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DPATA DOUBLE-SEARCHING
APPARATUS, METHODS, AND SYSTEMS

Background
66011 Understanding the structure and properties of geological
formations can reduce the cost of drilling wells for oil and gas exploration.

5 Measurements made in a borchole (i.e., down hole measurements) are typically
performed to attain this understanding, to tdentify the composition and
distribution of material that surrounds the measurement device down hole.
166021 A walk-away vertical seismic profile (V8P) survey inciudes some
of these measurements. This type of survey is used to determine the response of

10 aplurality of receivers in a borehole to excitation by at least one seismic spurce
tocated at a plurality of distances from the well-bore. However, the results are
often affected by seismic anisotropy, which induces a directional dependence in
wave propagation. For example, in an anisotropic Earth model, seismic velocity
can vary with the ray path propagation angle. This 18 caused by the alignment of

15 rock heterogeneitics, including velocity lavering, crystal fabrics, fractures, and
other microstructures. Thus, the determination of anisotropic parameters from
surface seismic data is often difficult, due to relatively poor data quality and the

relatively low frequencies at which the measureroonts are made.

20 Brief Deserintion of the Drawings

16663] FIG. 1 is a block diagram of apparatus and systems according 1o
various embodiments of the invention.
633041 FIG. 2 is a flow chart illustrating several methods according to
various embodiments of the nvention.

25 [0805) FIG. 3 illustrates the relationships between group angles and
phase angles in isotropic media, according to various embodiments of the
mvention.

[6606] FIG. 4 illustrates a wirchine system ernbodiment of the invention.
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8687} FIG. § illustrates a drilling rig systemn embodiment of the
invention.
(6668} FIG. 6 is a flow chart illustrating several additional methods

according to various embodiments of the jovention.
S [5989] FIG. 7 is a block diagram of an article according to various

embodiments of the invention.

Detatled Descrintion

18610} While it is possible to extract formation anisotropy information

[0 from VSP data, existing methods are limited by the inversion techniques that are
used. For example, one method involves total travel time analysis, to calculate
the anisotropy parameters for a buried layer by inverting the total travel times of
direct arrivals traveling from a surface source to a well-bore receiver in a walk-
away VaP geometry.

15 (8811} In this case, various inversion algorithms may be applied,
imclading exhaustive searching, linear inversion, and global optimization.
Exhaustive searching is stable and usually produces a solution that is closer to
the true values than the initial (assumed) values. However, this type of scarch is
“blind”. That is, when the search space is large, performance 1s poor compared

20 to other heuristic searches. As a matier of contrast, linear inversion methods can
provide the answer roore quickly, but the quality of the final result inherently
depends on the accuracy of the initial values that are assumed.

16612} Another possibility involves global optimaization, which is robust

and has the advantage of providing results that do vot depend s0 greatly on

b
(9

mitial value assumptions. This type of optimization can more ¢asily
accommaodate strong nonlinearities and discontinuities {than exhaustive
scarching), and can be used to find global extremes o the undulating structure of
the cost function. However, global optimization usually takes up a great deal of
computer time to arrive at a sohition, guided by tuning parameters that are

30 carefully chosen.

16013] Therefore, to address some of these challenges, among others,

apparatus, systems, and methods are described herein that use a double-
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searching schedule to combine an exhaustive search followed by global
optimization. As a type of giobal optimization, the principles of traditional
stmmnglated annealing have been explained by various suthors, and those of
ordinary skill in the art are aware that at least four alternative methods have been
developed. Oune of these is the Very Fast Simulated Annpealing (VFSA)
technigue, which is exponentially faster than traditional siroulated annealing and,
80700 cases, superior to evolutionary raethods or genetic algorithms. Because
it yields relatively rapid convergence, VFSA has been selected herein to
optimize Thomsen’s anisotropic parameters for layered models.

(6814} The resulting double-searching schedule has the advantage of
reducing dependence on the accuracy of initial value assumptions, and the
ordered combination of these techniques can operate to find giobal extreme
values within a reasonable amount of computation timse. Various example
embodiments that can provide some or all of these advantages will now be
described in detail.

(6815} For example, FIG. 1 is a block diagram of apparatus 100 and
systeras 164 according to various embodiments of the invention, Tn some
embodiments, the system 164 comprises one or more of the apparatus 100,
which may include a housing 104, The housing 104 might take the form of a
wireline tool body, or a down hole tool.

{8416} Processor(s) 130 and/or logic 140 may be located at the surface
166, as part of a surface logging facility 154, or in 2 data acquisition system 124
above or below the Earth’s surface 166, to be packaged with the apparatus 100,
including the housing 104, Logic 140 can be used to acquire and process signals
received from the apparatus 106, according to the various methods described
herein. Acquired data 170 and processed data 110 can be stored in the memory
150, perhaps as part of a database 134,

[6817] The systom 164 may comprise a data transceiver 144 {(e.g., a
telemetry transmitter and/or receiver) to transmit data 170, acquired from sensors
S, to the surface logging facility 154, The surface logging facility 154 may
include a display to show tmages T of the acquired data and processed data.

Thus, many embodiments may be realized.
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{6818} For example, in one embodiment, a system 164 may comprisc a
housing 104 and one or more down hole sensors S attached to the housing 104
The down hole sensors S can be used to provide data 170, such as seismic survey
data describing a selected volume of a geological formation 114,

1633191 The system 164 may comprise a processor 130 to receive and
exhaustively search the seismic survey data to provide an ervor map. The
processor {30 may operate to globally optimize the ervor map to provide
anisotropy parameters for the selected volume of the geological formation 114,
and to invert the anisotropy parameters to transform an isotropic velocity model
describing the sclected geological formation volume into an anisotropic velocity
model M for the selected volume of the geological formation 114, These
activities will now be described in further detail.

[6a28] FIG. 2 1s a flow chart illustrating several methods 211 according
to various embodiments of the invention. These methods 211 can be used to
extract anisotropy information from acquired walk-away VSP survey data, and
may be implemented by a number of configurations of the apparatus 100 and
systern 164 shown in FI1G. 1

16621 In method 211, the workflow for producing an anisotropic
velocity model using an exhaustive search of wall-away VSP data, followed by
a global optimization method {(e.g., VFSA), s iHlustrated. Here, the jnput to the
double-searching schedule 233 1s shown to include an isotropic velocity model
221 obtained from a zero-offset VSP survey, walk-away VSP survey geometry
225, and the first direct arrival times 229 (also known as “picks” by those of
ordinary skill in the art) selected from the walk-away VSP survey data. The
wall-away V8P survey geometry is composed of coordinates of seismic shots
and down hole geophone receivers. As is known to those of ordinary skill in the
art, these coordinates are recorded during field acquisition and can be read from
the seismic recordings.

(6622} The model 221 is a two-dimensional, planar-layered velocity
model is used to represent a local geology. The model is composed of a sequence
of stratified lavers, where the layer intertace is planar, Hach layer is modeled

according to layer depth, layer dip, seismic P-wave velocity, seismic S-wave
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velocity, layer density, and the anisotropic Thomsen parameters of delta (3),
epsilon (&), and/or gamma {y). The output from the double-searching schedule
233 includes anisotropy measurement parameters for the zero-offset anisotropic
velocity model of the geological formation layer,

16623] As part of the double-searching schedule 233, the information
obtained from blocks 221, 2235, and 229 s submitted to an exhauastive search 237
with a large scarch increment. This search can be used to produce an ervor map.
16824} For example, considering the Thomsen parameters of delta and
epsilon, the anisotropic delta might span a range of about -0.3 to about (.3, with
an increment of sbout 0.05, and the anisotropic epsilon might span a range of
about -0.5 to about 0.5, with an increment of about 0.05. The output of the
exhaustive search for delta and epsilon can be presented in the form of a two-
dimensional error map comprising two-dimensional grids with a root-mean-
square (RMS) error supplied at cach grid point.

[6025] At block 241, a contour can be drawn on the ervor map. The
coutour values that lie within a user-specified threshold are used to make up a
search range for anisotropic Thomsen parameters. The scarch range, along with
other tuning parameters, can be supplied to the VEFSA technique 245 to produce
the final version of the anisotropic parameters 249, These parameters 249, in
turn, are used to produce the anisotropic velocity model 253,

34326} FIG. 3 illustrates the relationships between group angles (o) and
phase angles (0) in isotropic media, according to various embodiments of the
imvention. To determine travel time in transverse isotropic media, one may
consider that energy propagation (or the propagation of particle disturbance) s
along the group vector at the group velocity while the wave-front travels along
the phase vector at the phase velocity.

16627} Graph 310 shows the relationship between the group vector and
the phase vector in a homogeneous anisotropic medurn, V(o) is the group
velocity and V(B) is the phase velocity. ¢ is the incident group angle, and 8 is
the incident phase angle. In general, the velocities V() and V() are different.
That 15, the group angle (@) is different from the phase angle (8) except at two

points: @ = 8 = zero degrees, and at ¢ = § = nincty degrees.

iR
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18628} Graph 320 shows the group angles of incidence ¢; and
transmission @ using the phase-slowness curve for two homogenous anisotropic
media. g; is the group slowness vector in the mcident medium and g is the group
slowness vector 1o the transmission roedivm. @ 18 the incident group angle, §; is
S the incident phase angle, @ is the transmitted group angle, and 8, is the

transmitted phase angle. Vy is the velocity along the axis of symmetry, and &
{the epsilon ratio, or “epsilon™) and & (the delta ratio, or “delta”) are anisotropic
Thomsen paramoters.
(6829} As is well known to those of ordinary skill in the art, delta 6 and

[0 epsilon & were invented by Leon Thomsen to be dimensionless/unit-less ratios
used to describe seismic velocity anisotropy. The Thomsen epsilon ratio
represents the fractional difference between the vertical and horizootal seismic P-
wave velocities. For an epsilon ratio greater than zero, the horizontal P-wave
velocity is higher than the vertical P-wave velocity. The Thomsen delta ratio

15 determines the angular dependence of the horizontal P-wave velocity relative to the
vertical P-wave velocity. 1f the delta ratio is greater than zero, the horizontal P-
wave velocity increases away from the vertical P-wave velocity. If the delta ratio is
smaller than zero, the horizontal P-wave velocity decreases away from the vertical
P-wave velocity. Those that would like to leam more about Thomsen parameters

20 and their derivation may refer to the article “Weak Elastic Anisotropy” by
Thomsen, L., 1986, Geophysics, 51, pp. 1954-1966; as well as the article
“Velocity Analysis for Transversely Tsotropic Media” by Alkhalifah, T., et al,,
1695, Geophysics, 60, pp. 1550-1566.
13038 As part of implementing the methods 211 of FIG. 2, and

25 considering the reiationships shown in FIG. 3, Thomsen’s parameters can be
used to caleulate layer phase velocity and group velocity, For example, seismic
rays can be traced from a source point 1o a receiver location using the shooting
method, which shoots a ray from a source to any given receiver, using different
talre-off group angles. These rays are traced along the group vector while phase

30 angle and phase velocity are arranged to satisfy Snell’s law across each layer
mterface (represented by the X axis in FIG. 3). Once the ray-paths are found, the

travel-time is integrated along the path using the group velocity.
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(6431} The exhaustive search 237 can be implemented as a grid search to
scan a selected two-dimensional grid of ¢ and £ Thomsen parameters. At each
point ou the grid, an anisotropic model is built with the corresponding Thomsen
parameters and a given velocity model 221 to simulate travel time data using a
S ray tracing algorithm, such as the aforementioned shooting method, or the two-
point perturbation method, among others. An RMS ervor is computed at each
grid point to represent the diftercoce between the rocasured and modeled travel
tirne at that point. The grid points with an RMS error that is below some
selected threshold level comprise a search range over which the VFSA technique
[0 2451s applied. The application of this technique will now be broken down and
described with respect to five component clements.
16343321 First, the system configuration is considered. This involves
forming the interval anisotropic parameter vector X =(8,,8,,8,, .64
where N is the number of layers and 4, & are the Thomsen’s parameters of § and
IS & forlayer i, respectively. The vector X represents the model that the VFSA
technique will be used to pertarb.
[8433] Second, an objective function for application of the VFSA

technique is formed as equation (1)

{1 =
. E — L PN
E(X) oz i:;-é-z(rf)us - [‘,m)k (i)

i P

20 where R is the total number of arrival time picks, #” is the picked amival time
for arrival 7, and ™ is the calculated arrival time for arrival i, given the velocity
model defined by the vector X, the valucs of Thomsen’s anisotropic parameters,
the survey georaetry, and the event origin times. The event origin time s the
time that seismic shots are fired doring field acquisition.

25 [0034] Third, the temperatore cooling schedule 7y is established 1o
equation (2} as follows:

7

k

- Ta exp (( !,-{,1/(2N)) (2\

P
where 7} is the initial temperatare, ¢ is a parameter used to control the

30 teroperature schedule and help tune the algorithm for a specific problem, & is the

iteration number in the optimization, and & is the total number of layers, For

Y
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this application, a suitable valuc for ¢ is approximately (.5; a value of about 100
can be used for 7.

(6435} Fourth, a uniformly distriboted random variable u is generated to
perturb the vector X, The interval anisotropy x/ generated at anncaling iteration
% can then be updated as shown in equation (3}

k1 ko /L max

x, oz x, - g{ "'\51

JEICRN
X,
i

{3)
where g is a random number that depends ony, and ™, 7 bound the
interval anisotropy of layer /, which is constrained by x, e{x™, x™]. The

random number g is generated as shown in formula (4), using the random

variable » , which ranges between a value of zero and one { w e /[0, 11}

g =sgn(u— 0.5 (1+ Yoy
e ) L ST

where sgn is the sigo function. The random number g that vesulis lies within a

{4)

| |

range of -1 and 1 { ¢ € [~1,1]) and guarantees convergence of the applied VFSA
technique,

6436} Fifth, and last, the iteration termunation criteria for application of
the objective function are established. These criteria are used to stop the
annealing process, and may be arbitrarily selected, based on the avatlable
computing power and time. Reasonable constraints to be vmplemented might
mclude a requirement that any remaining misfit is the same for a number of
tterations at a temperature 7 that is arbitrarily close to zero, that the misfit s
amalier than a selected threshold value, and/or that the total nursber of ilerations
executed has exceeded some selected maximum mumber of iterations. The
process of applying the VFSA technique 245 can thus be halted when any one of
these criteria is met, vielding the desired anisotropy parameters.

16037] Those of ordinary skill in the art will realize, after reading this
disclosure and the attached figures, that the methods 211 can be accomplished
using analog, digital, and/or combinations of these types of electronics. Some
examples of system embodiments that may inclade such circuitry will now be

described.
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[6838] FIG. 4 illustrates a wircline system 464 embodiment of the
mvention, and FIG. § illustrates a drilling rig system 564 embodiment of the
imvention. Therefore, the systems 464, 564 may comprise portions of 8 wireline

fogging tool body 470 as part of & wureline logging operation, or of a down hole
oy - terd

|95

tool 524 as part of a down hole drilling operation.
[8439] Thus, FIG. 4 shows a well during wireline logging operations. In
this case, a drilling platform 486 1s equipped with a derrick 48R that supports a
hoist 490.
(6648} Drilling oil and gas wells is commonly carried out using a string
[0 of drill pipes connected together 50 as to form a drilling string that is lowered
through a rotary table 410 into a wellbore or borchole 412, Here it is assumed
that the drilling string has been temporarily removed from the borehole 412 to
allow a wireline logging tool body 470, such as a probe or sonde, to be lowered
by wireline or logging cable 474 into the borehole 412, Typically, the wireline
15 logging tool body 470 is lowered to the bottom of the region of interest and
subsequently pulied upward at a substantially constant speed.
16041} During the upward trip, at a series of depths various sensors
and/or instruments {e.g., portions of the apparatus 100, or system 164 shown in
FIG. 1) included in the tool body 470 may be used to perform measurements on
20 the subsurface geological formations 414 adjacent the bovehole 412 (and the tool
body 470). The measurement data can be comamunicated to a surface logging
facility 492 for processing, analysis, and/or storage. The logging facility 492
may be provided with electronic equipment for various types of signal

processing, which may be implemented by any one or more of the components

b
(9

of the apparatus 100 or system 164 in FIG. 1. Similar formation evaluation data
may be gathered and analyzed during drilling operations (e.g., during logging
while drifling (LWD) operations, and by extension, sampling while drilling).
8042} In some embodiments, the tool body 470 1s suspended in the
wellbore 412 by a wireline cable 474 that connects the tool to a surface control
30 unit(e.g., comprising a workstation 454). The tool may be deploved in the
horehole 412 oun coiled tubing, jointed drill pipe, hard wired drill pipe, or any

other suitable deployment technique.
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16843} Turning now to FIG. §, it can be seen how g system 564 may also
form a portion of a drifling rig S02 located at the surface 504 of a well 546, The
drifling rig 502 may provide support for a drill string SO8. The dnll string 508
may operate to penetrate the rotary table 410 for drilling the borehole 412
through the subsurface formations 414. The drill string 508 may include a Kelly
516, drilf pipe 518, and a bottom hole assembly 520, perhaps located at the lower
portion of the drill pipe 512,

6044} The bottom hole assembly 520 may inchude drill collars 522, a
down hole tool 524, and a drill bit 526. The drill bit 526 may operate to create
the borehole 412 by penetrating the surface 504 and the subsurface formations
414. The down hole tool 524 may comprise any of a mumber of different types
of tools inchiding measurement while drilling (MWD tools, LWD tools, and
others.

[3345) During drilling operations, the drill string 502 (perhaps including
the Kelly 516, the drill pipe 518, and the bottom hole assembly 520) may be
rotated by the rotary table 410. Although not shown, in addition to, or
alternatively, the bottom hole assembly 520 may also be rotated by a motor (¢.g,,
s mud motor) that is located down hole. The drill collars 522 may be used to
add weight to the drill bit 526, The drill collars 522 may also operate to stiffen
the bottom hole assembly 520, allowing the bottorm hole assembly 520 to
transfer the added weight to the drill bit 526, and in turn, to assist the drifl bit
526 in penetrating the surface 504 and subsurface formations 414,

[6846] Prring drilling operations, a mud pump 532 may pump drilling
fluid (sorpetimes known by those of ordinary skill in the art as “drilling mud™)
from a mud pit 534 through a hose 536 into the drilf pipe 518 and down to the
driil bit 526. The drilling fluid can flow out from the drill bit 526 and be
returned to the surface 504 through an annular arca 540 between the drill pipe
518 and the sides of the borchole 412, The drilling fluid may then be retursed to
the mud pit 534, where such fhuid is filtered. In some embodiments, the drilling
fluid can be used to cool the drill bit 526, as well as to provide lubrication for the

drifl bit 526 during drilling operations, Additionally, the drilling fluid may be

10
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used to remove subsurtace formation cuttings created by operating the drif bit
526,

16647} Thus, referring now to FIGs. 1 and 3-5, it may be seen that in
some embodiments, the systems 464, 564 may inchude a drill collar 522, a down
hole tool 524, and/or a wireline logging tool body 470 to house one or more
apparatus 100, stmilar to or identical to the apparatus 100 described above and
tlustrated 10 FIG. 1. Components of the system 164 in FIG. | may also be
housed by the tool 524 or the tool body 470.

(6848} Thus, for the purposes of this document, the term “housing” may
imclude any one or more of a drill collar 522, a down hole tool 524, or a wireline
fogging tool body 470 (all having an outer surtace, to enclose or attach to
magnetometers, sensors, fluid sampling devices, pressure measurement devices,
ternperatore measurement devices, transmitters, receivers, acquisition and
processing logic, and data acquisition systerns). The tool 524 ruay comprisc a
down hole tool, such as an LWD tool or MWD tool. The wireline tool body 470
may comprise a wireline logging tool, including a probe or sonde, for example,
coupled to a logging cable 474, Many embodiraents may thus be realized.
13349 For example, in some embodiments, a system 164, 464, 564 may
include a display 496 to present formation VSP survey information, both
measured and processed/calculated, as well as database information, perhaps in
graphic form. A systern 164, 464, 564 may also include computation logic,
perhaps as part of a surface logging facility 154, 492, or a computer workstation
454, to receive signals from transmitiers and to send signals to receivers, and
other instrumentation to deterraine properties of the formuation 114, 414,

18850 In some embodiments, a systom 164, 464, 564 includes 2 housing
104, one or more sensors S to acquire seismic survey data, such as V8P survey
data, and one or more processor(s} 130 to provide an anisotropic model of the
formation 114, 414 based on the acquired seismic survey data. Such systems
104, 464, 564 may operate, using at least one down hole sensor attached to the
housing, to acquire seismic survey data describing a selected geological
formation volume, and subsequently, to process the seismic survey data {e.g.,

wall-away VSP data).

i1
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[6051] Thus, in most embodiments, the systems 164, 464, 564 include a
processor 130 to receive and exhaustively search the seismic survey data to
provide an error map. The processor 130 can be configured to globally optimize
the error map to provide anisotropy paramcters tor the selected geological
formation volume, and to invert the anisotropy parameters to transform an
isotropic velocity model describing the selected geological formation volume
nto an anisotropic velocity model M for the sclected geological formation
volume. The processor 130 can be located down hole, perhaps contained within
the housing 104, or at the surface 166, 504,

(68521 A phurality of sensor types can be used to acquire the seismig
survey data. Thus, one or more of the sensors S attached to the housing 104 1n
the system 164, 464, 564 may comprise acoustic sensors, inductive sensors, etc.
(64831 In some embodiments, a transmitter is used to send acquired data
to the surface for processing. Thus, systems 164, 464, 564 may include a
telemetry transmitter (e.3., as part of the transceiver 144) to comnmunicate the
data 170, such as seismic survey data, from the housing 104 to a surface
workstation 454,

13354} As noted previcusly, Thomsen parameters are dimensionless
combinations of elastic moduli which can be used to characterize transversely
isotropic materials, including geological formations. These parameters,
mcluding epsilon, delta, and gamma can be defined in terms of elastic stiffness
matrix components, as is well known to those of ordinary skill in the art. When
associated with P wave and S wave velocities, these parameters can be used to
characterize wave propagation through weakly anisotropic, lavered media, such
as rock formations. Thus, these parameters may be used in a number of ways, in
conjunction with the anisotropic velocity model M provided by various methods
described herein, to determine formation charactenstics, revise formation
tmages, and guide drilling efforts, for example,

[6855] in some embodiments, & processor is used to search Thomsen’s
parameters arranged in a grid, to produce an error map. Thus, the system 164,

464, 564 may mnclude a processor that is configured to exhaustively search a
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two-dimensional grid of Thomsen parameters comprising epsilon and delta to
provide the error map. Many other embodiments may be realized.
[6656] The apparatus 100; housing 104; model 110; formations 114, 414;
image 118; data acquisition systom 124; processors 130; database 134; logic
S 140; wansceiver 144; memory 150; surface logging facilities 154, 492; systems

164, 464, 564; surfaces 166, 504; data 170; rotary table 410; borehole 412;
workstation 454; wircline logging tool body 470; logging cable 474; drithing
platform 486; derrick 488; hoist 490; logeing facility 492; display 496; drill
string 5O8; Kelly 516; drill pipe 51&; bottom hole assembly 520; drill coliars

10 522; down hole tool 524; drill bit 526; mud pump 532; mud pit 534; hose 536;
model M; and sensors S may all be characterized as “modules” herein,
[38571 Such moduies may inchude hardware circuitry, and/or a processor
and/or memory circuits, software program modules and objects, and/or
firmware, and combinations thereof, as desived by the architect of the apparatus

15 100 and systems 104, 464, 564 and as appropriate for particular implementations
of various embodiments. For example, in some embodiments, such modules
may be included in an apparatus and/or systern operation simulation package,
such as a software clectrical signal simulation package, a power usage and
distribution simmtiation package, a power/heat dissipation simulation package, a

20 formation velocity model simulation package, and/or a combination of software
and hardware used to simulate the operation of various potential embodiments.
{8058} It should also be understood that the apparatus and systems of
various embodiments can be used in applications other than for logging

operations, and thus, various embodiments are not to be so imied. The

b
(9

ilustrations of apparatus 100 and systems 164, 464, 564 are intended to provide
a general understanding of the structure of various embodiments, and they are
not mtended to serve as a complete description of all the elements and features
of apparatus and systems that might make use of the structures described herein.
(6659} Applications that may inchide the novel apparatus and systems of
30 various embodiments include electronic circuitry used in high-speed computers,
commumication and signal processing circuitry, modems, processor modules,

embedded processors, data switches, and application-specific modules. Such
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apparatus and systems may further be included as sub-components within a
variety of electronic systems, such as televisions, celluiar telephones, personal
computers, workstations, radios, video players, vehicles, signal processing for
geothermal tools and smart transducer intertace node teleraetry systeras, among
others. Some embodiments include a number of methods.

38681 For example, FIG. 6 is a flow chart iltastrating several additional
methods 611 according to various embodiments of the invention. o one
cembodiment, a method 611 may comprise acquiring seismic survey data at block
621, exhaustively searching the acquired data to produce an error map at block
633, globally optirnizing the map to produce a set of anisotropy parameters (e.g.,
Thomsen’s parameters) at 641, and inverting the set of parameters to transform
an isotropic model into an anisotropic model at block 645,

6661} Thus, a processor-implemented method 611, to execute on one or
more processors that pertorm the method, may begin at block 621 with receiving
seismic survey data for use with an isotropic velocity model describing a
selected geological formation vohume.

160623] The seisroic survey data may comprise various types of data.
Thus, the seismic survey data may comprise walk-away seismic survey data or
three-dimensional seismic survey data, among others,

[6863] If data acquusition is complete, as determined at block 6235, then
the method 611 may continue on to block 629, Otherwise, the method 611 may
return to block 621, to acquire additional seismic survey data.

16864} In some embodiments, the seismic survey data can be used o
deterraine walk-away VSP survey geometry, which can in turn be used to
determine arrival times in the formation. Thus, the method 611 may include, at
block 629, determining walk-away VSP swrvey geometry from the seismic
survey data, and determining direct arrival times from the walk-away VSP
survey geometry.

16665] In some embodiments, arrival times in the formation are
computed using ray tracing with layer phase and group velocities. Thus, the

activity of determining direct arrival times at block 629 may comprise

14
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calculating the direct arrival times by computing layer phase velocity and group
velocity in the geological formation volume using ray fracing.

[6866] The method 611 may contirue on to block 633 with exhaustively
searching the seismic survey data to provide an ervor map. The error map values
can be determined using a selected isotropic velocity model and Thomsen’s
parameters (which may be used to bound the searching range).

(6867} The Thomsen’s parameters can be obtained from the seismic
survey data. Thus, the activity at block 633 may comprise using an isotropic
velocity model and Thomsen’s parameters to determine values in the error map,
the isotropic velocity model obtained from the seismic sarvey data comprising a
zevo-offset VRSP survey.

33681 Exhaustively searching may comprise many activities, including
scanning a grid of data associated with Thomsen parameters, building models for
cach grid point, and determining the musfit error at cach point, The grud points
may be confined to include only values of delta and epsilon. Thus, the activity at
block 633 may include scanning a two-dimensional grid having parameter grid
points associated with selected Thomsen parameters; and, for each of the
parameter grid points, building an anisotropic model with the associated
Thomsen parameters and an isotropic velocity model obtained from the seismic
survey data comprising a vertical seismic profile survey, to simulate travel times
within the geological formation volurne. Further activity may include producing
the error map as a st of error grid points corresponding to the parameter grid
points and representing error as a difference between measured and modeled
travel time within the selected geological formation volume.

168369] The error map values can be filtered, using a selectable threshold,
to remove larger error values. Thus, the method 611 may continue on to block
637 to include filtering values in the error map to remove grid points having an
error above a selected threshold, to provide remaining grid points as input for
olobally optimizing the error map.

18670} The method 611 may continue on to block 641 to include globally
optinuzing the error map to provide ansotropy parameters for the selected

geological formation volume., A VFSA technigue can be used to implement
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global optimization. Thus, the activity at block 641 may include determining the
anisotropy parameters using the VFSA technique. The VFSA technigue may be
applied to selected ones of the ervor grid points in the error map, with an
ohjective function defined by travel tirae differences in the geological formation
volume, and a temperature cooling schedule defined by the namber of layers in
the geological formation volume.

8471} The VFSA technique may include perturbing an interval
anisotropic parameter vector that represents a model of the formation. Thus, the
activity at block 641 may comprise perturbing a model of the geological
formation volame represented by an interval anisotropic parameter vector with a
random variable that has a selected probability distribution to guarantee
Convergence.

64721 The method 611 may continue on to block 645 to include
inverting the anisotropy parameters to transform the sotropic velocity model
into an anisotropic velocity model for the selected geological formation volume.
18673} {Omce the anisotropic velocity model is obtained, it can be used to
assizt in many tasks, such as reprocessing surface seismic data to produce
mproved images of the formation. Thus, the method 611 may continue on to
block 649 to include reprocessing surface seismic data by using the anisotropic
velocity model and associated values of the anisotropy parameters as Thomsen’s
parameters (e.g., corapriving delta and epsilon) to provide a new tmage of the
selected geological formation volume.

18874} The anisotropic velocity model can be used to gaide drilling
operations. Thus, the method 611 may continue on to block 653 to include
steering g drill bit during drilling operations using the anisotropic velocity model
and the new image.

18473} The anisotropic velocity model can also be used to determine
formation properties, such as characterizing formation fractures. Thus, the
method 611 may inchude, at block 657, determining formation properties using
the anisotropic velocity model and estimated fracture parameters, among others.
16876} [t should be noted that the methods described herein do not have

to be executed in the order described, or in any particular order. Moreover,

16
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various activities described with respect to the methods identified herein can be
executed in iterative, serial, or paraliel fashion. The various elements of each
method (e.g., the methods shown i FIGs. 2 and 6) can be substituted, one for
another, within and between methods. Tnformation, including parameters,

S commands, operands, and other data, can be sent and received in the form of one
OF MOTe Carrier waves,
[8477) Upon reading and comprehending the content of this disclosure,
one of ordinary skill in the art will understand the manner in which a software
program can be launched from a computer-readable medium in a computer-

10 based system to execute the functions defined in the software program. One of
ordinary skill in the art will further understand the various programming
languages that may be employed (o create one or more software programs
designed to implement and perform the methods disclosed herein. For example,
the programs may be stractured in an object-orientated format using an object-

15  oriented language such as Java or U#. In another example, the programs can be
structured in a procedure-orientated format using a procedural language, such as
assernbly or C. The software components may communicate using any ot a
number of mechanisms well known to those skilled in the art, such as application
program interfaces or interprocess communication techniques, inchiding remote

20 procedure calls. The teachings of various ersbodiments are not himited to any
particular programming language or environment. Thus, other embodiments
may be realized.

(6878} For example, FIG. 7 is a block diagram of an article 700 of

manufacture according to various embodiments, such as a computer, a memory

b
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systera, a magnetic or optical disk, or some other storage device. The article 700
may include one or more processors 716 coupled to 3 machine-accessible
medium such as a memory 736 (e.g., removable storage media, as well as any
tangible, non-transitory memory including an electrical, optical, or
electromagnetic conductor) having associated information 73¥ (e.g., computer
30 program instructions and/or data), which when executed by one or more of the
processors 716, results 1o a machine (e.g., the article 700) performung any

actions described with respect to the methods of FIGs. 2 and 6, the apparatus of

7
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FiG. 1, and the systems of FIGs, 1, 4, and 5. The processors 716 may comprise
one or more processors sold by Intel Corporation (e.g., Intel® Core™ processor
family), Advanced Micre Devices {(e.g., AMD Athlon™ processors), and other
serotconductor manufacturers.

S 879 In some embodiments, the article 700 may comprise one or more
processors 716 coupled to a display 713 to display data processed by the
processor 716 and/or a wireless transceiver 720 (e.g., a down hole telernetry
transceiver) to receive and transmit data processed by the processor.

[6088] The memory system(s) included in the article 70¢ may include
60 memory 736 comprising volatile memory {e.g., dynamic random access
memory) and/or non-volatile memory. The memory 736 may be used to store
data 740 processed by the processor 716.
(6081} In various embodiments, the article 700 may comprise
comununication apparatus 722, which may in turn inchude amplifiers 726 (e.g.,
15 preamplifiers or power amplifiers) and one or more antenna 724 (e.g.,
transmitting antennas and/or receiving antennas). Signals 742 received or
transmitted by the communication apparatus 722 may be processed according to
the methods described herein
33821 Many variations of the article 700 are possible. For example, in
20 various embodiments, the article 700 may comprise a down hole tool, including
the apparatus 100 shown in FIG. 1. In some embodiments, the article 700 15
similar to or identical to the apparatus 100 or system 164 shown in FIG. L
(6683} In sammary, the apparatus, systems, and methods disclosed

herein can be used to address the difficult problem of determining anisotropic

b
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parameters from surface seismic data, even when relatively poor data quality is
present. A double-searching schedule that comprises an exhaustive search
followed by a global optimization method can be used to determine global
extreme values. This efficient solution roay significantly enhance the value of
the services provided by an operation/exploration company, perhaps enabling the
36 determination of rock properties directly from VSP data in a commercially

practical manner,

18
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6084} The accompanying drawings that form a part hereof, show by
way of illustration, and not of limitation, specific embodiments in which the
subject matter may be practiced. The embodiments iltustrated are deseribed in
sutficient detail to enable those skilled in the art to practice the teachings
disclosed herein. Other embodiments may be wtilized and derived therefrom,
such that structural and logical substitutions and changes may be made without
departing tfrom the scope of this disclosure. This Detailed Description, therefore,
is not to be taken in 3 limiting sense, and the scope of various embodiments is
defined only by the appended claims, along with the full range of equivalents to
which such claims are entitled.

[6085] Such embodiments of the inventive subject matter may be
referred to herein, individually and/or collectively, by the term “invention”
merely for convenience and without intending to voluntarily himit the scope of
this application to any single mvention or inventive concept if roore than one is
in fact disclosed. Thus, although specific embodiments have been illustrated and
described herein, it should be appreciated that any arrangement calculated to
achicve the same purpose raay be substituted for the specific embodiments
shown. This disclosure is intended to cover any and all adaptations or variations
of various embodiments. Combinations of the above embodiments, and other
embodiments not specifically described herein, will be apparent to those of skill
in the art upon reviewing the above description.

8086} The Abstract of the Drisclosure is provided to comply with 37
C.ER. §1.72(b), requiring an abstract that will allow the reader to quickly
ascertain the nature of the technical disclosure. 1t 1s submitted with the
understanding that it will not be used to interpret or limit the scope or meaning
of the claims. In addition, in the foregoing Detailed Description, it can be seen
that various features are grouped together in a single embodiment for the
purpose of streamlining the disclosure. This method of disclosure 1s not to be
interpreted as reflecting an intention that the claimed embodiments require more
featares than are expressly recited in each claim. Rather, as the following claims
reflect, inventive subject matter lies in less than all features of a single disclosed

embodiment. Thus the following claims are hereby incorporated into the
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Detailed Description, with each claim standing on its own as a separate

embodiment.
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Claims

What s clammed is:

i A system, comprising:

a housing;

at least one down hole sensor attached to the housing, the at least one
down hole sensor to provide seismic survey data describing a selected geological
formation volume: and

at least one processor to receive and exhaustively search the scismic
sarvey data to provide an error map, to globally optimize the error map to
provide anisotropy parameters for the selected geological formation volume, and
to invert the anisotropy pararucters o fransform an isotropic velocity raodel
describing the sclected geological formation volurae into an anisotropic velocity

model for the selected geological formation volume.

2. The system of claim 1, wherein the at least one processor is contained

within the housing.

3. The system of claim 1 or 2, wherein the at least one down hole sensor

comprises a plurality of acoustic sensors.
4. The system of claim 1, further comprising:
a telemetry transmitter to communicate the scismic survey data from the

housing to a surface workstation,

3. The system of claim 1, wherein the housing conprises one of a wireline

tooi or a measurement while dritiing tool.

21
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6. The system of claim 1, wherein the at least one processor is configured to
exhaustively search a two-dimensional grid of Thomsen parameters comprising

epsilon and delta to provide the error map.

7. A processor-implemented method, (0 execute 0n one Or MOre Processors
that perform the method, comprising:

receiving seismic survey data for use with an isotropic velocity model
describing a selected geological formation volume;

exhaustively searching the seismic sarvey data to provide an error map;

globally optimizing the error map to provide anisotropy parameters for
the selected geological formation volume; and

mverting the anisotropy parameters (o transform the isotropic velocity
model into an anisotropic velocity model for the selected geological formation

volume.

8. The method of claim 7, wherein the seismic survey data comprises one of

wallk-away seismic survey data or three-dimensional seismic survey data.

. The method of claim 7, further comprising:

determining walk-away vertical seismic profile (VSP) survey geometry
from the scisroic survey data; and

determining direct arrival times from the walk-away V5P survey

geometry.

10 The method of claim 9, wherein determining the direct arrival times
comprises:
calculating the divect arvival times by computing layer phase velocity and

group velocity in the geological forroation volume using ray fracing.

1L The method of claim 7, wherein exhaustively searching comprises:
using an isotropic velocity model and Thorsen’s parameters to

determine values in the error map, the isotropic velocity model obtained from the
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seismic survey data comprising a zero-offset vertical seismic profile (VSP)

SUIVey.

12. The method of any one of claims 7 to 1, further comprising:
filtering values in the error map to remove grid points having an error
above a selected threshold, to provide remaining grid points as input for globally

optimizing the error map.

13. The method of claim 7, wherein globally optimizing further comprises:
determining the anisotropy parameters using a very fast simulated
annealing technigue.
4. The method of claim 13, wherein the very fast simulated annealing
techuique comprises:
perturbing g model of the geological formation volume represented by an
interval anisotropic parameter vector with a random variable that has a selected

probability distribution to guaranice convergence.

15. The method of claim 7, further comprising:

reprocessing surface seismic data, using the anisotropic velocity model
and associated values of the anisotropy parameters as Thomsen's parameters
comprising dehta and epsilon to provide a new image of the selected geological

formation volume,

16, The method of claim 15, further comprising:
steering a drill bit during a drilling operation using the anisotropic

velocity model and the new image.

17. The method of claim 7, further comprising:
determining formation properties using the anisotropic velocity model

and cstimated fracture pararucters,
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18, An article including a machine-accessible medium having instructions
stored therein, wherein the instructions, when accessed, result in a machine
performing:

recetving seismic survey data for use with an sotropic velocity model
describing a selected geological formation volume;

exhaustively searching the seismic survey data to provide an error map;

globally optimizing the error map to provide anisotropy parareters for
the selected geological formation volume; and

inverting the anisotropy parameters to transform the isotropic velocity
model into an anisotropic velocity model for the selected geological formation

volume.

19, The article of claim 13, wherein the instructions, when accessed, result in
the machine exhaustively searching by:

scanning a two-dimensional grid having parameter grid points associated
with Thomsen parameters;

for cach of the parameter grid points, building an anisotropic model with
the associated Thomsen parameters and an isotropic velocity model obtained
from the seismic swrvey data comprising a vertical seismic profile survey, to
simulate travel times within the geological formation volume; and

producing the error map as a set of error grid points corresponding to the
parameter grid points and representing error as a difference between measured

and modeled travel time within the geological formation volume.

20, The article of claim 19, wherein the instructions, when accessed, resuit in
the machine globally optimizing by:

applying a very fast simulated annealing technique to selected ones of the
error grid poinds in the error rmap, with an objective function defined by travel
time difference in the geological formation volume and a temperature cooling

schedule defined by a mumber of layers in the geological formation volume.
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