: The velocity is updated
along each of the rays with certain con-
straints (since many rays can pass through
the same velocity sample) so that the sub-
surface images are better focused when im-
aged with the new velocity.
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We point out that this procedure is based on
the assumption that the update to the velocity
is small and that if we were to re-trace the rays
in the updated velocity model, their paths would
not move by an appreciable amount, which can
be ensured by constraining the update to be
small and smooth. However, this presents us
with a dichotomy, since we would like the im-
age to change and be improved significantly, but
at the same time this method relies on changing
the velocity only slightly. The correct approach
would be to iterate this method many times so
that the individual updates can be small, but
the final velocity can differ significantly form the
starting velocity. Unfortunately, due to the time
demands from the migration and the need for
user input and QC in the data preparation, pick
generation and semblance analysis, it is often
difficult to afford more than a handful of iter-
ations. Thus, we are forced to violate this as-
sumption and rely on the intuition and ability
of the user to manipulate the resulting velocity
update to produce a physically plausible velocity
model through smoothing, clipping, and manual
editing.

3 Fast Beam Migration

As previously described, a Gaussian beam as a
seismic event characterized by an arrival time,
source and receiver location, amplitude, source
and receiver dip orientation, curvature, and ex-
tent. The extent of a beam is controlled by an
amplitude taper. In the process of seismic imag-
ing, the beam changes its position in time and
space, as well as its amplitude, orientation, cur-
vature and extent. For all intents and purposes,
we can think of a Gaussian beam as a packet of
coherent waves. Neglecting higher-order effects,
a Gaussian beam representation is a powerful
asymptotic approximation for describing differ-
ent wave propagation phenomena ([5, 1, 2, 4]).
Since at the core of all seismic migrations sits a
method for propagating waves, we can design mi-
gration methods based on Gaussian beams. One

such method is Fast Beam Migration. The algo-
rithm’s speed relies on two observations:

1. A factor of 10-100 in speedup is achieved
via beam forming, or beam decomposition of
the input data, where the input data traces
are converted to a relatively small number
of beams.

2. Since beams have a localized extent, the
beam wavelet is spread over a small patch.

A typical Fast Beam Migration work-flow con-
tains the following steps:

• Beam Forming: The seismic input data
is analyzed for locally coherent events. The
slope of these events is identified and the as-
sociated event wavelet is stored. Beams are
multidimensional objects associated with
each seismic event that contain the record-
ing time, the position of the source and
receiver, the incident wave angles at the
source and the receiver, and the associated
seismic wavelet. This step needs to be done
only once and it is independent of velocity.

• Beam Propagation: This stage deter-
mines the migration point for each beam
using ray tracing. For each beam, two rays
are traced, one from the source and one from
the receiver using the slopes extracted in the
beam forming stage. Next a beam correla-
tion (imaging) point is determined as the
closest point to the source and receiver rays
satisfying the condition that the time from
the source to beam correlation point plus
the time from it to the receiver equals the
recording time of the event. Barring patho-
logical examples, the imaging point for each
beam is unique. All of the beam parame-
ters are propagated to this point. We note
that these parameters provide information
on how to locally reconstruct the source and
receiver wave fields.

• Image Forming: The final stage is to form
the seismic image using the propagated pa-
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rameters from beam propagation. This in-
volves spreading the seismic wavelet locally
near the beam correlation point. We note
that at this stage, we can produce a stacked
image or several types of image gathers, in-
cluding binning by surface offset, surface off-
set and azimuth, reflection angle, reflection
angle and subsurface azimuth, and many
others.

At this point, we can produce image gathers
with FBM and carry out the traditional tomog-
raphy work-flow. However, doing so discards the
vast amounts of information that is associated
with each beam. The two most important pieces
of information that are available for each beam
are, first, that we know what path the seismic
waves took to image the reflector since we have
the source and receiver rays, and, second, that
for each beam we have the associated seismic
event wavelet.

As the reader has naturally concluded, the
source and receiver rays are none other than pre-
cisely what is needed to form the tomography ray
matrix, which is what we intend to do. It is less
immediately obvious how the seismic wavelet is
useful for tomography, but this will become ev-
ident in the following section. We only mention
that the missing pieces of information necessary
to update the velocity are the time residuals as-
sociated with each ray.

4 3D Residual Move-Out

In the imaging stage of fast beam migration, the
beam wavelet is spread locally near the beam
imaging point in the image space. Since this pro-
cedure involves the ray-traced beam parameters,
we can consider how the beam wavelet would
have been spread in the image if the travel time
along the source and receiver rays were longer
or shorter. This essentially amounts to shifting
the beam image in the direction perpendicular
to the reflector that the beam is imaging; see fig-
ure 1. By correlating the shifted beam image and
the image stack, we can find the perturbation at

which the beam image best matches the stack.
Additionally, we can convert this spatial shift
into a time shift using the local velocity. Shifting
the beam image and correlating it with the image
stack is prone to the infamous “cycle-skipping”
problem. It is evident in the correlation curve
in figure 1. However, the global maximum of the
correlation curve is often unique, in part because
the beam wavelet contains the signature of the
reflector and the wavelet. Furthermore, for each
beam, the problem of identifying the maximum
is small and we can afford to solve it without
using an iterative method that can get trapped
by the local maximums. Thus, in most cases, we
estimate the correct shift, and “cycle-skipping”
does not pollute the measured residuals.

Figure 1: 3D RMO. Above: Each beam image is
shifted perpendicular to the reflector it is imag-
ing to find the best correlation with the image
stack. Below: The correlation as a function
of time shift. As can be seen from the graph,
the best correlation when the beam is shifted by
−0.003 seconds.
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Figure 2: Common image gathers without (left)
and with (right) RMO correction.

As a point of QC, we apply the time shift com-
puted for each beam and re-form the seismic im-
age. Figure 2 shows the common image gather
binned by offset with and without the 3D RMO
correction.

The 3D RMO time shift computed by this
method becomes a component of the ∆τ vector
in the tomography equation (1). This shift con-
tains truly three dimensional information, since
it is associated with the unique source and re-
ceiver rays for the beam (see figure 3). There is
also no assumption about the shape of the move-
out curve.

5 Fast Beam Tomography

As alluded to in previous sections, during the
beam propagation stage of FBM, for each beam
we trace a source and receiver ray that meet at
the reflector that the beam is imaging. If the
image produced by a particular beam is not in
agreement with the images produced by other
beams of this reflector, we need to update the

velocity. Now, the only part of the velocity that
will affect the beam is concentrated near the
beam rays. Thus, for each beam, we form a row
of the tomography matrix L that contains the
paths of the source and receiver rays. We use
the 3D RMO time shift for each beam to form
the right-hand side ∆τ of the tomography equa-
tion (1).

A critical point to note is that the time shift
for each beam is not an absolute residual. It is
a relative residual computed in relation to the
stacked image. The 3D RMO time shift answers
the question of how much should this beam shift
in order to match the reflector, while the tomog-
raphy equation (1) finds a ∆s such that the beam
is shifted a total amount. Since the tomographic
update can potentially change the location of the
reflector, we must account for this change when
using the 3D RMO shift. Consequently, we can-
not simply solve tomography equation (1). To
account for the relative nature of the residuals,
we need to apply a matrix to the left hand side.
The job of this matrix is to calculate the aver-
age new position of the reflector and subtract it
from the total shift of each beam. On a matrix
level, this amounts to the following procedure:
For each row, take all of the other rows that be-
long to beams that image the same local piece
of the reflector, multiply them by scaling values
and subtract them from the original row. This
process can be encoded with a matrix and, thus,
the beam tomography equation becomes,

SL∆s = ∆τ , (2)

where the matrix S is a sparse adjacency matrix
that contains the appropriate coupling between
the row of L so that adjustment of the reflec-
tors due to the velocity update is correctly ac-
counted for. In a sense, the effect of this matrix
is already encoded in the right hand side and we
must multiply the left hand side by it to make
the tomography equation consistent. The neces-
sity for such a matrix was first noted in [7].

A typical beam tomography work-flow con-
tains the following steps:
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Figure 3: Pictorial representation of the information contained in 3D RMO. The image at every
point is obtained from summing the contributions of many beams. Each of these beams has its own
unique combination of offset and azimuth (or equivalently reflection angle and subsurface azimuth).
Thus the RMO values that flatten the gather depend on offset and azimuth.

• Beam Propagation: This stage is iden-
tical to the “Beam Propagation” step in
FBM, with the additional output of the to-
mography matrix, which is formed using the
source and receiver rays. Each source and
receiver ray pair generate a matrix row.

• Image Forming: Using the propagated
beam we form a raw stacked volume. In
general the stack is small and formed much
faster than gathers simply because the size
of the data is much smaller.

• 3D RMO Computation: Using the
stacked image, we locally shift the beams at
their imaging location so that they better
align with the stack. This relative residual
is used to produce the right hand side of the
velocity update equation.

• Adjacency Matrix Computation: For
each beam, we determine which other beams
were used to produce the stacked image with

which the beam was aligned in the “3D
RMO” step.

• Velocity Update: The velocity is updated
along each of the rays with certain con-
straints (since many rays can pass through
the same velocity sample) so that the sub-
surface images are better focused when im-
aged with the new velocity.

This flow can be automatically iterated to pro-
duce velocity updates, since there are no steps
that require user intervention. The user can QC
the velocity and the raw stack for each iteration.
The beams produced in the “Beam Propagation”
stage can be used to from image gather for some
of the iteration to provide additional QC. An
example of a velocity built using automatically
iterated beam tomography is shown in figure 4.

Another key feature of Beam Tomography is
that for each beam, which is associated with a
particular row in the tomography matrix, we
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Figure 4: QC of updated velocity: The velocity overlaid with the stack, followed by the common
image gathers binned by offset for two location: The figure on the top was produced using the initial
velocity, while the figure on the bottom was produced using the updated velocity. The updated
velocity was obtained through 40 automatic iterations of beam tomography.
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have a multitude of auxiliary information, in-
cluding the beam decomposition residual, the
beam correlation distance, the incidence and re-
flection angles, the level of 3D RMO match, and
much more. All of this information can be used
to assign weights to the individual matrix rows
that reflect the confidence in the computed time
delay. This is particularly helpful in the case of a
poor starting model. In that case, we can inhibit
the contributions from beams with large time de-
lays and thus lessen the effects of cycle skipping.
As the model is refined, more and more of the
beams will have a small time residual and thus
their contributions will be included in later iter-
ations of Beam Tomography. We also note that
we can identify beams belonging to multiples by
considering the additional beam information.

6 RMS Velocity Estimation

One other piece of information that each beam
contains is an estimate of the RMS velocity. This
estimate is available immediately after beam
forming, before any migration has taken place.
To see how this can be achieved, consider the
standard normal move-out curve:

t2 = t20 +
h2

v2
. (3)

The NMO curve relates offset (h), RMS velocity
(v), event time (t), and event time at zero offset
(t0). The RMS velocity v depends on t0 and the
common midpoint m of the gather.

Using implicit differentiation, we can obtain
an expression for the change (slope) of the move-
out curve

dt

dh
=

h

v2t
. (4)

Typically, we are not concerned the the slope
equation (4), since we manually pick the RMS
velocity so that this curve best follows the ob-
served move-out in the gather. However, after
beam forming, for each beam we have the offset
h, the midpoint m, and a measured slope dt/dh

Figure 5: Synthetic common midpoint gather
binned by offset. The figure on the left shows
a normal (hyperbolic) move-out curve. The fig-
ure on the right shows a beam that formed from
this gather. Note that the beam dip is a local
linear approximation of the move-out curve.

(see figure 5). These quantities allow us to solve
the two equations (3) and (4) for the remaining
two unknowns t0 and v. Thus, this simple alge-
braic manipulation allows us to get an estimate
of the RMS velocity in a local neighborhood of
t0 and m.

Repeating this procedure for all of the formed
beams for the data set, we can obtain an RMS
velocity volume: in overlapping areas, the esti-
mated velocities from different beams are aver-
aged and gaps are filled by interpolation. Finally,
we can smooth the model and an enforce any
special conditions (water velocity, water bottom
horizon, velocity increasing in time, etc.).

There are other more accurate methods to ex-
tract the RMS velocity from a formed beam. For
example, the beam can first be time-migrated
without a velocity [3] and the beam RMS veloc-
ity can be used as estimate of the RMS velocity
near the time-migrated beam location instead of
the beam CMP. A comparison between the ex-
tracted velocity and the picked velocity is shown
in figure 6.

8



7 Conclusion

We presented a wide azimuth beam tomography
based on Fast Beam Migration and a method
for automatically estimating the RMS velocity.
This combination allows us to have a direct in-
put data to velocity model work-flow that does
not involve laborious manual components other
than QC from the user. The update method
enables a rapid estimation of the time delays
along each ray, which represent the direct in-
put to a tomographic update, without the time-
consuming steps required for traditional tomog-
raphy, including preparing the gathers for sem-
blance analysis, semblance picking and back-
projection picks QC.
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Figure 6: Comparison between the user picked RMS velocity model and the automatically extracted
model.
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