
ONLINE MODULAR PARAMETERIZATION AND SUCCESSIVE LINEAR
PROGRAMMING FOR IMPROVING MANUFACTURING PLANT
OPERATIONS BACKGROUND OF THE INVENTION Field of the
Invention [0001] The present invention generally
relates to systems and methods for substantially
optimizing plant operations within a manufacturing
environment. Description of the Related Art [0002]
Manufacturing facilities, in particular highly process
intensive manufacturing environments, employ computer
based instrumentation systems that control facility
operations. Such systems typically use a steady-state,
fundamental-principles control model that represents
the entire facility. Accordingly, parameterization or
calibration of the control model to the facility's
operating conditions can only be performed when the
entire facility is at a steady state. [0003] A primary
goal of typical manufacturing facility operations is
to operate at or near the optimal conditions for as
much of the operating time as possible. The
fundamentalprinciples control model is the primary
tool used in the optimization effort. Optimization is
typically performed by iterating or re-iterating the
fundamental-principles control model when process
conditions change within the individual units of the
facility, or when business conditions (e.g. prices,
supply of raw materials, demand of intermediate /
finished products) change outside of the facility, to
find the optimal or substantially optimal operating
conditions. Optimization can be time consuming due to
the computationally intensive, largescale, non-linear
program that must be solved each time the control
model is iterated. The solution of non-linear program
based control model can also be difficult to
understand because of the large number of unknown
variables and equations within the model compared to
the limited number of variables that are actually
measured in the facility. Thus, trouble shooting the
control model when it fails to converge can be very
time consuming if not futile. 



[0004] There is a need, therefore, to simplify the
parameterization and optimization of a control model
to reduce operating costs associated with controlling
manufacturing facility processes. SUMMARY OF THE
INVENTION [0005] Methods and systems for substantially
optimizing plant operations within a manufacturing
environment are provided. In at least one specific
embodiment, themanufacturing environment can be
separated into two or more individual modules, wherein
each individual module contains a fundamental
principles-based model, and wherein the totality of
the individual modules represents the entire
manufacturing environment. Each individual module can
be independently parameterized upon said module
reaching steady state, wherein inter-module data flow
can be provided to at least one of the individual
modules during parameterization, and wherein an output
of the parameterization comprises an individual,
calibrated steady-state model of each individual
module. A reduced order model can be derived from each
parameterized module, and the reduced order models can
be assembled to provide a facility reduced order
model. The facility reduced order model can then be
solved to provide improved or new operating conditions
or operating condition targets. [0006] In at least one
other specific embodiment, the method can include
separating the manufacturing environment into two or
more individual modules, wherein each individual
module contains a fundamental principles-based model,
and the totality of the individual modules represents
the entire manufacturing environment; parameterizing
each individual module, wherein an output of the
parameterization comprises an individual, calibrated
steady-state model of the module; linearizing each of
the individual modules to provide a plurality of
linearized modules, wherein linearizing each
individual module comprises generating a gain matrix
for each individual module, and wherein each
linearized module comprises a reduced-order, linear
model of a section of the facility; assembling the
plurality of linearized modules to provide a facility
reduced order module, wherein assembling the 



plurality of linearized modules comprises convoluting
the gain matrices for each linearized module;
determining a set of operating condition targets from
the facility reduced order module; and changing one or
more operating conditions within the manufacturing
environment. BRIEF DESCRIPTION OF THE DRAWINGS [0007]
So that the recited features of the present invention
can be understood in detail, a more particular
description of the invention, briefly summarized
below, can be had by reference to embodiments, some of
which are illustrated in the appended drawings. It is
to be noted, however, that the appended drawings
illustrate only some of the embodiments of this
invention and are therefore not to be considered
limiting of its scope, for the invention can admit to
other equally effective embodiments.[0008] Figure 1
depicts a representative computer system used to
perform online optimization according to one or more
embodiments described. [0009] Figure 2 is a flow
diagram for substantially optimizing plant operations
within a manufacturing environment, according to one
or more embodiments described. DETAILED DESCRIPTION
[0010] A detailed description will now be provided.
Each of the appended claims defines a separate
invention, which for infringement purposes is
recognized as including equivalents to the various
elements or limitations specified in the claim.
Depending on the context, all references below to the
"invention" can in some cases refer to certain
specific embodiments only. In other cases it will be
recognized that references to the "invention" will
refer to subject matter recited in one or more, but
not necessarily all, of the claims. Each of the
inventions will now be described in greater detail
below, including specific embodiments, versions and
examples, but the inventions are not limited to these
embodiments, versions or examples, which are included
to enable a person having ordinary skill in the art to
make and use the inventions, when the information in
this patent is combined with publicly available
information and technology. 



[0011] Figure 1 depicts a representative computer
system adapted to perform online optimization
according to one or more embodiments. The computer 5
can include a central processing unit 10, an input
device or keyboard 30, and a monitor 50. The computer
5 can also include a memory 20 as well as additional
input and output devices, for example a mouse 40, a
microphone 60 and a speaker 70. The mouse 40, the
microphone 60 and the speaker 70 can be used for,
among other purposes, universal access and voice
recognition or commanding. The monitor 50 can be
touch-sensitive to operate as an input device as well
as a display device. [0012] The computer system 5 can
interface with database 77, one or more other
databases or storage devices 79, sensors and actuators
75, and/or the internet via the network interface 80.
As used herein, the term "sensor" refers to a device
used to measure a variable within the process and
communicate the measurement to the control system. As
used herein, the term "actuator" is a device capable
of affecting the process in response to a signal from
the control system. Illustrative actuators can
include, but are not limited to, valves, rheostats,
motors, and switches. It should be understood that the
term "network interface" does not indicate a
limitation to interfaces that use only Ethernet
connections and refers to all possible external
interfaces, wired or wireless. It should also be
understood that database 77, the oneor more other
databases or storage devices 79, and/or the sensors
and actuators 75 are not limited to interfacing with
computer 5 using network interface 80 and can
interface with computer 5 in any means sufficient to
create a communications path between the computer 5
and database 77, one or more other databases or
storage devices 79, and/or sensors and actuators 75.
For example, in one or more embodiments, database 77
can interface with computer 5 via a USB interface
while sensors and actuators 75 can interface via a
FOUNDATION FIELDBUS interface without using the
network interface 80. [0013] It should be understood
that even though the computer system 5 is shown as a
platform on which the methods described can be
performed, the methods described can be performed on
any platform where users can interact with
manufacturing facility processes, 



sensors, actuators, and/or machinery. For example, the
many and varied embodiments described herein can be
used on any device that has computing capability where
users can interface and interact with any systems
within a given manufacturing environment. For example,
the computing capability can include the capability to
access PROFIBUS, FOUNDATION FIELDBUS, or other
communications bus protocols via the network interface
80 such that the user can interact with the many and
varied processes or sensors and actuators within a
given manufacturing environment. These devices can
include, but are not limited to and are presented for
illustrative purposes only: supercomputers, arrayed
computer networks, distributed computer networks,
desktop personal computers (PCs), tablet PCs, hand
held PCs, laptops, devices sold under the trademark
names BLACKBERRY(tm) or PALM(tm), cellular phones,
hand held music players, or any other device or system
upon which a user can interact with at least some of
the systems resident in any given manufacturing
environment. [0014] Referring again to Figure 1, one
or more computer programs can be stored in the memory
20 and the central processing unit 10 can work in
concert with at least the memory 20, the input device
30 and the output device 50 to perform tasks for the
user. In one or more embodiments, the memory 20
includes any number and combination of memory devices,
without limitation, as is currently available or can
become available in the art. In one or more
embodiments, memory devices can include without
limitation, and for illustrative purposes only:
database 77, hard drives, disk drives, random access
memory, read only memory, electronically erasable
programmable read only memory, flash memory, thumb
drive, one or more other databases or storage devices
79, and any other memory device. Those skilled in the
art are familiar with the many variations that can be
employed using memory devices andno limitations should
be imposed on the embodiments herein due to memory
device configurations and algorithm prosecution
techniques. [0015] The memory 20 can store an
operating system (OS) 45, and a model optimization
agent 55. The operating system 45 can facilitate
control and execution of the optimization 



agent 55 using the CPU 10. Any of the available
operating systems can be used in this manner including
WINDOWS, LINUX, Apple OS, UNIX and the like. [0016]
The CPU 10 can execute the model optimization agent 55
upon request, at scheduled intervals, when facility
conditions change, or among other scenarios such as
prices or supply/demand changes, to substantially
optimize the facility. The model optimization agent 55
can utilize a distributed approach to control and
optimize the manufacturing process environment or
manufacturing facility. Based on the distributed
approach, the model optimization agent 55 can change
the operating conditions within the facility by
directing or actuating one or more actuators 75 within
the facility. A more detailed discussion of an
illustrative distributed approach is provided below
with reference to Figure 2. [0017] Figure 2 depicts a
flow diagram of an illustrative distributed approach
to the parameterization of individual modules and use
of a reduced order model to decrease size of an
optimization problem to operate a manufacturing
facility, according to one or more embodiments.
Referring to Figure 2, a manufacturing environment
("plant facility") can be segregated into two or more
individual modules (step 110). Each module can include
or represent a fundamental principles-based model of a
single unit operation, two or more unit operations, or
a section of the plant facility. For example, a first
module can be or include a model of a reactor within
the plant facility, a second module can be or include
a model of a multi-phase separation process within the
same plant facility, and so on until all the
individual equipment or unit operation(s)
("processes") of interest within the facility are
represented by at least one individual module. [0018]
The facility can be any unit or process that is
adapted to refine, purify, convert, consume, or
otherwise process any material to produce a desired
product. The facility can include, but is not limited
to, petroleum refineries, catalytic and steam
crackers, petrochemical plants, other chemical plants
(i.e., chemical plants that are not based on
petrochemicals), facilities for converting natural gas
and/or methanol into other 



hydrocarbons, natural gas liquefaction plants, polymer
and plastics plants, steel mills, pharmaceutical
manufacturing plants, and electric power generating
plants. In some cases, a facility can include two or
more separate facilities, such as a petroleum refinery
together with one or more steam crackers.[0019] In one
or more embodiments, the facility can include a
plurality of separate process units or sections of
process units that function together to achieve the
overall objective of the facility. As used herein, a
"process unit" is an apparatus or device that performs
a specific function, such as a process gas compressor
unit, a fractionator, a reformer, a hydrotreater, a
distillation column, a quench tower, a de-ethanizer, a
cogeneration unit, or a refrigeration unit, and a
"section" of process units is a grouping of two or
more associated process units. [0020] In step 110, the
selection or identity of an individual module can be
based on process characteristics. In one or more
embodiments, the selection or identity of an
individual module 110 can be based on the relative
speed at which the process described by the module can
respond to inputs and reach a steady state. In other
words, sections of the facility that are relatively
quick-responding can be grouped into one module and
comparatively slower responding sections can be
grouped into another module. [0021] In step 120, each
individual module from step 110 can be solved or
parameterized when the section of the facility
represented by that module reaches steady state. The
time to reach steady state for a given section can be
the same or different as another section. The time to
reach steady state for a given module or groups or two
or more modules can depend on many factors including
weather conditions, fouling, operating error,
maintenance, etc. Upon each module reaching steady
state, each module can then be solved, i.e.
parameterized. By separating the facility in step 110
into individual modules to be parameterized in step
120, a more rigorous and high fidelity
first-principles model can be applied to each module
without creating computing complexity. As such, more
accurate results can be obtained at much faster rates
so that the entire facility can be optimized or
substantially optimized more 



frequently, even if the entire facility is not at
steady state. [0022] In step 120, each module can be
solved independently and asynchronously from another
module. Information from any given module can be
shared to any one or more other modules to assist in
parameterization. In some cases, parameterization of
any given module can require information from one or
more other modules. For example, an individual module
may need data about the unmeasured stream composition
coming from another individual module and the
unmeasured stream composition information can be
passed up and/or down the flow path such that the
individual module requiring the data can be
parameterized. Accordingly, inter-module data from one
module can be provided to one or more other modules
when those individual modules are being parameterized
in step 120. Subject to conditions on the timeliness
of the inter-module data flow during step 120, one or
moreindividual modules can be parameterized at a
higher frequency than the other individual modules
because one or more of the individual modules can have
faster times to steady state than other individual
modules. Since sections of a facility can reach steady
state before the entire facility, the individual
modules for these sections can be parameterized more
quickly than the entire facility model. [0023] After
initial parameterization in step 120, a reduced order
model ("Module ROM") of each individual module can be
derived (step 130). The Module ROM can be an
input/output representation of the individual module.
In step 130, the Module ROMs can be linear and can be
derived from the individual modules of step 120 using
a matrix algebraic operation. [0024] A linear Module
ROM can be obtained by converting a full state
variable Jacobian matrix (J) to an input-output
Sensitivity matrix or Gain matrix (G). A gain matrix
can be calculated for each module of step 120, and can
contain the simplified relationships between relevant
outputs and inputs for each Module ROM. In one or more
embodiments, relevant outputs for each Module ROM can
include material and/or energy stream data that can be
input to other Module ROMs. The gain matrix can be
used as a reduced order model and can 



be accurate in the local region of the current
operating point for any given module. The reduced
order model can be updated when each module is
parameterized as the operating point changes. [0025]
The input variables to each Module ROM can be
designated as "u" and can represent manipulated
(operational degrees-of-freedom) and disturbance
(output from other modules) variables within the
module. The output variables from each Module ROM can
be designated as "y" and can represent measured and
inferred states (unmeasured) variables, as well as
objective function elements. [0026] Given the input
and output variables, a reduced-order linear model can
be derived by calculating the gain matrix ( y/du) from
a Jacobian matrix (di/dx) of each module. Table 1
shows an illustrative structure of a Jacobian matrix
(J), where F denotes a set of equations, and X denotes
a set of variables describing the process. Note that X
comprises of both input (u) and output (y) variables.
Table 2 shows the decomposition of the Jacobian matrix
into input (Ju) and output (Jy) components. Table 3
shows an illustrative structure of the resulting gain
matrix.(01) The invention relates generally to systems
and methods for migrating seismic data, and more
particularly, to the depth migration of seismic data,
such as seismic data gathered in the shot domain (02)
Systems and methods for depth migrating seismic data
are known. For example, conventional techniques
include the implementation of Gaussian beams to model
the propagation of seismic waves through a seismic
volume of interest in a migration. Such migrations may
be referred to as Gaussian beam migration.
Conventional techniques that implement other
techniques to model seismic wave propagation are also
known (e.g., finite difference methods). (03)
Migration techniques are formulated to be applied in
different data domains, such as the common-offset
domain, the common-shot domain, and/or other domains.
Each domain typically has strengths and weaknesses
with respect to computational efficiency, image
quality, flexibility of application, support of
velocity analysis, etc. For instance, common-shot
domain 



migration tends to be more universally and directly
applicable to seismic data because the data are
recorded in the common-shot domain. However migrating
data in the common-shot domain may be relatively
computationally intensive. (04) Jn Gaussian beam
migration techniques beam tables are determined by ray
tracing through a provisional Earth model to describe
one or more parameters of the Gaussian beams forother
tyre(s) of beams) being used to model the seismic
waves. The beam tables are then used in the migration
to determine an image of one or more reflectors within
the seismic volume of interest. Conventional
techniques for computing and using beam tables tend to
be processing intensive (05) One aspect of the
invention relates to a method of processing seismic
data. In one embodiment, the method comprises
receiving a request for a beam table that corresponds
to a table location on a geographic surface from one
of a plurality of processing nodes that are processing
seismic data for migration, wherein a beam table is a
record of one or more beam parameters of one or more
beams that form seismic wavefronts arriving at or near
the table location; determining whether the requested
beam table is included in a set of stored beam tables,
wherein the set of stored beam tables includes one or
more beam tables stored externally from the processing
node; and initiating transmission of the requested
beam table to the processing node if the requested
beam table is included in the set of stored beam
tables, (06) Another aspect of the invention relates
to a system configured to process seismic data. In one
embodiment the system comprises a plurality of
processing nodes and a server. The plurality of
processing nodes are configured to process seismic
data for migration. In some instances, each processing
node comprises a migration module and a table module.
The migration modules are configured to determine an
image of the seismic volume beneath the geographic
surface, wherein the determination is based at least
in part on one or more beam tables, and wherein a beam
table corresponds to an imaging location on a
geographic surface of the seismic volume of interest
and is a record of one or more beam parameters of one
or morebeams that form seismic wavefronts arriving at
the imaging location, The table modules are configured
to obtain beam tables for the migration modules. The
server is operativeiy linked to 



each of the plurality of processing nodes to enable
communication between the server and the processing
nodes. In some instances, the server comprises a query
module and a query results module. The query module is
configured to receive a request from a table module of
one of the processing nodes for a beam table
corresponding to a table location on the geographic
surface of the seismic volume of interest, and to
determine whether the requested beam table is included
within a set of stored beam tables wherein the table
location on the geographic surface is determined by
the requesting table module based on the imaging
location identified in a request for a beam table from
the migration module associated with the requesting
table module. The query results module is configured
to initiate access of the requested beam table by the
requesting table module if the requested beam table is
included in the set of stored beam tables. (07)
Another aspect of the invention relates to a method of
migrating seismic data. In one embodiment, the method
comprises (a) defining a series of primary locations
within a seismic volume; (b) determining travel times
of one or more beams that form seismic wavefronts that
pass through one of the primary locations, wherein the
travel times comprise travel times of one or more
beams between a source of the seismic wavefronts and
lhe primary location and travel times of one or more
beams between the primary location and a set of
detectors that detect the seismic wavefronts; (c)
repeating (b) for each of the primary locations within
the seismic volume; (d) determining gradients of the
travel times of the beams between the source of the
seismic wavefronts and the primary locations within
the seismic volume based at least in part on the
determined travel times of the beams between the
source of the seismic wavefronts and the primary
locations; (e) determining gradients of the travel
times of the beams between the primarylocations and
the set of detectors based at least in part on the
determined travel times of the beams between the
primary locations and the set of detectors; and (f)
determining one or more beam parameters of one or more
beams through a location within the seismic volume
that is not a primary location based at least in part
on (/) the gradients of the travel times of the beams
between the source of the seismic wavefronts and the
primary locations, (//') the gradients of the travel
times of the beams between the primary locations and
the set of detectors, and (Hi) a 



spatial position of the location with respect to one
of the primary locations. (08) These and other
objects, features, and characteristics of the present
invention, as well as the methods of operation and
functions of the related elements of structure and the
combination of parts and economies of manufacture,
will become more apparent upon consideration of the
following description and the appended claims with
reference to the accompanying drawings, all of which
form a part of this specification, wherein like
reference numerals designate corresponding parts in
the various figures. It is to be expressly understood,
however, that the drawings are for the purpose of
illustration and description only and are not intended
as a definition of the limits of the invention. As
used in the specification and in the claims, the
singular form of a , "an", and "the" include plural
referents unless the context clearly dictates
otherwise. (09) FIG. I illustrates a system configured
to obtain seismic data related to a seismic volume of
interest, according to one or more embodiments of the
invention.(W) FfG. 2 illustrates a system configured
to migrate seismic data to account for reflectors of
seismic waves within a seismic volume of interest, in
accordance with one or more embodiments of the
invention. (U) FIG. 3 illustrates a bird's eye view of
a geographic surface of seismic volume of interest,
according to one or more embodiments of the invention.
(12) FlG. 4 illustrates a bird's eye view of a
geographic surface of seismic volume of interest,
according to one or more embodiments of the invention.
(13) FIG 5 illustrates a bird's eye view of a
geographic surface of seismic volume of interest,
according to one or more embodiments of the invention
(14) FIG. 6 illustrates a bird's eye view of a
geographic surface of seismic volume of interest,
according to one or more embodiments of the invention.
(15) FiG. 7 illustrates a method of performing a
single shot migration of seismic data to form one or
more images of a seismic volume of interest from beam
tables derived, at least in part, from the seismic
data, in accordance with one or more embodiments of
the invention. 



(16) FIG. 8 illustrates an elevation view of a seismic
volume of interest, according to one more embodiments
of the invention. (17) FFG, 9 illustrates an elevation
view of a seismic volume of interest, according to one
more embodiments of the invention.(18) FIG. 1
illustrates a system 10 configured to obtain seismic
data related to a seismic volume of interest 12.
System 10 records information related to the rate of
propagation and/or the reflection of seismic waves
within seismic volume of interest 12. As is discussed
below, from the information recorded by system 10, one
or more images of geological features within the
seismic volume of interest 12 are determined. In one
embodiment, system 10 includes a source 14 and a set
of detectors 16. (19) n one embodiment, source 14
generates waves within the seismic volume of interest
12. As such, source 14 is a source of seismic
wavefronts that propagate through seismic volume of
interest 12. Source 14 may generate seismic waves that
enter the seismic volume of interest 12, and/or source
14 may physically impact the surface of seismic volume
of interest 12 to generate the waves. For example, in
one embodiment, source 14 includes marine air guns.
(20) Detectors 16 are configured to detect seismic
wavefronts. For example, detectors 16 may include
seismometers that measure and record motion, In the
embodiment illustrated in FIG. 1, detectors 16 are
disposed on a surface of seismic volume of interest
12. However, this is not intended to be limiting, and
in some embodiments, detectors 16 may include
instruments that detect subsurface seismic wavefronts.
Still further, in one embodiment, detectors 16 include
instruments disposed on a surface of a body of water
located on top of seismic volume of interest 12, and
detect wavefronts that propagate up to detectors 16
from an interface between a surface of seismic volume
of interest 12 and the water. Detectors 16 are
typically disposed in a uniform and/or predetermined
manner with respect to seismic volume of interest 12
For example, detectors 16 may be disposed along a grid
at the surface of seismic volume of interest.(21) As
can be seen in FIG, 1, in one embodiment, system 10
further comprises a seismic data storage module 18.
Seismic data storage module 18 stores information
(sometimes referred to as "seismic data") related to
the generation of seismic waves by source 14 and/or
the detection of 



waves by detectors 16. This information may include
positional (and/or orientation) information related to
one or both of source 14 and/or detectors 16,
information related to the waves generated by source
14 (e.g., frequency, phase, amplitude, etc.),
information related to the waves detected by
individual ones of detectors 16, (e.g., frequency,
phase, amplitude, etc.), and/or other information.
(22) Seismic data storage module 18 stores the seismic
data electronically, As such, seismic data storage
module 18 may include one or more of optical storage
media, magnetic storage media, solid state storage
media, digital storage media, analog storage media,
and/or other electronic storage media. (23) In the
embodiment illustrated in FIG. 1, seismic data storage
module 18 includes a single centralized storage
facility that is operatively linked with detectors 16
and/or source 14, In this embodiment, the operative
link between seismic data storage module 18, detectors
16, and/or source 14 may be accomplished via
electronic communication (e.g., wired communication,
wireless communication communication via a network,
etc.). In some instances, the operative Sink between
seismic data storage module 18 and detectors 16
includes a set of removable electronic storage media
that are disposed individually at each of detectors 16
(or are each linked to a set of detectors 16), and
then are removed and transported to the centralized
storage facility for storage and/or data transfer. It
should be appreciated that the illustration of seismic
data storage module 18 is not intended to be limiting.
In one embodiment, seismic data storagemodule 18 may
include a set of distributed storage facilities (e.g..
disposed at Individual detectors 16). (24) FlG. 2
illustrates a system 20 configured to migrate seismic
data to account for reflectors of seismic waves within
a seismic volume of interest that are not always
horizontal and planar. As should be appreciated, this
migration will typically enable an image to be formed
of the geological features of a seismic volume of
interest {e.g., horizons, reflectors, etc.) from the
migrated seismic data that is a more accurate
depiction of the geological features present in the
seismic volume of interest than an image formed from
the non-migrated seismic data. The 



migration discussed below is a migration of
"single-shot data." In other words, the migration is a
migration of seismic data that is generated by a
single "shot," or burst of seismic waves generated by
a source of seismic waves. Single shot migrations, as
opposed to, for example, common azimuth and/or common
offset migrations, may be substantially universally
applicable to seismic surveys because data are
physically recorded from single shots. It should be
appreciated that in some instances, a single "shot"
may be emitted by an array of sources, and not a
single source, as is illustrated in FIG. 1. (25)
Returning to FIG 2, in one embodiment, system 20 is
configured to execute Gaussian beam migration of the
seismic data. Some of the principles of Gaussian beam
migration are described, for example, in U.S. Patent
No, 5,274,605 ('' ' 60S Patent"), the contents of
which are incorporated herein in their entirety.
However, it should be appreciated that certain aspects
of the following description of system 20 can be
extended to migrations accomplished without using
Gaussian beams as the basic function for decomposing
the seismic waves depicted by the seismic data being
migrated n one embodiment, system 20 comprises a
storage archive 22, a user interface 24, a server 26,
and a plurality of processing nodes 28.(26) Storage
archive 22 stores information that enables seismic
data generated by system 10 (shown in FSG. 1 and
described above) to be migrated, and used to form an
image of a seismic volume of interest (e.g., seismic
volume of interest 12). Such information includes a
set of stored beam tables. As used herein, the term
"beam table" refers to a record of one or more beam
parameters of one or more beams that form the seismic
wavefronts depicted in seismic data. In one
embodiment, the beam parameters within a beam table
may include one or more of a travel time, an
amplitude, a phase, an angle of incidence, and/or
other beam parameters. Generally, a beam table is a
record of one or more beam parameters of one or more
beams that form the seismic wavefronts that reach a
specific location, referred to as a "table location,"
in the seismic volume of interest that corresponds to
the beam table in the embodiments discussed herein,
table locations are located at or near the geographic
surface of the seismic volume of interest, but this
should not be viewed as limiting. 



(27) In order to provide storage for the stored set of
beam tables storage archive 22 includes one or more
electronic storage media. For example, storage archive
22 may include one or more of optical storage media,
magnetic storage media, solid state storage media,
digital storage media, analog storage media, and/or
other electronic storage media. Storage archive 22 is
operatively linked with server 26, and each of
processing nodes 28 for electronic communication
therewith. The operative iink(s) between storage
archive 22, server 26, and/or processing nodes 28 can
be accomplished via wired and/or wireless
communication In some instances, the link between
storage archive 22 and processing nodes 28 may be
accomplished through server 26 In one embodiment,
communication between storage archive 22 and
processing nodes 28 is managed, at least to some
extent, by server 26 in the manner discussed below(28)
In one embodiment, storage archive 22 is a centralized
archive located at a single physical location, as is
shown in FlG. 2. In one embodiment storage archive 22
has a distributed architecture. In this embodiment,
storage archive 22 may still be located at a single
physical location, or may he distributed physically
between a plurality of locations, For example, storage
archive 22 may include a set of storage modules with
individual ones of the modules being provided at
individual ones of processing nodes 28. (29) User
interface 24 is configured to provide an interface
between system 20 and one or more users through which
users may provide information to and receive
information from system 20. This enables data,
results, parameters, and/or instructions and/or any
other communicable items, collectively referred to as
"information," to be communicated between the users
and one or more of storage archive 22, server 26,
and/or processing nodes 28. For example, a user may
initiate a migration of seismic data by providing, via
user interface 24, one or more of the seismic data,
information derived at least in pan from the seismic
data (e.g., a velocity model of the seismic volume of
interest) and/or one or more parameters governing the
migration (e.g., an initial beam direction, one or
more initial beam properties, such as width, amplitude
and/or characteristic frequency, a boundary condition,
etc.), and/or other information to system 20. Examples
of interface devices suitable for inclusion in user
interface 24 include a 



keypad, buttons, switches, a keyboard, knobs, levers,
a display screen, a touch screen, speakers, a
microphone, an indicator light, an audible alarm, and
a printer. In one embodiment user interface 24
actually includes a plurality of separate interfaces,
including separate interfaces provided at individual
ones of processing nodes 28, and/or a separate
interface provided to view and/or manage system 20 via
server 26. so(30) It is to be understood ihat other
communication techniques, either hard-wired or
wireless, are also contemplated by the present
invention as being included within user interface 24,
For example, the present invention contemplates that
user interface 24 may be integrated with a removable
storage interface provided by storage archive 22 I
this example, information may be loaded into system 20
from removable storage (e.g., a smart card, a flash
drive, a removable disk, etc.) that enables the
user(s) to customize the implementation of and/or
provide seismic data or other information to system
20. Other exemplary input devices and techniques
adapted for use with system 20 as a component of user
interface 24 include, but are not limited to, an RS-
232 port, RF link, an IR link, and/or modem
(telephone, cable or other). In short, any technique
for communicating information with system 20 is
contemplated by the present invention as user
interface 24. (31) Server 26 manages the processing
and storage resources provided by processing nodes 28
and storage archive 22. As such, server 26 may include
one or more of a digital processor, an analog
processor, a digital circuit designed to process
information, an analog circuit designed to process
information, a state machine, and/or other mechanisms
for electronically processing information. Although
server 26 is shown in FIG. 2 as a single entity, this
is for illustrative purposes only. In some
implementations, server 26 may include a plurality of
processors {e.g., hardware units capable of processing
data), These processors may be physically located
within the same device, or server 26 may represent
processing functionality provided by a plurality of
devices operating in coordination. For example, in one
embodiment, a portion of the functionality attributed
to server 26 in the description below is provided by a
processor (or 



processors) associated with storage archive 22. while
another portion of the functionality I Iattributed to
server 26 is provided by a processor (or processors)
that is separate and distinct (and possibly physically
remote) from storage archive 22. (32) As is shown in
FIG. 2, in one embodiment, server 26 includes a query
module 30. a query results module 32, and an archive
module 34. Modules 30, 32, and/or 34 may be
implemented in software: hardware; firmware; some
combination of software, hardware, and/or firmware:
and/or otherwise implemented It should be appreciated
that although modules 30, 32, and 34 are illustrated
in FIG. 2 as being cs-iocated within a single
processing unit, in implementations in which server 26
includes multiple processing units, modules 30, 32,
and/or 34 may be located remotely from the other
modules (33) Query module 30 is configured to process
queries from processing nodes 28 for access to
specific beam tables. The beam table requested by one
of the processing nodes 28 in a given query may or may
not be included in the set of stored beam tables that
are stored by storage archive 22. As such, in
processing the given query, query module 30 may access
storage archive 22 and search the set of stored beam
tables for the requested beam table, Alternatively,
query module 30 may access and analyze a list of the
beam tables included in the set of stored beam tables
to determine if the requested beam table is included
in the set of stored beam tables. The list of beam
tables is managed by server 26, and may be stored at
storage archive 22 or separate from storage archive 22
by server 26. Upon performance of the given query,
query module 30 provides the results of the given
query to query results module 32. (34) Query results
module 32 is configured to initiate action by system
20 that is predicated on whether the beam table
requested in the given query is included in the set of
stored beam tables. If the requested beam table is
included in the set of stored beam tables, query
results module 32initiates access of the requested
beam table by the requesting processing node 28 In one
embodiment, query results module 32 initiates access
of the requested beam table by transmitting to the
requesting processing node 28 the storage location
(e.g., a URL, a network file directory, a position
within a network file, etc.) at which the requested
beam table is accessible within 



storage archive 22 This information enables the
processing node 28 to obtain the requested beam table
directly from storage archive 22 or from storage
archive 22 through server 26. In one embodiment, query
results module 32 initiates access of the requested
beam table by initiating actual transmission of the
requested beam table to the requesting processing node
28. This transmission may be directly from storage
archive 22 to the processing node 28, or may be
through server 26. (35) If query module 30 determines
that the requested beam table is not included within
stored set of beam tables, then query results module
32 initiates computation of the requested beam table.
This computation of the requested beam table is
accomplished by processing nodes 28 Sn one embodiment,
query results module 32 initiates and manages the
computation of the requested beam table by processing
nodes 28, In one embodiment, query results module 32
transmits a communication to the requesting processing
node 2S that causes the requesting processing node 28
to perform the computation of the requested beam table
In some instances, the requesting node 28 computes the
requested beam table without assistance from other
ones of (36) Archive module 34 is configured to manage
the storage of the set of stored beam tables in
storage archive 22. The management of the storage of
the set of stored beam tables includes the
organization of the stored beam tables so that they
can be located and accessed in response to requests
from processing nodes 28. In one embodiment, after
processing nodes 28 havecomputed a beam table that is
not Included within the set of stored beam tables,
archive module 34 adds the newly computed beam table
to the set of stored beam table by causing the newly
computed beam table to be stored in storage archive 22
with the other beam tables included in the set of
stored beam tables. This will enable the newly
computed beam table to be used again by processing
nodes 28, should the need arise. (37) In one
embodiment, archive module 34 further manages the
storage of the set of stored beam tables to maintain a
storage size of the stored beam tables below a
predetermined threshold. This threshold may be
configured manually (e.g., via user interface 24)
and/or configured automatically based on a capacity
(and/or other parameters) of storage archive 22. In 



this embodiment, if the storage of a newly computed
beam table with the set of stored beam tables results
(or would result) in the storage size of the set of
stored beam tables exceedirsg the predetermined
threshold, archive module 34 initiates one or more
actions that reduce the storage size of the set of
stored beam tables below the threshold. For example,
in one embodiment, archive module 34 initiates the
deletion of one or more of the beam tables from the
set of stored beam tables in order to reduce the
storage size of the set of stored beam tables. In this
embodiment, archive module 34 may specify one or more
of the beam tables for deletion based on one or more
of an amount of time since the beam table(s) was
originally computed, an amount of time since the beam
table(s) was last accessed or requested by processing
nodes 28, a relative storage size of the beam
table(s), and/or other factors. (38) Processing nodes
28 coordinate (and/or are coordinated) to provide a
network of distributed processing resources to perform
migration of seismic data, and the formation of an
image (or images) of a seismic volume of interest (e.g
, seismic volume of interest 12) from the migrated
seismic data. As such, each of processing nodes 28 may
implemented in one or moreof hardware, software,
firmware, and/or some combination of hardware,
software, and/or firmware. For instance, in one
embodiment, one or more of processing nodes 28 include
one or more of a digitai processor, an analog
processor, a digital circuit designed to process
information, an analog circuit designed to process
information, a state machine, and/or other hardware
for electronically processing information. In one
embodiment, one or more of processing nodes 28 include
one or more software and/or firmware modules being
executed by one or more of the foregoing hardware
devices (39) Conventional systems configured to
perform the produce outputs from seismic data that
resemble the outputs produced by system 10 via
processing nodes 28 typically implement a plurality of
processing nodes due to the relatively large amount of
processing resources required in processing seismic
data. As such system 10, which provides for several
enhancements over such conventional systems, is
illustrated as including a plurality of processing
nodes 28. Itshould be appreciated that as technology
advances, a system may be developed in which the 



processing typically accomplished with a plurality of
separate processing nodes may be provided by a single
node. It should further be appreciated that extending
the beam table storage and management described herein
for the multi-node system 10 to a similar system that
implements a single processing node is included within
the scope of this disclosure (40) Although each
processing node 28 is shown in FlG. 2 as being a
single entity, this is for illustrative purposes only.
In some implementations, one or more of processing
nodes 28 may include a plurality of processors. These
processors may be physically located within the same
device, or a single processing node 28 may represent
processing functionality provided by a plurality of
devices operating in coordination. Further, although
processing nodes 28 are illustrated in FlG. 2 as being
located separately from each other, it should be
appreciated that insome embodiments two or more of
processing nodes 28 may be provided at a common
location. In one embodiment, one or more of processing
nodes 28 may include one or more software and/or
firmware modules executed on a device that serves as
server 26. (41) As is shown in FlG. 2, in one
embodiment, each of processing nodes 28 includes a
migration module 36 and a table module 38. Modules 36
and 38 may be implemented in software; hardware;
firmware; some combination of software, hardware,
and/or firmware; and/or otherwise implemented. It
should be appreciated that although modules 36 and 38
are illustrated in FlG. 2 as being co-located within a
single processing unit, in implementations in which
individual processing nodes 28 include multiple
processing units, modules 36 and 38 may be located
remotely from each other. (42) Migration module 36 is
configured to process information recorded in beam
tables that correspond to table locations at the
geographic surface of a seismic volume of interest to
form one or more images of the seismic volume of
interest. As was mentioned above, in one embodiment,
the beam tables represent the decomposition of the
seismic wavefronts that arrive at or near the table
locations into Gaussian beams (the parameters of which
are recorded in the beam tables). The table locations
are distributed at or near the geographic surface of
the seismic volume in a uniform distribution. This
distribution (e.g., spacing, pattern, etc) is based on
one 



or more input parameters specified for a given
migration/imaging process. These input parameters may
be specified by a user (e.g., via user interface 24),
specified in the seismic data and/or information
related to the collection of the seismic data, and/or
otherwise specified. For example, the input parameters
that impact the spacing of the table locations may
include one or more of an initial beam width, one or
more frequencies of the seismic waves generated and/or
detected, a sampling rate of the seismic data, and/or
other parameters. The distribution of thetable
locations for a given migration may be determined by
one or more of table modules 38 of processing nodes
28, server 26, and/or some combination of these
components. (43) In one embodiment, migration module
36 may determine the "true amplitude" of the seismic
waves reflected from one or more reflectors within the
seismic volume of interest, In general, the amplitude
of seismic waves reflected from a given surface within
the seismic volume of interest may be impacted by
phenomena including the parameters of the seismic
waves (e.g., the amplitude of the seismic waves, etc)
that reach the given reflector, the seismic
reflectivity of the given reflector, and/or other
phenomena. As used herein the "true amplitude" image
of a given reflector within the seismic volume of
interest refers to a metric related primarily to the
seismic reflectivity of the given refl ector In some
instances, in order to determine the true amplitude of
the image of the given reflector, migration module 36
mayanalyze the beam parameters recorded in one or more
beam tables according to a version of the
true-amplitude inversion formula disclosed in
Bleistein, On the imaging of reflectors in the
earth,'" Geophysics, vol. 52, pgs. 931-942 (1987),
and/or in '"Mathematics of Modeling, Migration and
Inversion with Gaussian Beams
http://www.cwp.mines.edu/~norm/shrtcrse/gbnotes.pdf
(accessed 2007), that is adapted for the analysis of
seismic waves modeled as Gaussian beams (or some other
basis set) rather than basic ray theory. (44) Table
module 38 is configured to obtain beam tables for
migration module 36 to enable migration module 36 to
form an image or images of the seismic volume of
interest. In operation, migration module 36 requests
that table module 38 obtain a certain beam table. In
response o 



such a request, table module 38 generates a query
requesting the beam table that is transmitted to query
module 30 of server 26. As has been set forth above in
response to this query, querymodule 30 determines
whether the requested beam table is included in the
set of stored beam tables, and query results module 32
either (Q initiates access of the requested beam table
by table module 38 if the requested beam table is
included in the set of stored beam tables, or (//)
initiates computation of the requested beam table by
processing nodes 28 if the requested beam table is not
included in the set of stored beam tables. In one
embodiment, if the requested beam table is not
included i the set of stored beam tables, query
results module 32 initiates computation of the
requested beam table by the requesting table module
38, (45) To compute a beam table, table module 38
computes the beam parameters of beams that arrived at
the table location corresponding to the given beam
table during the sampling of the seismic data. More
particularly table module 38 solves kinematic and
dynamic ray tracing equations to determine the Green's
functions of these beams. In one embodiment, table
module 38 implements Tilted-axis, Transversely
Isotropic ('TTI") parameterization in determining the
Green's functions. For example, the TTI specification
techniques described in Thomsen Weak elastic
anisotropy,' Geophysics, vol. 51, pgs 1954-66 (1986):
and/or Alkahalifah, et ah, "Velocity analysis for
transversely isotropic media Geophysics, vol. 60, pgs.
1550-1566 (1995) are used to specify anisotropic Earth
model velocities. The anisotropic ray tracing is then
performed by one or more techniques described in
Cerveny, "'Seismic rays and ray intensities in
inhomogeneous anisotropic media " Geophysical Journal,
vol. 29, pgs, 1-13 (1972); Gajewski et a!..
'"Verticalseismic profile synthetics by dynamic ray
tracing in laterally varying layered anisotropic
structures,"' iQuraaj .of Geo hysjc^Res., vol. 95,
pgs. 11301-1 1335, (1990); verson et ah, Ray
tracingfor continuously rotated local coordinates
belonging to a specified anisoiropy Stud Geophys.
Geod,, vol. 51, pgs. 59-88 (2007); Zhu etai,
''Prestack Gaussianbeam depth migration in anisotropic
media." Geop.hvsj.cs, vol. 72, pgs. SI33-S1 38 (2007);
and/or Dickens ''R ay tracing in lilted transversely
isotropic media: a group velocity approach " SEG
Extended Abstracts, vol. 23, pgs. 973-6 (2004). (46)
Once table module 38 determines the Green's functions,
the given beam table is then 



created as a record of the beam parameters specified
for the beams by the computed Green's functions. As
such, the beam parameters recorded in the beam table
are a function of a model of velocity, anisotropy,
subsurfaces and/or other Earth media properties of the
seismic volume of interest (derived at least in part
from the seismic data) and one or more input
parameters used to determine the Green's functions.
The one or more input parameters may include, for
example, one or more of an initial beam direction, one
or more initial beam properties, such as width
amplitude and/or characteristic frequency, a boundary
condition, and/or other parameters. The input
parameters are configurable (e.g., via user interface
24). and may be used for each beam table computed
and/or used during a given migration/imaging process.
(47) In order to further illustrate the operation of
system 20, according to one embodiment, FIG. 3
illustrates a bird's eye view of a geographic surface
40 of seismic volume of interest 12, Accordingly,
although the following description refers to FIG. 3,
reference is also made to components of system 20 in
FlG. 2 as the functionality of these components
provide pertains to the view shown in FIG. 3. A series
of table locations 42 (illustrated as table locations
42a. table locations 42b, and table location 42c) are
indicated on geographic surface 40, distributed
uniformly or non-uniformiy along geographic surface
40. As should be apparent from the foregoing, table
locations 42 shown in FIG 3 are not the same as the
locations at which detectors 16 are disposed in FIG.
1. Typically, table locations 42 are further apart
than detectors J6 The seismic data recorded by a
plurality detectors 16 is decomposed into a plurality
of beams. Thesebeams can be calculated from
information contained in beam tables that corresponds
to one of table locations 42. (48) In FIG 3, a first
set of table locations 42a (illustrated in outline
only in FIG. 3) do not correspond to a beam table
included in the set of stored beam tables stored in
storage archive 22, and a second set of table
locations 42b (illustrated as solid in FIG. 3}
correspond to beam tables included in the set of
stored beam tables stored in storage archive. If
migration module 36 of a given one of processing nodes
28 requests a beam table that corresponds to a
requested table location 42c, table module 38 of the
given processing node 28 will generate a query for
query 



module 30 of server 26 requesting the beam table that
corresponds to requested table location 42c. If, as is
the case in FIG, 3, the beam table that corresponds to
requested table location 42c is included in the set of
stored beam tables, then query results module 32 of
server 26 will initiate access of the requested beam
table by table module 38. Upon accessing the requested
beam table, table module 38 will provide the requested
beam table to migration module 36 so that it can be
used in the migration/imaging process being executed
by migration module 36. (49) FIG. 4, like FIG 3
illustrates a bird's eye view of geographic surface 40
of seismicvolume of interest 12. However, in FlG. 4,
requested table location 42c does not correspond to a
beam table that is included in the set of stored beam
tables. As such, in one embodiment, if migration
module 36 requests the beam table that corresponds to
requested table location 42c from table module 38 and
table module 38, in turn, generates a query for the
requested beam table from query module 30, query
results module 32 will initiate a computation of the
requested beam table by the requesting table module
38. As was discussed above, once table module 38 has
computed the requested beam table, archive module 34
of server 24 coordinates the storage of the requested
beam table in storage archive 22 with the set of
stored beam tables.(50) If the storage of the
requested beam table with the set of stored beam
tables causes the storage size of the set of stored
beam tables to rise above the predetermined threshold,
then archive module 34 may take action to maintain the
storage size of the set of stored beam tables below
the threshold. In one embodiment, such action includes
the deletion of one or more of the beam tables
previously stored with the set of stored beam tables.
Such a deletion of one or more of the beam tables by
archive module 34 is illustrated by FG. 5, which
illustrates the first set of table locations 42a as
including table locations that correspond to newly
deleted beam tables, and illustrates the requested
table location 42c as being included in the second set
of table locations 42b due to the computation and
storage of the requested beam table. (51) As was
mentioned above, in one embodiment, system 20 in
general, and migration modules 36 of processing nodes
28 in particular, is adapted to perform migrations
and/or imaging of single shot seismic data. For such
migrat ions a source beam table that corresponds 



to the source of the seismic wavefronts propagating
through seismic volume of interest 12. For example,
FlG. 6 illustrates bird's eye view of geographic
surface 40 of seismic volume of interest 12 shown in
FIGS. 3-5, and further including a source location 44
that corresponds to the position of source 14
discussed above with respect to FICf. 1. Table modules
38 of processing nodes 28 compute the source beam
table that corresponds to source location 44 such that
the source beam table is a record of one or more beam
parameters of a set of one more beams that form the
seismic waves generated by source 14. (52) FIG. 7
illustrates a method 46 of performing a single shot
migration of seismic data to form one or more images
of a seismic volume of interest from beam tables
derived from a model of the seismic velocities within
the seismic volume of interest (the mode) being, in
some instances, a function, at least in part, of the
seismic data). Although some of the operations
ofmethod 46 are discussed below with respect to the
components of system 20 described above and
illustrated in FIG. 2, it should be appreciated that
this is for illustrative purposes only, and that
method 46 may be implemented with alternative
components and/or systems without departing from the
scope of this disclosure. Furt her the particular
arrangement of the operations illustrated in FIG. 7
and described hereafter is not intended to be limiting
In some implementations, various ones of the
operations could be performed in an order other than
the one set forth, various ones of the operations may
be combined with others and/or be omitted altogether,
and/or various additional operations may be added
without departing from the scope of the disclosure, as
should be appreciated. (53) In some embodiments, the
single shot migration described with respect to FIG. 7
may include a 'super shot" migration in which the
source of the seismic waves Is actually an array of
seismic energy sources. For example, waves from the
array of sources may be locally slantstacked together
using the source energy propagation direction and
Gaussian beam tapering, to form a single supershot. In
this case each individual local slant-stack direction
forms a Gaussian-beam tapered plane wave. The number
and coordinates of source locations can be defined by
one or more input parameters provided by the user via
the user interface module. 



(54) At an operation 47, a distribution of a series of
table locations at or near a geographic surface of the
seismic volume of interest is defined. Each of the
table locations correspond to a beam table included in
the set of beam tables. In one embodiment, the
parameters upon which the distribution of the series
of table locations is defined have been discussed
above with respect to system 20. In one embodiment,
the distribution of the series of table locations is
determined at operation 47 by one or both of a table
module the same as, or similar to. table module
38and/or a server the same as, or similar to server
24, both of which are shown in FlG. 2 and described
above (55) A Xan operation 48, a series of imaging
locations at or near the geographic surface of the
seismic volume of interest are defined, In some
implementations, these imaging locations are
coincident with the series of table locations that
correspond to the set of beam tables. In some
implementations, the imaging locations include
locations that are not coincident with the series of
table locations, for example, in a "stacked"
migration/imaging process, the imaging locations are
defined at operation 48 to coincide with the table
locations defined at operation 47, while in a
"gather"' migration/imaging process, the imaging
locations do not coincide with the table locations.
Instead, in a gather migration/imaging process, a user
defines (e.g., via a user interface that is the same
as or similar to user interface 24, shown in FIG. 1
and described above) a number of imaging locations.
More particularly, in a gather migration/imaging
process, a user specifies a number of image volumes
that will be output by the process, and properties of
the image volumes (e.g., offset, offset-azimuth,
etc.). As should be appreciated, the number of image
volumes is related to the number of imaging locations,
and the properties of the image volumes specified by
the user dictate the distribution of the imaging
locations defined at operation 48 In one embodiment,
operation 48 is performed by one or more migration
modules that are the same as, or similar to, migration
modules 36 shown in FIG. 2 and described above. (56)
As is discussed further below, method 46 operates to
generate an image of the seismic volume of interest
for each of the imaging locations defined at operation
48. For illustrative purposes, method 46 is described
below as if a single processing node were generating
an image 



for each of the imaging locations in an iterative
fashion (e.g., via operations 72. 74, 76, 80, 82, 84,
86, 88, 92, 94, and 96). However, it should be
appreciated from the foregoing description
ofprocessing nodes 28, that in one embodiment, method
46 is performed in coordination by a plurality of
processing nodes such that separate processing nodes
determining images for a subset of the imaging
locations defined at operation 48 in parallel with the
other processing nodes. For example, where there are
A/ processing nodes performing method 46 i a
coordinated manner, and there are L imaging locations,
each processing node may perform the requisite
operations of method 46 (e.g., operations 72, 74, 76,
80, 82. 84, 86, 88, 92, 94, and 96) to form an image
of the seismic volume of interest for FJM of the
imaging locations. (57) At an operation 50, a series
of primary locations within the seismic volume of
interest are defined. The distribution of the primary
locations is uniform throughout the seismic volume of
interest. In one embodiment, the primary locations are
defined to be at a series of mesh points formed at
predetermined intervals by a uniform, three
dimensional mesh defined within the seismic volume of
interest. For example, FIG. 8 illustrates a mesh 52
defined within seismic volume of interest 12 Although
in the elevation view of seismic volume of interest 12
provided in FIG. 8 mesh 52 is illustrated as being
two-dimensional, it should be appreciated that this is
for simplicity only, and that mesh 52 includes a third
dimension perpendicular o the plane of the page. As
can be seen in FIG. 8, a series of primary locations
54 are defined at mesh points that occur within mesh
52 at predetermined intervals, (58) FIG. 8 further
illustrates source 14 disposed on geographic surface
40 of seismic volume of interest 12. When the seismic
data being migrated was generated, source 14 generated
wavefronts within seismic volume of interest 12 that
can be decomposed as a plurality of beams 56. As has
been discussed above, a source beam table that
corresponds to the location at which source 14 is
positioned (e.g., source location 44 in FIG. 6) when
the wavefronts are generated includes one or more of
the beam parameters of each of beams 56. As can be
appreciated fromFfG 8, these beams may not propagate
in straight paths through seismic volume of interest
12. Instead, due to differences in the composition of
the stratum within seismic volume of interest 12,
beams 56 may be refracted (e.g., bent) and/or
reflected as they travel through seismic volume 



of interest 12, similar to the refraction and/or
reflection of light rays as they pass through optical
media with different indices of refraction. The beam
parameters recorded in the source beam table will take
into account the beam paths of beams 56 as they
propagate through seismic volume of interest 12
Although beams 56 are shown in FIG. 8 as straight
lines, this is purely tor illustrative purposes.
During the migration/imaging processes that are
described herein, these beams are treated as Gaussian
beams (although some bases set other than Gaussian
beams could also be used). Some of beams 56 emanating
from source 14 will pass through or near a given one
of the defined primary locations 54. These beams are
identified in FIG. 8 with the reference numeral 56a. A
portion of the beams 56a that pass through or near the
given primary location 54 will make a significant
contribution to a wavefront that passes through the
given primary location 54. (59) Referring back to FIG.
7, subsequent to the definition of the series of
primary locations at operation 48, method 46 includes
an operation 58, at which the beams emanating from a
source of seismic waves that contribute significantly
to a wavefront that passes through a given one of the
primary locations are identified. In one embodiment,
these beams are identified by analyzing a source beam
table that corresponds to the location of the source
during the generation of the seismic waves by the
source. For example, the source beam table may be
obtained by one or more table modules the same as or
similar to table modules 38, shown in FIG. 2 and
described above. Techniques for analyzing the source
beam table to identify beams that make a significant
contribution to a wavefront that passes through a
given location within a seismic volume ofinterest are
disclosed, for example, in Prestack Gaussian-beam
depth migration, N. Ross Hill. Geophysics vol. 66, No
4, July-August 2001, pgs. 1240-1250 ("Hill"), and
Gaussian beam migration of common-shot records, Samuel
H. Gray, Geophysics vol. 70. No. 4 July-August 2005,
pgs. S71-S77 ("Gray ) both of which are incorporated
herein in their entireties Sn one embodiment,
operation 58 is performed for the given primary
location by one or more migration modules that are the
same as, or similar to, migration modules 36 shown in
FIG. 2 and described above. 



(60) At an operation 60, a determination is made as to
whether operation 58 has been performed for each of
the defined primary locations. In one embodiment,
operation 60 is performed by one or more migration
modules that are the same as, or similar to, migration
modules 36 shown in FIG. 2 and described above. If it
is determined at operation 60 that operation 58 has
not been performed for each of the defined primary
location, then method 46 returns to operation 58, and
operation 58 is performed for a different primary
location. If it is determined at operation 60 that
operation 58 has been performed for each of the
defined primary locations, then method 46 passes to an
operation 62 (61) One of the beam parameters recorded
in the source beam table includes source travel time.
The source travel time of a given beam is the time it
takes for the given beam to travel from the source to
some location within the seismic volume of interest.
As such, the source travel time of a given beam that
is identified at operation 58 as making a significant
contribution to one or more wavefronts that pass
through a plurality of the primary locations will be
different with respect to each of these primary
locations {e.g., due to path length of the given beam
between the source and the various primary locations
included in the plurality of primary locations) At
operation 62, the gradient of the source travel time
of a given beam emanatingfrom the source to a
plurality of primary locations (identified at
operation 58 as experiencing a wave front to which the
given beam made a significant contribution) is
determined. In one embodiment, operation 62 is
performed by one or more migration modules that are
the same as, or similar to, migration modules 36 shown
in FIG. 2 and described above. (62) At an operation
64, a determination is made as to whether the gradient
of the source travel time has been determined for each
of the beams represented in the source beam table that
were identified at operation 58 as having made a
significant contribution to a wavefront passing
through one or more of the primary locations. If the
gradient of the source travel time has not been
determined for each of these beams, then method 46
returns to operation 62 and the gradient of the source
travel time is determined for another beam that was
identified at operation 58. If the gradient of the
source travel time has been determined for each of
these beams, then 



method 46 proceeds to an operation 92 (described
below). In one embodiment, operation 6 is performed by
one or more migration modules that are the same as, or
similar to. migration modules 36 shown in FICs. 2 and
described above. (63) Referring back to FIG. 8, at
geographic surface 40 of seismic volume of interest 12
a series of imaging locations 66 (defined at operation
48 of method 46, shown in FIG. 7 and described above)
are depicted. As has been mentioned previously,
although the view shown in FIG. 8 is a two-dimensional
elevation, it should be appreciated that this is for
simplicity only, and, as such, the series of imaging
locations 66 would be distributed according to a
twodimensional distribution across surface 40, further
include additional imaging locations 66 not included
in the one-dimensional array that is visible in FIG
8.(64) When the seismic data now being migrated were
originally generated, seismic waves propagating within
the volume of interest 12 arrived at surface 40 and
were recorded by a series of detectors such as, for
example, detectors 16 shown in FIG. 1 and described
above it should be noted that the positions of the
detectors 16 are not the same as either of the table
locations defined at operation 47 of method 46, or
imaging locations 66. As the seismic waves propagated
within seismic volume of interest 12, some of these
wavefronts were reflected within seismic volume of
interest 12 and propagated up to surface 40 to be
detected by the detectors, passing through primary
locations 54 on their way to surface 40. Such
wavefronts can be decomposed as a set of beams {e.g.,
Gaussian beams) 68 that pass through or near primary
locations 54 and up to surface 40 to arrive at or near
one of imaging locations 66. A beam table
corresponding to a given one of imaging locations 66
(illustrated in FIG 8 as location 66a) will include
one or more beam parameters of one or more beams that
contribute to wavefronts that arrived at the given
imaging location 66a while the seismic data were being
obtained. Such beams will include one or more beams
(illustrated in FlG, 8 as beams 68a) that contributed
to wavefronts that passed through the given primary
location 54 and arrived at the given imaging location
66a. (65) Referring back to FlG. 1, at an operation 70
of method 46, a beam table is requested for one of the
imaging locations defined at operation 48, and at an
operation 72, the requested beam 



table is obtained In one embodiment, operation 70 is
performed by one more migration modules the same as,
or similar to, migration modules 36, and operation 72
is performed by one or more table modules the same as,
or similar to, table modules 38, both of which are
shown in FIG. 2 and described above. In some
instances, the table module may obtain the beam table
from a stored set of beam tables, as was discussed
above. In some instances, the table module may obtain
the requested beam table by computing the beam table,
as was discussed above. 2S(66) As has been mentioned
previously, beam tables obtained by the table module
at operation 72 will typically correspond to a table
location defined at operation 47. and the beam table
requested by the migration module at operation 70 will
correspond to an imaging location defined at operation
48. As such, if the migration/imaging process being
executed is a gather migration/imaging process (e.g.,
the imaging locations are not coincident with the
table locations), operation 72 will include
identifying a table location that is closest to the
imaging location specified in the request of operation
70, obtaining the beam table that corresponds to the
identified table location, and shifting the
information recorded in the obtained beam table to
account for the positional difference on the surface
of the seismic volume of interest between the
requested imaging location and the identified table
location. (67) At an operation 74, the beam table
obtained at operation 72 is used to identify beams
that contributed significantly to wavefronts that
passed through a given one of the primary locations
and the imaging location that corresponds to the
obtained beam table (e.g., beams 68a in FIG. 8,
passing through or near the given primary location 54
and the given imaging location 66a). In some
instances, the obtained beam table is analyzed using
substantially the same technique as was implemented to
analyze the source beam table at operation 58. n one
embodiment, operation 74 is performed by one or more
migration modules that are the same as, or similar to,
migration modules 36 shown In FIG. 2 and described
above. (68) At an operation 76, a determination is
made as to whether operation 74 has been performed,
for the beam table obtained at operation 72, with
respect to each of the primary 



locations n one embodiment, operation 76 is performed
by one or more migration modules that are the same as,
or similar to, migration modules 36 shown in FlG. 2
and described above. If the determination is made at
operation 76 that operation 74 has not been performed,
for the beamtable obtained at operation 72. with
respect to each of the primary locations, then method
46 returns to operation 74, and operation 74 is
performed, for the beam tabie obtained at operation
72, with respect to a different primary location. If
the determination is made at operation 76 that
operation 74 has been performed, for the beam table
obtained at operation 72, with respect to each of the
primary locations, then method 46 proceeds to an
operation 80 (69) Since, in one embodiment, the beam
parameters included in the beam tables that correspond
to the imaging locations, the beam tables obtained at
operation 72 include a detector travel time (similar
to the source travel time discussed above). The
detector travel time of a given beam between an
imaging location and a primary location is the time
that it takes for the beam to travel from the primary
location to the imaging location within the seismic
volume of interest. As such, the detector travel time
of a given beam that arrives at or near a givers
imaging location will be different for different ones
of the primary locations that the beam passes through
or near {e.g , due to path length for the given beam
between the given imaging location and the various
primary locations). At operation 80, the gradient of
the detector travel me of a given beam that
contributes significantly to a wavefront that parses
through the primary locations to the surface of the
seismic volume of interest (e g., as identified in
operation 74) is determined. The gradient of the
detector travel time is determined based, at least in
part, on the detector travel times of the beams
derived from the beam tabic requested and obtained at
operations 70 and 72. n one embodiment, operation 80 i
performed by one or more migration modules that are
the same as, or similar to, migration modules 36 shown
in FIG, 2 and described above. (7Qj At an operation 82
a determination is made as to whether the gradient of
the detector travel time has been determined for each
of the beams identified at operation 74 has having
made a significant contribution to a wavefront passing
through one or more of the primary locations.If the
gradient of the detector travel time has not been
determined for each of these beams, then method 46
returns to operation 80 and the gradient of the
detector travel time is determined for 



another beam that was identified at operation 74. If
the determination is made at operation 82 that the
gradient of the detector travel time has been
determined for each of these beams, then method 46
proceeds to operation 92 In one embodiment, operation
82 is performed by one or more migration modules that
are the same as, or similar to, migration modules 36
shown in FIG. 2 and described above, (71) At an
operation 84 image information is determined for a
given primary location In one embodiment, operation 84
implements beam parameters for the beams identified at
operations 58 and 74 as contributing to wavefronts
that pass through the givers primary location to
determine the image information In one embodiment,
operation 84 is performed by one or more migration
modules that are the same as, or similar to migration
modules 36 shown in FIG. 2 and described above. (72)
By way of illustration of the determination made at
operation 84, FIG 9 provides an elevation view of
seismic volume of interest 12 similar to the one shown
in FlG, 8 More particularly, FlG. 9 illustrates a
given primary location 54a, a set of beams 56
(illustrated as beams 56a, 56b, and 56c) that
contributed significantly to one or more wavefronts
that emanated from source 14 and passed through the
given primary location 54a, and a set of beams 68
(illustrated as beams 68a and 68b) that contributed to
one or more wavefronts that passed through the given
primary location 54a and continued up to surface 40 of
seismic volume of interest 12 at or near a given
imaging iocation 66a Each possible pairing between one
of beams 56 and beams 68 is referred to as a single
"arrival pair" for the given primary location 54a
(e.g., beams 56a and 68a, beams 56a and 68b, beams 56b
and 68a, etc.). As should be appreciated, thenumber of
arrival pairs for ihe given primary location 54a is
the number of beams 56 that contributed significantly
to one or more wavefronts that emanated from source 14
and passed through the given primary location 54a
multiplied by the number of beams 68 that contributed
to one or more wavefronts that passed through the
given primary location 54a and continued up to surface
40 of seismic volume of interest 12 at given imaging
location 66a (e.g., 2*3-6). Each arrival pair of the
given primary location 54a has a total travel time
that is determined by adding 



the source travel time of the beam 56 included in the
arrival pair to the detector travel time of the beam
68 included in the arrival pair. From the total travel
times of the arrival pairs, and/or one or more other
beam parameters of beams 56 and 68 image information
is determined for given primary location 54a One
technique that can be implemented (e.g., at operation
88 of method 46 in FIG. 7) to determine the image
information for given primary location 54a from the
beam parameters of beams 56, 68. and/or the arrival
pairs is described in Hill, "Prestack Gaussianbeam
depth migration Geophysics, vol. 66, No. 4, pgs.
1240-50 (July- August 2001); and Gray, "Gaussian beam
migration of common-shot records " Geophysics, bol.
70, No, 4, pgs. S71-7 (July-August 2005), (73)
Returning to FLG. 7, at an operation 86, a
determination is made as to whether image information
has been determined for each of ihe primary locations.
If image information has not been determined for each
of the primary locations, then method 46 returns to
operation 84, and image information is determined for
a different one of the primary locations. If image
information has beers determined for each of the
primary locations, the method 46 implements the
determined image information in an operation 88, which
is discussed further below In one embodiment,
operation 86 is performed by one or more migration
modules that are the same as, or similar to, migration
modules 36 shown in FIG, 2 and described above.(74) At
an operation 89, a series of secondary locations
within the seismic volume of interest are defined. As
was the case with the primary locations defined at
operation 50, in one embodiment, the secondary
locations are defined to be disposed in the seismic
volume of interest at a series of mesh points formed
at predetermined intervals by a uniform, three
dimensional mesh. However, the mesh that defines the
positions of the secondary locations is finer than the
mesh that defines the positions of the primary
locations such that the secondary locations are
positioned intermittently between the primary
locations By way of illustration, FlG. 9 shows a
plurality of secondary locations 9 1 are disposed at a
mesh 90 that is finer than mesh 52 defining the
positions of primary locations 54. (75) Referring back
to FIG. 7, at operation 92, the travel times and their
gradients determined 



at operations 62 and 80 for source travel times and
detector travel times, respectively, are implemented
to determine one or more beam parameters of beams that
contributed to wavefronts that emanated from the
seismic wave source, passed through a given one of the
secondary points defined at operation 89, and arrived
at or near the imaging location that corresponds to
the beam table obtained at operation 72. These beam
parameters may include, for example, a source incident
angle, a source travel time a detector travel time, a
detector incident angle, and/or other beam parameters.
By using travel times and their gradients determined
for the source and detectors, operation 92 can
determine the required beam parameters without
accessing beam parameter values for one or more
primary locations that are nearby to the given
secondary location, and interpolating these values.
This will enhance the efficiency of method 46 by
reducing the amount of storage and/or processing
resources required to determined the beam parameters
for the given secondary location. Further, the
implementations of the travel time gradients to
determine the beam parameters tends to alleviate
artifacts in images produced bymethod 46 introduced by
determining beam parameters at secondary locations
through conventional interpoation techniques. In one
embodiment, operation 92 is performed by one or more
migration modules that are the same as, or similar to,
migration modules 36 shown in FiG. 2 and described
above. (76) At an operation 94, image information is
determined for the given secondary location. More
specifically, the beam parameters determined at
operation 92 for the beams that contributed to one or
more wavefronts that passed through the given
secondary location and arrived at the imaging location
that corresponds to the beam table obtained at
operation 72 are used to determine the image
information for the given secondary location. In one
embodiment, the image information is determined from
the beam parameters determined at operation 92 in
substantially the same manner as information is
determined for the primary locations at operation 88
(as discussed above). In one embodiment, operation 94
is performed by one or more migration modules that are
the same as, or similar to, migration modules 36 shown
in FfG, 2 and described above. 



(77) At an operation 96 a determination is made as to
whether image information has been determined for each
of the secondary locations defined at operation 84 Sf
image information has not been determined for each of
the secondary locations, method 46 returns to
operation 92 and operations 92 and 94 are performed
with respect to a different secondary location, if
image information has been determined for each of the
secondary locations, then method 46 proceeds to the
aforementioned operation 88 In one embodiment,
operation 96 is performed by one or more migration
modules that are the same as, or similar to, migration
modules 36 shown in FlG. 2 and(78) At operation 88 an
image of the seismic volume of interest is formed from
the image information determined at operations 84 and
94. This image may be considered a discrete output
image volume, or may be stacked with other images of
the seismic volume of interest. In one embodiment,
operation 88 is performed by one or more migration
modules thai are the same as, or similar to migration
modules 36, shown in FIG. 2 and described above. (79)
At an operation 98 a determination is made as to
whether an image has been formed at operation 88 for
each of the imaging locations defined at operation 48.
Where method 46 is being performed by a plurality of
processing nodes working in parallel, this
determination may include one or both of determining
whether an image has been formed at operation 88 for
the imaging locations previously assigned to a given
processing node, and/or determining whether an image
has been formed at operation 88 for each and every one
of the imaging locations defined at operation 48. If
the determination is made that an image has not been
formed at operation 88 for each of the imaging
locations, then method 46 returns to operation 70, a
beam table corresponding to a different imaging
location is requested, and operations 72, 74, 76, 80,
82, 84, 86, 88 92, 94, and 96 are performed for the
newly requested beam table. If the determination is
made at operation 98 that an image has been formed at
operation 88 for each of the imaging locations, then
method 46 proceeds. If there is additional data to be
migrated (e.g., from another shot of the seismic
volume of interest), then that migration is performed
(e.g., according to method 46) If no other data
remains to be migrated, then method 46 proceeds to
outputting of the images formed at operation 88 (for
this and the other shots). 



(80) If the migration/imaging process is a stack
migration/imaging process and method 46 proceeds from
operation 98 (e.g., because there is no further data
to migrate), at an operation100, the images formed at
operation 88 are stacked, Once the images are stacked
into a single output image, the stacked Image is
output at an operation 102. (81) If the
migration/imaging process is a gather
migration/imaging process, method 46 proceeds from
operation 98 to an operation 104, at which the imaged
formed at operation 88 are individually combined with
corresponding separate gather images from other shots
that have been migrated (e.g., according to method
46), and are output as separate gather image volumes.
(82) Although the invention has been described in
detail for the purpose of illustration based on what
is currently considered to be the most practical and
preferred embodiments, it is to be understood that
such detail is solely for that purpose and that the
invention is not limited to the disclosed embodiments,
but, on the contrary, is intended to cover
modifications and equivalent arrangements that are
within the spirit and scope of the appended claims.
For example, it is to be understood that the present
invention contemplates that, to the extent possible,
one or more features of any embodiment can be combined
with one or more features of any other embodiment.(83)
What is claimed is: (84) 1. A method of processing
seismic data, the method comprising; (85) receiving a
request for a beam table that corresponds to a table
location on a geographic surface from a processing
node that is processing seismic data for migration,
wherein a beam table is a record of one or more beam
parameters of one or more beams that form seismic
wavefronts arriving at or near the table location;
(86) determining whether the requested beam table is
included in a set of stored beam tables, wherein the
set of stored beam tables includes one or more beam
tables stored externally from the processing node; and
(87) initiating transmission of the requested beam
table to the processing node if the requested beam
table is included in the set of stored beam tables.
{88} 



(89) 2. The method of claim 1 " wherein if the
requested beam table is not included in the set of
stored beam tables the method further comprises
transmitting information to the processing node that
initiates computation of the requested beam table by
the processing node. (90) (91) 3. The method of claim
2, wherein If the requested beam table is not included
in the set of stored beam tables the method further
comprises: (92) storing the requested beam table,
after computation by the processing node, with the set
of stored beam tables.(93) (94) 4. The method of claim
1, wherein the stored set of beam tables are stored in
a distributed manner. (95) (96) 5. The method of claim
1, wherein the stored set of beam tables are stored in
a centralized storage archive, (97) (98) 6. The method
of claim 1, wherein the processing node is the only
processing node that is processing the seismic data
for the migration. (100) 7. The method of claim 1,
wherein the processing node is one of a plurality of
processing nodes that are processing the seismic data
for the migration. (JOl) (102) 8. The method of claim
1, wherein the one or more beam parameters comprise
one or more of a travel time an amplitude, a phase, or
an angle of incidence. (103) (104) 9. A system
configured to process seismic data the system
comprising:(105) a plurality of processing nodes
configured to process seismic data for migration,
wherein each processing node comprises: (106} a
migration module configured to determine an image of
the seismic volume beneath the geographic surface,
wherein the determination is based at least in part on
one 



or more beam tables, and wherein a beam table
corresponds to an imaging location on a geographic
surface of the seismic volume of interest and is a
record of one or more beam parameters of one or more
beams that form seismic wavefrants arriving at the
imaging location; (107) a table module configured to
obtain beam tables for the migration module; and (108}
a server that is operalively linked to each of the
plurality of processing nodes to enable communication
between the server and the processing nodes, and
wherein the server comprises: (109) a query module
configured to receive a request from the table module
of one of the processing nodes for a beam table
corresponding to a table location on the geographic
surface of the seismic volume of interest, and to
determine whether the requested beam table is included
within a set of stored beam tables, wherein the table
location on the geographic surface is determined by
the requesting table module based on the imaging
location identified in a request for a beam table from
the migration module associated with the requesting
table module; and (UO) a query results module
configured to initiate access of the requested beam
table by the requesting table module if the requested
beam table is included in the set of stored beam
tables(111) (1 12) 10. The system of claim 11 wherein
the query results module is further configured to
initiate computation of the requested beam table by
the table modules of one or more of the processing
nodes if the requested beam table is not included in
the set of stored beam tables. (113) (114) 11 The
system of claim 12, wherein the table modules employ
tilted-axis, transversely isotropic Earth model
parameterization and an anisotropic raytrace method in
determining the requested beam table. (115) (116) 12
The system of claim 12, wherein the table modules of
the one or more of the processing nodes that computes
the requested beam table is the table module of the
processing 



node that includes the requesting migration module.
(117) (118) 13 The system of claim 12, further
comprising a storage archive that stores the set of
stored beam tables, wherein the requested beam table
is stored in the storage archive after being computed
by the table modules of one or more of the processing
nodes. (119)(120) 14. The system of claim 11, wherein
the migration module is further configured to
determine a true amplitude of the seismic waves
reflected from one or more reflectors within the
seismic volume. (121) IS. The system of claim 11
wherein the one or more beam parameters comprise one
or more of a travel time, an amplitude, a phase, or an
angle of incidence. 4 3 


