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(57) Abstract: In some embodiments, an apparatus and a system, as well as a method and an article, may operate to calculate a map
that transforms fast modeled measurement results into accurate modeled measurement results within a modeled data space, to make
actual measurements using a tool disposed in a borehole, to transform a plurality of modeling parameter vectors into the fast
modeled measurement results via modeling, to transform the fast modeled measurement results into the accurate modeled measure-
ment results using the map, to locate a matching modeling parameter vector as one of the plurality of modeling parameter vectors
that matches the accurate modeled measurement results to the actual measurement, and to display at least a portion of the matching
modeling parameter vector to represent at least one property of a geological formation. Additional apparatus, systems, and methods
are described.
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MEASUREMENT CORRECTION
APPARATUS, METHODS, AND SYSTEMS

Backeround
{8061} Multi-Component fnduction (MCT) fogging can provide
formation anisotropic-resistivity information, which can be used to analvze sand-
5 shale laminations, for example. However, the MCI measurements are highly
sensitive to borehole effects, especially for non-ZZ measurements of short-
spacing arrays operated at high frequencies.
18062} For conventional (Z27) induction tools, an operation known {0
those of ordinary skill in the art as “borchole correction” s usefidd to correct the
10 MCI measurements, based on a look-up table of MCI responses. In standard
{ZZ) mduction tools, the model parameters that are used i building a borchole-
correction look-up table include: Ry, Re, D, d, which represent mud resistivity,
formation resistivity, borchole diameter, and tool eceentricity, respectively. For
MUY however, there are more parameiers: Rm, Ry, R, A, D, d, ¢, 6, and @,
1S ropresenting mud resistivity, formation vertical resistivity, formation horizontal
resistivity, the formation anisotropy ratio {A= R/ Ry}, borchole diameter, tool
cecentricity, strike angle ,dip angle, and tool cccentrictty angle (or azimuth),
respectively. Due to the larger number of parameters, the look-up table for an
MCT tool requires four additional dimensions, producing a very large database.
20 Morcover, the physics of anisotropic wave propagation is muore complicated than
the 1sotropic case, and modeling each case takes a significant amount of

computational time,

Brief Deseription of the Drawings

N2
Loy

{8083] FI1G. 1 18 a flow diagram illustrating two-way map, from a
parameter vector space to a result vector space, and vice-versa, according to
various embodiments of the invention.

18004} FIG. 2 is a flow chart illustrating a dual-algorithm curve fitting

method according to various embodiments of the invention.
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[B085] FIG. 3 is a graph that ilhustrates curve scaling according to
various embodiments of the invention.
18806] FIG. 4 is a work flow diagram that can be used for dual-algorithm
curve fitting according to various embodiments of the invention.
5 [0867] F1Gs. SA and 5B illustrate mapping and error graphs according to
various embodiments of the invention,
[B008] FIG. 6 18 a graph that illustrates caliper size curve scaling
according to varions embodiments of the invention.
80691 Fi1Gs. 7A and 7B illosirate mapping and error graphs according to
10 various erobodiments of the wvention.
{8614 FIG. § is a block diagram of apparatas and systems according to
various embodiments of the invention.
{8611} FIG. 9 ilhistrates a wircling system embodiment of the invention,
{8012] FIG. 10 illustrates a drilling rig system embodiment of the
nvention.
{8013} FIG. 11 is a flow chart illustrating several methods according to
various embodiments of the mvention.
{8614} FIG. 12 1s a block diagram of an article according to various
embodiments of the invention.
20

Detailed Description

B8815] To address some of the challenges described above, as well as
others, apparatus, systems, and methods are described herein that provide

computationally cfficient mechanisms for correcting down hole log data (c.g.,

2
wn

resistivity logs) due to environmental effects. Traditional environmental
correction and inversion algorithms are based on a single database, which can
consume a lot of time and memory {o use. The methodology disclosed here is
based on the use of two modeling algorithms, one of which is more
computationally efficient (faster) but relatively inaccurate (ALG 1), while the
30 other is costly in & computational scuse {slower) and relatively accurate (ALG
). Inshort, ALG | is faster to implement, and provides less accurate results

than ALG 1L
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EHIEEY When various embodiments of the invention are implemented, it
1s possible to have a databasc operating at the speed of ALG 1, and with the
accuracy of ALG UL Various embodiments can be used for borehole data
correction, or two-dimensional, three-dimensional (20/313) inversion of MCI
logs. As those of ordinary skifl in the art will realize afier reading the following
description, and reviewing the figures, various embodiments can be adapted to
other types of correction and mversion aigorithms with respect to data acquired

by logging tools, such as for correction of dip, stand-off, anisotropy, shoulder

1

gffects, ci
18017} FIG. 1is & flow diagram illustrating a two-way map 100, froma
parameter vector space 110 to a result vector space 114, and vice-versa,
according to various embodiments of the imvention. The parameter vector space
110 comprises & physical parameter space. The result vector space 114
comprises a measured or modeled data space.

[B018] Actoal measurements that characterize a geological formation can
be acquired to populate the result vector space 114, In some embodiments, a
two-way functional mapping can be applied to associate a synthetic result in the
parameter vector space 110 with a corrected synthetic result m the result vector
space 114, In some cmbodiments, a two-way fimctional mapping can be apphed
to the actual measurements in the result vector space 114 to determine
corresponding fast modeling measurement results in the result vector space 114,
[B019] An "ogpen circle” above a vector represents a vector associated
with ALG I operations, and a "filled circle” above a vector represents a vector
associated with ALG | operations. Thus, an open circle in the parameter vector
space 110 represents an accurate modeling parameter, and an open circle in the
result vector space 114 represents an accorate modeling result. A filled circle in
the parameter vector space 110 represents a fast modeling parameter, and a filled
circle in the result vector space 114 represents a fast modeling result.

(68281 In some embodiments, the ransformed measurement resulis can
be tnverted to locate a corresponding set of physical parameters in the parameter
vector space 110 (1o determine goological formation characteristic values). In

some embodiments, the actual measurements are inverted to locate the
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corresponding sct of physical parameters in the parameter vector space 110,
using a comparison between the corrected synthetic result, and the actual
THCASUFCTCTHS,
8621} The first modeling operations 108 (e.g., ALG D) transform fast
5 modeling parameter vectors in the parameter vector space 110 into fast modeled

measurement results in the rosult vector space 114, inversion 104, based on the
first modeling operations 108, can be used to wansform fast modeled
measurement results in the result vector space 114 into fast modeling parameter
vectors in the parameter vector space 110,

10 {6622 Similarly, the second modeling operations 109 (e.g., ALG )
transtorm accurate modeling parameter vectors in the parameter vector space
110 into accurate modeled measirement results in the vesult vector space 114.
Inversion 105, based on the second modeling operations 109, can be used to
transform actual measurements or accurate modeling results n the result vector

space 114 into accurate modeling parameter vectors in the parameter vector

18023} Thereafter, bridge mapping 106 can be used to transform accurate
modeled measurement results, or actual measurements into fast modeled
measurement results; this process is defined herein as “AF” (accurate => fast)
20 mapping. Conversely, the bridge mapping 106 can be used to transform fast
modeled measurement results into accurate modeled measurvement results
(transformation intg “acteal measuremenis™ is not possible); this process is
defined herein as “FA™ (fast => accurate) mapping.
18024} One example of a process that can be exccuted within the two-
25 way mapping space comprises dual database curve fitting, This mechanism is
based on use of the two algorithms: ALG I and ALG 1L By definition, ALG 1is
not very accurate but computationally less time consuming than ALG H,
whereas ALG 1 1s more accurate while being cormaputationally more tine
consuming than ALG 1. Example scenarios with ALG Tand ALG T are listed in

30 Table 1.
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ALGORITHM H{ALG ) ALGORITHM L (ALG I
Faster to implement. Slower to implemant,
Simplified geometry. Detailed geometry.
Convergence is not guarantesd. ?o'j\{ergfanue guarantged with sufficient
; iterations.
Mathematical functions calculated with & Mathematical functions caloulated with a
higher error tolerance. lower error folerance.
ABLET
18025} FIG. 2 is & flow chart 211 illustrating 2 dual-algorithm curve

N

fitting method according to various embodiments of the imvention. The method

211 combines the use of ALG [ and ALG 11 to benefit from the relative speed of

ALG 1, and the relative accuracy of ALG L

18026} At block 221, the appropriate ranges 1o the look-up table are

determined, based on the expected or actual ranges of acquired data (e.g., actual

16 measurements made down hole). Based on the expected or actual range of
values in the acquired data, a fine parameter grid is cstablished at block 233,
This fine parameter grid may inclide some or all of the measuved values for a
particular parameter. Some of the fine parameter grid points (a subset) are
selected to establish a coarse parameier grid at block 225

15 {0627 At block 229, ALG 11 is applicd to the values in the coarse

=
/
/

parameter grid (shown in FIG. 3, described below, as large dots). Atblock 237,
ALG 1is applied to the values in the fine parameter grid {shown in FIG. 3,
described below, as a solid fing).

8628} At block 241, curve fitting occurs. The curve fitting may be

20 based on a combination of parameters or a single parameter dimension. In
cssence, the results provided by ALG I over many points on the fine grid are
scaled to the resulis provided by ALG U over a fow pomnts on the course grid.
Some parameters respond more accurately to the curve fitting activity than

gthers.

]
wr

18829] At block 2435, the vesults of curve fitting (at block 241) arc used to

correct the measurements made down hole, so that a borchole correction 18
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applied to the measurements that have been made, with respect to the parameters
for which the method 211 has been applied. The correcied measurements can be
used to calculate many characteristics of the formation and borchole, such as
horizontal and vertical resistivity, dip, and strike.

18638} FI1G. 3 ig a graph 310 that illustraies curve scaling according to
various embodiments of the invention. Here a sketch of the ALG | curve (shown
as a solid line) being scaled down to the ALG 1] curve (shown with large dotes),
as applied to the formation anisotropy ratio Ro/Ry. Other parameters to which
the scaling may be applicd are: borizontal resistivity Ry, relative dip 8, relative
strike ¢, and caliper size, among others. It 15 noted that the method 211 of FIG.
2 can be applicd to any of these parameters. However, for reasons of simplicity,
and because they produce a useful curve fitting performance, only the
application to anisotropy ratio and caliper size will be discussed in more detail
herein, It should also be understood that certain variations can be made to the
algorithms described herein and similar performance can be obtained. Thus, the
examples provided in this document are not intended to be Hmiting.

(8631} FI1G. 4 i a work flow diagram 411 that can be used for dual-
algorithm curve fitting according fo various embodiments of the invention. For
curve fitting in a single dimension, one can assume that a database holds Ny fine
grid points. Hxperimental results indicate that N, grid points {a sabset of N; fine
grid points) will provide a desired amount of accuracy for curve fitting when
ALG L is applied. By selecting a subset of Ny fine grid points, a computational
time redoction of approximately NN, is fraplied.

{8032} To begin, a single parameter {¢.g., the anisotropy ratic} is chosen
to be the interpoelation dimension at block 421, The remaiving parameters {e.g.,
caliper size) to be scaled are selected at block 425.

186833] Atblock 429, N, coarse grid points are selected as a subset of the
Ny fine grid points that exist with respect to the chosen interpolation parameter.
ALG 1 is applied to the N, cearse grid points. These N, coarse grid points will

serve as the independent variable in a polynonual approximation.
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{8034} At block 433, the Ny fine grid points corresponding to the N,
coarse grid points are selected to represent imdependent variable values o the
polynomial approximation.

18035} Scaling coefficients in the polynomial approximation can then be
determined using a least squares approximation, with the chosen values for the
independent and dependent variable, at block 437.

{8036} Finally, curve fitting is performed at block 441, 1o map the N; fine
grid points to the ALG I results for the N, coarse grid points.

{86371 Fi1Gs. 5A and 5B illostrate mapping and error graphs 510, 520
according to various embodiments of the mvention. In FIG. 5A, conductivity
over a range of anisotropy ratio test data for ALG 1, ALG 1], and ALG T-mapped
results 1s shown, In FIG. 5GB, the relative errvor of the original ALG T results,
compared to the ALG L-mapped resukis, with respect to ALG 1L is shown.
[B038] F1Gs. SA and 5B demonstrate the robustoess of the method
shown in FIG. 4, where curve fitting 15 apphied to the anisotropy ratio parameter,
when Ne=9 and N.=3. Here the caliper size is chosen to be 8 inches; the dip
angle is 407, and Rhis 530 Om. The tool 18 0.8 inch eccentric to the Z axis of the
borchole. The eccentricity angle is 90° and the coupling s XX,

{66393 In FIG. SA, the resublts of ALG 1 are denoted by the solid Ene, and
the large dotted Hne denotes the results of ALG 11, The dashed line desigoates
the ALG I-mapped final vesult of the method shown in FIG. 4.

{8040} In FIG. 3B, the solid line gives the relative percentage error
between the results obtained via ALG Land ALG L The dashed line indicates
the relative percentage error between the ALG I-mapped results and the resulis
of ALG 1L Tt s evident that the ALG -mapped result provides a good
approximation to the ALG I reselts, because the relative error is about 2% or
less at all points. Thus, the speed of ALG 1 has largely been obtained with 98%
of the accuracy of ALG 1L

HHERE FIG. 6 18 a graph 610 that ilhustrates caliper size curve scaling
according to various embodiments of the invention. Here a sketch of ALG I
scaling down to ALG U using a caliper size grid is shown. In the fine grid

domain, for ALG 1, there are 19 caliper size grid points. Over a vange of 6
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inches to 15 inches, the grid points are distributed evenly at .5 inch intervals.
Experimental results indicate that 4-5 grid points of ALG [ will provide
sufficient accuracy with respect to the scaling coefficients for caliper size.
{8842} The scaling coetficients are computed according to the method of
S5 FiG. 4. Curve fitting is thus performed on the ALG H results, to map every grid
potnt of the ALG T curve (solid line) to the ALG 11 curve(dashed line) using the
determined coefficients. In this case, a reduction in computation time of about
5/19 is obtained.
{8043} Fi1Gs. 7A and 7B illostrate mapping and error graphs 710, 720
10 according to various ernbodiments of the inverdion. To demounstrate how
powerful the application to caliper size parameters can be, a new test case is
presented. In FIG. 7A, the results from ALG I (solid lne), ALG U (large dotted
line), and the ALG I-mapped result (dashed line} is shown for the test case. In
FIG. 7B, the relative error of original the ALG | results with respect to the ALG
1T results (solid line) and the ALG I-mapped results with respect to the ALG H
results {dashed line) are shown. In cach case, the dip angle is 30°, with Rh and
Rv being | and 2 Qm respectively. The tool is eccentric to the axis of the
borchole, with an eccentricity angle of 90° and Y'Y coupling. 1t is evident from
FIG. 7B that the ALG Fmapped result provides a good approximation o the
20 ALG Hresults, because the relative ervor is less than 2% over al points {which
1s more than five times better than most of the ALG {results). Again, the speed
of ALG 1 has more or less been obtained with almost 99% of the accuracy of
ALGIL
18044} FIG. 8 is & block diagram of apparatus 400 and systems 864

2
wn

according to various embodiments of the invention. For example, in some
embodiments an apparatus 800 comprises a housing 804 and one or more
sensors 5 atiached to the housing 804, where the sensors S operate to measure
formation and borehole characteristics, providing down hole log data 870, This
data 870 may be collected under the control of circuit logic 840, perhaps as part
30 of adata acquisition system 824,

18045} The apparatus 800 may further include one or more processors

830 housed by the housing 804, or in @ surface workstation 854, A transceiver
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344 may be used to receive commands from the workstation 854, and to transmit
the data 870, or a corrected version of the data 870, to the surface 866, The
processors §30 may operate to cotrect inaccuracies in the measurements forming
part of the data 870, perhaps caused by environwmental effects, using various
S embodiments of the methods described herein. A memory can be located in the
housing 804 to store measurements as original log data 870, or corrected log
data, or both, perhaps in a database 834,
[B8846] Thus, referring now to FIGs. 1-8, it can be seen that many
embodiments may be realized. For example, a system €64 may comprisc a
10 housing 804, one or more sensors S to acquire data 870, and a processor 830 to
generate and apply a correction map to geological formation model parameters
based on the acquired data 870.
{8047} in some cmbodiments, a system 864 comprises g housing 804, at
least one down hole sensor 5 attached to the housing 804, the at least one down
hole sensor § to provide an actual measurement {e.g., forming part of the log
data 870) characterizing a geological formation. The system 864 may further
comprise a processor 830 1o calculate an AF map that transforms accurate
modeled measurement results into fast modeled measurement results within 4
modeled data space. The processor 830 may forther operate to receive the actual
20 measurement from the down hole sensor 8, and to transform the actual
measurement into the fast modeled measurement results using the AF map. The
processor 830 may also operate to transform the fast modeled measurement
results into a modeling parameter vector via inversion,
18848] In various smbodiments, the processor 830 can be down hole, or
25 located on the surface 866. Thus, the processor 830 may be located in a
workstation 854 at the suxrface 866, perhaps as part of a surface logging facility.
The processor 830 may be configured to process at least a portion of the
modeling parameter vector to represent a value of at least one property of a
geological formation on a display 896.
30 (8849] Among others, the down hole sensors S may comprise induction
logging tools and caliper tools. Thus, the down hole sensor 8 may comprise at

least one of a multi-clement induction logging tool or a caliper tool.
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(3858 A transmitter can be used to send data to the surface for
processing. Thus, the system 864 may comprisc a telemetry ransmitter (c.g.,
formaing part of the fransceiver 844} to commumicate the actual mcasurement
{e.g., forming part of the log data 370) from the housing 804 1o a surface
5 workstation.
8051} The housing may comprise a variety of tools, such as wirchine,
logging while driliing (L WD), or measurernent while drilling (MWD} 100ls.
Thus, in some embodiments, the housing 804 comprises one of a wirsline tool or
an MWD tool.
10 [6652) The processor can be used to correct sensor measurements that
are distorted due to borehole effects. As an example, the corrected model
parameters may be applied to down hole measurements (e.g., caliper
measurements) {o get a corrected measurement. For example, if an actual caliper
measurement is faken, the actual measurement can be transformed into the fast
modeled measurement results using the AF map, and then the fast modeled
measurcment results can be transformed into the modeling parameter vecior via
wversion. Thus, in somue embodiments, the processor 830 is configured to
transtorm additional measurements obtained from the at least one down hole
sensor S into the fast modeled measorement results using the AF map, and then
20 to transform the fast modeled measurement results into the modeling parameter
vector via inversion,
[B053] In some embodiments, an apparatus 800 comprises a housing, one
or more sensors S attached to the housing, and one or more components of the
data acquisition system 824, The components of the apparatus 800 may operate
25 similarly to, or identically to the same elements in the systerm 864, Additional
examples of system embodiments will now be described.
(8654 FIG. 9 illustrates a wireling system 964 embodiment of the
invention, and FIG. 10 illustrates a drilling rig system 1064 embodiment of the
nvention. Therefore, the systems 964, 1064 may comprise portions of a
30 wircling logging tool body 970 as part of a wircline logging operation, orof a

down hole tool 1024 as part ofa down hole drilling operation.

10
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[B855] Thas, FIG. 9 shows a well during wireline logging operations. In
this case, a drilling platform 986 is equipped with g derrick 988 that supports a
hoist 990,
8856} Drifling o1l and gas wells is conmonly carried out using a string
5 of drill pipes connected together so as to form a drilling string that is lowered
through a rotary table 910 into a wellbore or borehole 912, Here it is assumed
that the drilling string has been temporarily removed from the borehole 912 10
allow a wireline logging tool body 970, such as a probe or sonde, o be lowered
by wireline or logging cable 974 into the borchole $12. Typically, the wireline
10 logging tool body 970 is lowered to the bottom of the region of interest and
subsequently pulled upward at a substantially constant speed.
{8057} During the upward trip, at 8 series of depths varioos instnoments
{c.g., portions of the apparatus 400, or system 864 shown in FIG. 8) inciuded in
the tool body 970 may be used to perform measurements on the subsurface
geological formations 814 adjacent the borehole 912 {(and the tool body 970).
The measurement data can be communicated to a surface logging facility 992 for
processing, analysis, and/or storage. The logging facility 992 may be provided
with electronic equipment for various types of signal processing, which may be
implemented by any one or more of the components of the apparatus 100 or
20 system 102 in FIG. 1. Suwilar formation evaluation data may be gathered and
analyzed doring drilling operations (e.g., during LWD operations, and by
extension, sampling while dnilling).
[6658] In some embodiments, the tool body 970 is suspended in the

wellbore by a wireline cable 974 that connects the tool to a surface control unit

2
wn

{e.g., comprising a workstation 854). The tool may be deployed in the borehole
812 on slickline, coiled tubing, jointed drill pipe, hard wired drill pipe, or any

other suitable deployment technique.

18059] Tuming now to FIG. 10, it can be scen how a system 1064 may
also form a portion of a drilling rig 1002 located at the surface 1004 of a well

30 1006, The drilling rig 1002 may provide support for a drill string 1008, The
drilf string 1008 may operate to penctrate the rotary table 910 for drilling the

borchole 212 through the subsurface formations 914, The duill string 1008 may

11
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inclade a Kelly 1016, drill pipe 1018, and a bottom hole assembly 1020, perhaps
focated at the lower portion of the drilf pipe 1018,

18868] The bottom hole assembly 1020 may include drill collars 1022, a
down hole tool 1024, and a drill bit 1026, The drill bit 1026 may operate to
create the borchole 912 by penetrating the surface 10604 and the subsurface
formations 914, The down hole too] 1024 may conprise any of a nurcher of
different types of tools including MWD tools, LW tools, and others.

[B061] Duoring drilling operations, the drill string 1008 {perhaps
including the Kelly 1016, the drill pipe 1018, and the bottom bole assembly
1020) moay be rotated by the rotary table 910. Although not shown, in addition
to, or alternatively, the bottom hole assernbly 1020 may also be rotated by a
motor {¢.g., a mud motor) that is located down hole, The drilf collars 1022 may
be used to add weight to the drili bit 1026, The drifl collars 1022 may also
operate 10 stiffen the bottom hole assembly 10290, allowing the bottom hole
assembly 1020 to transfer the added weight to the drill bit 1026, and in b, to
assist the drill bit 1026 in penetrating the surface 1804 and subsurface
formations 414,

18062} During drilling operations, a2 mud pump 1032 may pump drilling
fhiid (sometimes known by those of ordinary skill in the art as “drilling mad™}
from a nuud pit 1034 through a hose 1036 into the drill pipe 1018 and down to
the drill bit 1026, The drilling fluid can flow out from the drill bit 1026 and be
returned to the surface 1004 through an anmular area 1040 between the drill pipe
101¥ and the sides of the borehole 912, The drilling fluid may then be returned
1o the owd pit 1034, where such fluid 15 filtered. In some embodiments, the
driliing fhid can be used to cool the drill bit 1026, as well as to provide
hibrication for the drill bit 1026 during drilling operations. Additionally, the
drilling fluid may be used to remove subsurface formation cuttings created by
operating the drill bit 1026,

[8863] Thus, referring now to FIGs. 1-14, it may be seen that in some
embodiments, the systems 964, 1064 may include a deill collar 1022, a down
hole tool 1024, and/or a wircline logging tool body 970 to house one or more

apparatus 800, similar to or identical to the apparatus 800 described above and

12
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lustrated in FIG. 8. Components of the system 864 in FIG. 8 may also be
housed by the tool 1024 or the tool body 970,
864} Thus, for the purposes of this document, the term “housing” may
mehide any one or more of a drill collar 1022, a down hole tool 1024, ora

5 wireline logging fool body 970 (all having an outer surface, to enclose or attach
to magunetometers, sensors, fluid saropling devices, pressure measurcment
devices, temperature measurement devices, transmitiers, receivers, acquisition
and processing logic, and data acquisition systems). The tool 1024 may
comprise a down hole tool, such as an LWD tool or MWD tool. The wireling

10 tool body 970 may comprise a wircline logging tool, fncluding a probe or sonde,

for example, coupled to a logging cable 974, Many embodiments may thus be

realized.

{8865] For example, in some embodiments, a system 964, 1064 may

melade a display 896 to present information, both measured log data 870, and

corrected measgrements, as well as database information, perhaps in graphic
form. A systom 964, 1064 may also inchude computation logic, perhaps as part
of a surface logging facility 992, or a computer workstation 854, to receive
signals from transmitters and to send signals 1o receivers, and other

instrumentation to determine properties of the formation 914.

20 [8066] Thus, a system 964, 1064 may comprise a down hole tool body,
such as a wireline logging toel body 970 or a down hole tool 1024 {e.g., an
LWE or MWD tool body), and portions of one or more apparatus 800 attached
to the teol body, the apparatus 800 to be constructed and operated as described

previously. The processor(s) 830 in the systoms 964, 1064 may be attached fo

2
wn

the housing 804, or located at the surface 866, as part of a surface computer
{c.g., n the surface logging facility 854 of FIG. §).

8667} The apparatus 800; systems 864, 964, 1064; housing 804; data
acquisition system 824; processors 830; database 834; logic 8440; transceiver
844; memory 850; swrface logging facility 854; swrface 866; data 870; display
30 896; rotary table 910; borchole 912; wirciine logging tool body 97{); logging
cable 974; drilling platform 986; derrick 988; hoist 990; logging facility 997;

drill string 1008; Kelly 1016; dvill pipe 1018; bottom hole assembly 1020; dnll

13
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collars 1022; down hole tool 1024; drill bit 1026; mud pomp 1032; mud pit
1034; hose 1036; and sensors 5 may all be characterized as “modules” hergin,
18868] Such modules may include hardware circuitry, and/or a processor
and/or memory circuits, software program modules and objects, and/or
5 fomware, and combinations thereof, as desired by the architect of the apparatus
800 and systems 864, 964, 1064 and as appropriate for particular
mplementations of various embodiments. For example, in some embodiments,
such modiles may be included in an apparatas and/or system operation
simuiation package, such as a software elecirical signal simmilation package, 3
10 power usage and distribution simulation package, 2 power/heat dissipation
stmulation package, and/or 8 combination of software and hardware used to
stimudate the operation of various potential embodiments.
18069} 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 t¢ be so limited. The
ilustrations of apparatus 800 and systoms 864, 964, 1064 are intended to provide
a general understanding of the structure of various cmbodiments, and they are
not intended to serve as a complete deseription of all the elements and features
of apparatus and systems that might make use of the structires described herein.
20 {8678 Applications that may include the novel apparatus and systems of
various embodiments include electronic cireuitry used in high-speed computers,
comumunication and signal processing circuitry, modems, processor modules,
embedded processors, data switches, and application-specific modules. Such
apparatus and systems may further be fnchuded as sub-conponents withina
25 wvariety of electronic systems, such as televisions, cellular telephones, personal
computers, workstations, radios, video players, vehicles, signal processing for
geothermal tools and smart transducer interface node telemetry systems, among
others. Some emboediments inclade a number of methods.
88711 For example, FIG. 11 is a flow chart illustrating several additional
30 methods 1111 according to various embodiments of the invention. For example,

one method 1111 may comaprise creating an AF map, acquiving data,
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transforming the acquired data using the AF map, inverting to correet the
transformed data, and displaying (as one form of publishing) the corrected data.
16672} In some embodiments, a processor-implemented method 1111, 10
execute on one or more processors that perform the method 1111, begins at
block 1121 with caleulating an AF map that ransforms accurate modeled
measurement results into fast modeled measurement results within a modeled
data space.

[B073] To calenlate the AF map, any one or more of the following
activities may occur: () a sct of onc or more modeling parameter vectors is
chosen, which may form 2 grid of vectors; (b} accurate modeling is used to
calculate accurate modeled measurement results; (¢} fast modeling is used to
calcolate fast modeled measwrement results; (d) an analytical fonction is chosen
that contains a set of fitting paramcters to map one modeled measurcment result
to another {¢.g., accurate modeled measurement resulis mapped to fast modeled
measurement results); (e fitting parameters are chosen such that the analytical
function substantially maps accurate modeled measurement resulis to fast
modeled measurement results over the grid of modeling parameter vectors.
18674} Thus, the process of calculating the AF map at block 1121 may
comprise calculating the accurate modeled measurement results; and caleulating
the fast modeled measurement resulis. Additional activity at block 1121 may
comprise selecting fitting pavameters for an analytical function to map the
accurate modeled measorement results to the fast modeled measurement resolts
over a grid of modeling parameter vectors including the modeling parameter
VECHOr,

18875} Modeling can be used in calculating the AF map and/or in the
inversion activities. Thes, any one or more of an analytical method, a finite
difference method, an integral equation method, or a scmi-apalytical method can
be used while calculating the AF map (and while inverting at block 1137, as
described below) to transform the fast modeled measurement resuldts,

8876} The method 1111 may continue on to block 1128 with making an
actual measurement using a tool disposed in a borchole. The actual

measurement data may comprise data obtained from an induction logging tool.
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Thus, the actual measaroment may comprise a measurement made using an
induction logging tool.

19877 It the measurcment process s not comaplete, as determined at
block 1129, the method 1111 may return to block 1123, to obtain additional
measurements, Otherwise, if the measurement process is complete, as
determined at block 1129, the method 11311 may contione onto block 1133,
[BB78] At block 1133, the method 1111 may include transforming the
actual measurement into the fast modeled measurement resulls using the AF
map. Since the AF map can be used to fransform the actual measurement, the
activity at block 1133 may include transforming the actual measwrement by
applying an analytical function to the actual measurement.

{80791 The method 11 may continue on to block 1137 with inverting
to transform the fast modeled measurement results into a modeling parameter
vector. Inversion in this case comprises an optimization process well known to
those of ordinary skill in the art, where a search is conducted to find an tnput that
provides the desired output. o this case, the fast measurement results are
inverted. There are many different ways fo accomplish inversion, including
iterative methods {e.g., conjugate gradient, Gauss-Newton, ete.) and look-up
table based methods. Inverting to transform the fast modeled measirement
resulis at block 1137 may conprise searching the fast modeled measurement
resulis to provide elements of the modeling parameter vector.

18880] The method 1111 may continue on to conclude at block 1141
with displaying at least a portion of the modeling parameter vector to represent
at least one property of a geological formation, such as horizontal or vertical
resistivity, anisotropy ratio, dip angle, strike angle, borehole diameter, mud
resistivity, and porosity, among others.

{8081} Thus, at least parts of the modeling parameter vector can be
viewed dircctly, including various formation parameters such as formation
resistivity, borchole size, anisotropy ratio, amsotropy direction, etc. Any of
these can be visualized as a function of logging depth. Thercfore, the activity at

biock 1141 may coraprise processing the modeling parameter vector to provide
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an tmage of the processed values, including formation resistivity, for publication
to a display.

18082} Many other methods may be realized. For example, in some
embodiments, a method 151 may comprise creating an FA map, acquiring data,
modeling to ransform modeling vectors into FA map input data, transforming
the map input data into corrected data using the FA map, finding 2 modeling
vector to match the corrected data, and displaying the matching modeling vector,
For a given set of data, application of the first forward modeling algorithm (e.g.,
ALG ) in this case is faster, and less accurate, than application of the second
forward modeling algorithm {e.g., ALG 1I). N is the number of coarse points,
and Nf 15 the number of all (fine)} points in the acquired data. The first and
second forward modeling algorithms ALG 1, ALG H are applied to different data
sets - the first set is a coarse grid data set, and the second set ig set of fine data
potnts of which the coarse grid data set is a subset. The fine parameter grid
points are used in ALG I, and the course parameter grid points are used in ALG
i

16683} Thus, a processor-implemented method 1151, to execute on one
or more processors that perform the method 1151, may begin at block 1161 with
calcolating an FA map that transforms fast modeled measurement results into
accurate modeled measurement results within a modeled data space.

[B084] To caleulate the FA map, any one or more of the following
activities may occur: () a set of one or more modeling parameter vectors is
chosen to form a grid of vectors; (b} fast modeling is used to calculate fast
modeled measurement results; {¢) accurate modceling 18 used to calculate
accurate modeled measurement resulis; (d) an analytical function is chosen that
inchides a set of fitting parameters to map the modeled measurement results, one
to another (2.g., to map the fast modeled measurcment results to the accurate
modeled measurement resulis); and (¢) the fitting parameters are chosen, such
that the analytical fumction substantially maps the fast moedeled measurement
results to the accuraie modeled measurement results over the grid of modeling
parameter vectors. For example, executing the activities in blocks 221, 225, 229,

233, and 237 in FIG. 2 may be used to create an FA map.
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[BOES] As noted previously, a pelynomial approximation may be used to
creaie the FA map, using curve fitting to map coarse poinis onio a fine point
curve. In some embodiments, the activity at block 1161 may comprise selecting
an analytical function that inchides a sct of fitting parameters to map the fast
5 modeled measurement resulis to the accurate modeled measurcment resulis.
Thus, the activity at block 1161 may comprise fitting rapid fit corve potuts o 2
final curve defined by accurate fit curve points to produce the FA map, using a
polynomial approximation.
{8886} The number of coarse grid points Ne that will provide a desired
10 amount of accuracy in curve fitting is selected from the set of fine grid points.
Guiding principles in the selection of points inchude attempting to evenly
distribute the course grid points over the set of fine points, and knowledge of
formation characteristics {(¢.g., for anisotropy, some values of the fine grid points
are more probable than others). It can incrcase the efficiency of calculations to
miniiize the number of coarse grid points that are sclected, while maintaining
the desired level of curve fitting accuracy.
18087} The method 1151 may continue on fo block 1165 with making an
actual measurement using a tool disposed in a borehole. The actual
measurement data may comprise data obtained from an induction logging tocl,
20 Thus, the actual measurement may comprise a measurcment made using an
mduction logging tool.
[B088] If the measurement process is not complete, as dotermined at
block 1169, the method 1151 may returp to block 1168, to obtain additional
measurcments. Utherwise, f the measurement process is cormplete, as
25 determined at block 1169, the methed 1151 may contimie on to block 1173,
{8089} Atblock 1173, the method 1151 may comprise modeling to
fransform a plurality of modeling parameter vectors into the fast modeled
measurement results,
(3898 The modeling algorithm can be selected from a number of
30 algorithm types. Thus, the modeling activity at bock 1173 may comprise
modeling using one of an analytical method, a finite difference method, an

mtegral equation method, or a semi-analytical methed, among others.
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{8091} The formation model may be defined by a variety of parameter
types. Thus, the modeling paramcters used in the modeling activity at block
1173 may comprisc one of more of horizontal resistivity, anisotropy ratio,
relative dip, relative strike, or caliper sive.

[8692] The method 1151 may continue on to block 1177 with
transforovng the fast modeled measurement resulis into the accurate modeled
measurement results using the FA map.

[8893] The method 1151 may mclude, at block 1181, locating a
matching modeling parameter vector as one of the plurality of modeling
parameter vectors that matches the accurate modeled measurement results to the
actual measurement.

H Y] Modeling parameter vectors are selected as a part of the inversion
process. If an iterative method is used, an initial guess is made based on
expectations ot a priori information. The guess 15 adjusted during each iteration,
vntil the desired mateh is made. If a look-up table type of method is used, a
sufficiently fine grid of modeling parameter vectors that cover all possible
expected values may be chosen. A forward modeling algorithm (e.g., an
electromagnetic solver) such as finite-element, finite-difference, method of
moments, integral equation, analytical/semi-analytical methods are used to
transform the modeling parameter vectors into the fast modeled measurement
results.

[B095] Thas, the activity at block 1131 may comprise locating the
matching modeling parameier vector bascd on torative adjustment of an initial
guess. In some embodiments, the activity at block 1181 may comprise locating
the matching modeling parameter vector in a look-up table of previously-
generated, expected results. In some embodiments, the method 1151 includes an
inversion loop that operates to tmprove maiching performance, to inclade the
activities of modeling, transformation, and location of blocks 1173, 1177, and
1185, respectively.

18896] The method 1151 may continue on o conclude at block 1185
with displaying at least a portion of the matching modeling parameter vector to

represent at least one property of a geological formation.
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8697} It shouid be noted that the methods desceribed herein do not have
to be executed in the order described, or in any particular order. Moreover,
various activities described with respect to the methods identified herein can be
executed in iterative, serial, or parallel fashion. The various elements of cach

S method (e.g., the methods shown in FiGs. 1, 2, 4 and 11) can be substituted, one
for another, within and between methods, {oformation, including parameters,
commands, operands, and other data, can be sent and veceived in the form of one
OF TOTE CArrier waves.
{8898} Upon reading and comprehending the content of this disclosure,

10 one of ordinary skill n the art will understand the manner in which a software

program can be launched from a computer-readable mediom in a computer-

based system to execute the fonctions defined in the software program. One of
ordinary skill in the art will further understand the various programming
languages that may be employed to create one or more software programs
designed to implement and perform the methods disclosed herein. For example,
the programs may be structured in an object-ovientated format using an object-
oriented language such as Java or C#. In another exarople, the programs can be
structured in a procedure-orientated format using a procedural language, such as

assembly or C. The software components may commuonicate osing any of a

20 number of mechanisms well known 1o those skilled in the art, such as application
program interfaces or interprocess commumication techniques, including remote
procedure calls. The teachings of various embodiments are not imited to any
particular programming language or environment. Thus, other embodiments
may be realized.

25 [669%) For example, FI1G. 12 18 a block diagram of an article 1200 of
manufacture according to various embodiments, such as a computer, 8 memory
system, a maguetic or optical disk, or some other storage device. The article
1200 may include one or muore processors 1216 coupled to a machine-accessible
mediom such as a memory 1236 (e.g., removable storage media, as well as any

30 tangible, non-transitory memory including an clectrical, optical, or
electromagnetic conductor) having associated information 1238 (e.g., compurter

program instructions and/or data), which when executed by one or more of the
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processors 1216, results in a machine (e.g., the article 1200) performing any
actions described with respect to the methods of Fi1Gs. 1, 2, 4, and 11, the
apparatus and systems of FIG. 8, and the systems of FiGs. 8-10. The processors
1216 may comprise one or more processors sold by Intel Corporation {e.g.,
Intel® Core™ processor family), Advanced Micro Devices {¢.g., AMD
Athlon™ processors}, and other semiconductor masufacturers.

[B8108] I some embodiments, the article 1200 may comprise one or more
processors 1216 coupled to a display 1218 to display data processed by the
processor 1216 and/or a wireless transceiver 1220 {c.g., a down hole telemetry
transceiver) to receive and transmit data processed by the processor,

{66161} The memory system(s) incladed n the article 1200 may include
memory 1236 comprising volatile memory (e.g., dynamic random access
memory) and/or non-volatile memory. The memory 1236 may be used to store
data 1240 processed by the processor 1216,

88102} In various embodiments, the article 1200 may comprise
communication apparatus 1222, which may in turn tnclode amplifiers 1226 {c.g,,
prearaplificrs or power amplifiers) and one or more antenna 1224 (c.g.,
transmitting antenmas and/or receiving antennas). Signals 1242 received or
transmitted by the commaunication apparatus 1222 may be processed according
to the methods described herein,

[80103] Many variations of the article 1200 are possible. For example, in
varipus embodiments, the article 1200 may comprise a down hole tool, inchuding
the apparatus 800 shown in FIG. 8. In some embodiments, the article 1200 is
strailar to or identical to the apparatus 800 or systern 864 shown in FIG. 8.
{66184} In summary, the apparatus, systems, and methods disclosed
herein, encourage the efficient computation and application of large databases
for environmental ¢ffect correction and inversion algorithms, improving the
efficiency of profitability of 203/3D inversion service, increasing the quality of
the data acquired with electromagnetic logging tools, and helping to optimize
identification and recovery of hydrocarbon reserves.

180105} The accompanying drawings that form a part hercof, show by

way of illustration, and not of Bmitation, specific embodiments in which the
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subject matter may be practiced. The embodiments ilfustrated are deseribed in
sufficient detail to enable those skilled in the art to practice the teachings
disclosed herein. Other embodiments may be utilized and derived therefrom,
such that structural and logical substitutions and changes may be made without

S5 departing from the scope of this disclosure. This Detailed Description, therefore,
is not to be taken in a limiting sense, and the scope of various embodimenis is
defined only by the appended claims, along with the full range of equivalents to
which such claims are entitled.
{88186} Such embodiments of the nventive subject matter may be

10 referred to beren, individually and/or collectively, by the terma “invention”

merely for convenience and without intending to voluntarily Hmit the scope of

this application to any single invention or inventive concept if more than one is
in fact disclosed. Thus, although specific embodiments have been illustrated and
described herein, it should be appreciated that any arrangement caleulated to
achicve the same purpose may be substituted for the specific embodiments
shown. This disclosure is intended to cover any and all adaptations or variations
of various cmbodiments. Combinations of the above embodiments, and other
embodiments not specifically described hervein, will be apparent to those of skall
in the art upon reviewing the above description.

20 [88197] The Abstract of the Disclosure is provided to comply with 37
CF.R. §1.72(b), requiring an abstract that will allow the reader to quickly
ascertain the nature of the technical disclosare. 1t 1s sobmitted with the
understanding that it will not be used to inferpret or limit the scope or meaning
of the claims. In addition, in the foregoing Detailed Description, it can be seen

25 that various features are grouped together n a single embodiment for the
purpose of streamlining the disclosare. This method of disclosure is not to be
interpreted as reflecting an intention that the claimed embodiments require more
features than are expressly recited fo cach clain. Rather, as the following claims
reflect, inventive subject matter lies in less than all features of a single disclosed

30 embodiment. Thus the following claims are hereby incorporated tnto the
Detailed Description, with cach claim standing on its own as a scparate

embodiment.
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{laims

What is claimed 1s:

L A systern, comprising:
a housing;
at least one down hole sensor attached to the housing, the at least one
down hole sensor to provide an actual measurcment characterizing a geological
10 formation; and
a processor to calculate an AF map that ransforms accurate modeled
measurement results into fast modeled measurement resolts within a modeled
data space, to receive the actual measurement from the down hole sensor, to
transform the actual measurement into the fast modeled measurement results
using the AF map, and to transform the fast modeled measurement results into a
modeling parameter vector via mversion.
2. The system of claim 1, wherein the processor 1s located n a workstation
at the surface, and whergin the processor is configured to process at least a
20 portion of the modeling parameter vector to represent a value of at Jeast one

property of a geological formation on a display.

3. The system of claim 1, wherein the down hole sensor comprises at least

one of a multi-element mduction logging tool or a caliper tool.

25
4, The system of claim 1, further comprising:
a telemetry transmiiter to communicate the actual measurement from the
housing to & surface workstation.
36 s The syster of claim 1, wherein the housing comprises one of a wircline

tool or a measurement while drilling tool.
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6. The system of any one of claims | through S, wherein the processor is
configured to transform additional measurcments obtained from the at least one
down hele sensor into the fast modeled measurement results using the AF map,
and then to wransform the fast modeled measurement results into the modeling

S5 parameter vector via inversion.

7. A processor-implemented method, to execute on one or more
processors that perform the method, comprising:
calculating an AF map that transforms accurate modeled measurement
10 results into fast modeled measurement results within a modeled data space;
making an actual measurement using a tool disposed in a borehole;
transforming the actoal measwrement into the fast modeled measurement
resuits using the AF map;
mverting to transform the fast modeled measurement results nto a
modeling parameter vector; and
displaying at fcast a portion of the modcling parameter vector to

represent at feast one property of a geological formation.

8. The method of claim 7, wherein the actoal measorement comprises a

20 measurement made using an induction logging tool.

9. The method of claim 7, wherein calculating the AF map comprises:
calculating the accurate modeled measurement resulis; and

calculating the fast modeled measuroment results.

25
10. The method of claim 7, wherein calculating the AF map comprises:
selecting fitting parameters for an analytical function to map the accorate
madeled measurement resulis o the fast modeled measuremont results over a
grid of modeling parameter vectors including the modeling parameter vector.
30
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1. The method of any one of claims 7 through 10, wherein transforming the
actual measurement comprises applying the analytical function to the actoal

measurcment.

12, The method of any one of claims 7 through 10, wherein nverting to
transform the fast modeled measurement results comprises:
scarching the fast modeled measurement results to provide elements of

the modeling parameter vector.

13, The method of any one of ¢laims 7 through 10, further comprising:
¥ = &
processing the modeling parameter vector to provide an image of the

processed values, incloding formation resistivity, for publication to a display.

14, The method of any one of claims 7 through 10, further comprising:
using one of an analytical method, a finite difference method, an integral
equation method, or a semi-analytical method while calculating the AF map and

while inverting to transform the fast modeled measurement results.

15, A processor-implemented method, to execute on one 0r MoOre processors
that perform the method, comprising:

calculating an FA map that transforms fast modeled measurement results
into accurate modeled measurement results within a modeled data space;

making an actual measurement using a tool disposed in 8 borchole;

modeling to transtorm a plurality of modeling parameter vectors into the
tast modeled measurement results;

transforming the fast modeled measurement resolts into the accurate
modeled measorement results using the FA map;

locating a matching modeling parametor vector as one of the plorality of
modeling parameter vectors that matches the accorate modeled measurement
results 0 the actual measurement; and

displaying at least a portion of the matching modeling parameter vector

o represent at least one property of a geological formation.
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16.  The method of claim 15, wherein the modeling comprises modeling
using one of an analytical method, a finite differcnce method, an integral

equation method, or a semi-analytical method.

17.  The method of claim 15, wherein modeling parameters used in the
modeling comprise at least one of vertical resistivity, horizontal resistivity,

anisotropy ratio, relative dip, relative strike, or caliper size.

160 18, The method of claim 15, wherein calculating the FA map comprises:
selecting an analytical function that inchides a set of fitting parameters to
map the fast modeled measorement resolts to the accurate modeled measurement

resulis,

15 19, The method of claim 15, wherein calculating the FA map comprises:
fitting rapid fit curve poinis to a final curve defined by accurate fit curve

points to produce the FA map, using 2 polynomial approxiroation.

20.  The method of any one of claims 15 through 19, wherein locating the
20 matching modeling parameter vector coraprises:
locating the matching modehing parameter vector based on terative

adjustment of an initial guess.

21, The method of any one of claims 15 through 19, comprising:
25 locating the matching modeling parameter vector in a look-up table of

previously-generated, expected results.
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