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PROBABLISTIC IMAGING
WITH AZIMUTHALLY SENSITIVE MWD/LWD SENSORS

Junichi Sugiura
4400 Memorial Drive #3107
Houston, Texas 77007
Citizenship: Japan
RELATED APPLICATIONS
This application claims the benefit of U.S. Utility Application Serial No. 11/881,043
entitled Probablistic Imaging With Azimuthally Sensitive MWD/LWD Sensors, filed July 25,
2007.
FIELD OF THE INVENTION
The present invention relates generally to a method for logging a subterranean borehole.
More specifically, this invention relates to processing measured data regarding a subterranean
parameter in combination with a sensor response function so that the result more faithfully
represents the azimuthal dependence of the data. Subterranean depth data may then be
associated therewith, for example, so as to enable imaging.
BACKGROUND OF THE INVENTION
Logging techniques for determining numerous borehole and formation characteristics are
well known in oil drilling and production applications. Such logging techniques include, for
example, natural gamma ray, spectral density, neutron density, inductive and galvanic resistivity,
micro-resistivity, acoustic velocity, acoustic caliper, physical caliper, downhole pressure, and the
like. In conventional wireline logging applications, a probe having various sensors is lowered
into a borehole after the drill string and bottom hole assembly (BHA) have been removed.

Various parameters of the borehole and formation are measured and correlated with the

longitudinal position of the probe as it is pulled uphole. More recently, the development of
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logging while drilling (LWD) applications has enabled the measurement of such borehole and
formation parameters to be conducted during the drilling process. The measurement of borehole
and formation properties during drilling has been shown to improve the timeliness and quality of
the measurement data and to often increase the efficiency of drilling operations.

LWD tools are often used to measure physical properties of the formations through which
a borehole traverses. Formations having recoverable hydrocarbons typically include certain
well-known physical properties, for example, resistivity, porosity (density), and acoustic velocity
values in a certain range. Such LWD measurements may be used, for example, in making
steering decisions for subsequent drilling of the borehole. For example, an essentially horizontal
section of a borehole may be routed through a thin oil bearing layer (sometimes referred to in the
art as a payzone). Due to the dips and faults that may occur in the various layers that make up
the strata, the drill bit may sporadically exit the oil-bearing layer and enter nonproductive zones
during drilling. In attempting to steer the drill bit back into the oil-bearing layer (or to prevent
the drill bit from exiting the oil-bearing layer), an operator typically needs to know in which
direction to turn the drill bit (e.g., up, down, left, or right). In order to make correct steering
decisions, information about the strata, such as the dip and strike angles of the boundaries of the
oil-bearing layer is generally required. Such information may possibly be obtained from
azimuthally sensitive measurements of the formation properties and, in particular, from images
derived from such azimuthally sensitive measurements.

Downhole imaging tools are conventional in wireline applications. Such wireline tools
typically create images by sending large quantities of azimuthally sensitive logging data uphole
via a high-speed data link (e.g., a cable). Further, such wireline tools are typically stabilized and
centralized in the borehole and include multiple (often times six or more) sensors (e.g., gamma

ray sensors) extending outward from the tool into contact (or near contact) with the borehole
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wall. It will be appreciated by those of ordinary skill in the art that such wireline arrangements
are not suitable for typical LWD applications. In particular, communication bandwidth with the
surface would typically be insufficient during LWD operations (e.g., via known mud pulse
telemetry techniques) to carry large amounts of image-related data. Further, LWD tools are
generally not centralized or stabilized during operation and thus require more rugged sensor
arrangements.

Several attempts have been made to develop LWD tools and methods that may be used to
provide images of various azimuthally sensitive sensor measurements related to borehole and/or
formation properties. Many such attempts have made use of the rotation (turning) of the BHA
(and therefore the LWD sensors) during drilling of the borehole. For example, Holenka et al., in
U.S. Patent 5,473,158, discloses a method in which sensor data (e.g., neutron count rate) is
grouped by quadrant about the circumference of the borehole. Likewise, Edwards et al., in U.S.
Patent 6,307,199, Kurkoski, in U.S. Patent 6,584,837, and Spross, in U.S. Patent 6,619,395,
disclose similar methods. For example, Kurkoski discloses a method for obtaining a binned
azimuthal density of the formation. In the disclosed method, gamma ray counts are grouped into
azimuthal sectors (bins) typically covering 45 degrees in azimuth. Accordingly, a first sector
may include data collected when the sensor is positioned at an azimuth in the range from about 0
to about 45 degrees, a second sector may include data collected when the sensor is positioned at
an azimuth in the range from about 45 to about 90 degrees, and so on.

As described above, one problem with implementing LWD imaging techniques is that
imaging techniques, in general, typically require large data storage and/or data transmission
capacity. Due to the limited conventional communication bandwidth between a BHA and the
surface, as well as limited conventional downhole data storage capacity, the sensor data used to

form the images must typically undergo significant quantity reduction. Conventional techniques
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as described above accomplish such data quantity reduction via “binning” sensor data into a
plurality of azimuthal sectors (also referred to bins or azimuthal bins). While binning techniques
have been utilized in commercial LWD applications, both real-time and memory LWD images
are often coarse or grainy (and therefore of poor quality) and in need of improvement. Such
binning techniques may therefore not always be the most optimal approach to forming LWD
images.

More recently, commonly assigned U.S. Patent 7,027,926 to Haugland discloses a
technique in which LWD sensor data is convolved with a one-dimensional window function.
This approach advantageously provides for superior image resolution and noise rejection as
compared to the previously described binning techniques. Notwithstanding the improvements
disclosed in the ‘926 patent, there remains room for further improvement of LWD imaging
methods. Such improvements may, for example, further improve image quality while not
significantly increasing communication bandwidth and/or downhole data storage- capacity
requirements. Moreover, such improvements may account for the azimuthal sensitivity of the
LWD sensor and image blurring (e.g., due to translational or rotational motion of the LWD
sensor).

SUMMARY OF THE INVENTION

The present invention addresses one or more of the above-described drawbacks of prior
art borehole imaging techniques. Aspects of this invention include a method for forming a
borehole image of an azimuthally sensitive formation (or borehole) parameter. Such a borehole
image may be formed, for example, by processing logging sensor data with a predetermined
sensor response function (also referred to herein as a probability density function) to acquire
probabilistically distributed sensor data. In one embodiment, the logging sensor data and the

corresponding azimuths are measured during drilling of a borehole while a LWD tool rotates
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with the drill string in the borehole. The sensor data may be distributed in either one-dimension
(azimuthal) or two-dimensions (azimuthal and axial). The probabilistically distributed sensor
data may be associated with measured depth of the borehole, for example, to enable imaging.

Exemplary embodiments of the present invention may advantageously provide several
technical advantages. In particular, certain embodiments of this invention may be
advantageously utilized in LWD imaging applications. For example, exemplary methods
according to this invention provide for superior image resolution and noise rejection as compared
to prior art binning techniques. Exemplary embodiments of the invention also advantageously
conserve logging sensor data (i.e., the data is not over or under sampled during the probabilistic
distribution) such that integration of the distributed data over the entire circumference of the tool
provides a non-azimuthally sensitive logging measurement.

In one aspect the present invention includes a method for estimating an azimuthal
dependence of a parameter of a borehole using logging sensor measurements acquired as a
function of sensor azimuth. The method includes rotating a downhole tool in a borehole. The
tool includes at least one logging sensor and at least one azimuth sensor, data from the logging
sensor being operable to assist determination of a parameter of the borehole. The method further
includes causing the at least one logging sensor and the at least one azimuth sensor to acquire at
least one data pair, each data pair comprising a logging sensor measurement and a corresponding
azimuth, and processing the data pairs with a predetermined probability density function (PDF)
to acquire sensor data that is probabilistically distributed in azimuth.

The foregoing has outlined rather broadly the features and technical advantages of the
present invention in order that the detailed description of the invention that follows may be better
understood. Additional features and advantages of the invention will be described hereinafter,

which form the subject of the claims of the invention. It should be appreciated by those skilled
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in the art that the conception and the specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures for carrying out the same purposes of the
present invention. It should also be realized by those skilled in the art that such equivalent
constructions do not depart from the spirit and scope of the invention as set forth in the appended
claims.
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention, and the advantages thereof,
reference is now made to the following descriptions taken in conjunction with the accompanying
drawings, in which:

FIGURE 1 depicts one exemplary LWD tool suitable for use in accordance with aspects
of this invention.

FIGURE 2 depicts a flowchart of one exemplary method embodiment of this invention.

FIGURE 3 depicts one exemplary embodiment of an azimuthal sensor probability density
function useful in exemplary embodiments of the invention.

FIGURE 4 depicts a plot of raw data in a temporary image array and probabilistically
distributed sensor data on the vertical axis versus sensor azimuth on the horizontal axis.

FIGURE 5 depicts a bar chart of compressed probabilistically distributed sensor data
from the plot shown on FIGURE 4

FIGURE 6 depicts one exemplary embodiment of a two-dimensional sensor probability
density function useful in exemplary embodiments of the invention.

FIGURE 7 depicts one exemplary embodiment of an axial sensor probability density
function useful in exemplary embodiments of the invention.

FIGURE 8 depicts original and blurred grayscale wireline resistivity images for the

purpose of illustrating another exemplary method embodiment of the invention.
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FIGURE 9 depicts the blurred resistivity image from FIGURE 7 as restored using three
distinct de-blurring filters: (i) an inverse filter, (ii) a radially limited inverse filter, and (iii) a
Wiener filter.

DETAILED DESCRIPTION

FIGURE 1 schematically illustrates one exemplary embodiment of a logging while
drilling tool 100 suitable for use in accordance with the present invention in use in an offshore
oil or gas drilling assembly, generally denoted 10. In FIGURE 1, a semisubmersible drilling
platform 12 is positioned over an oil or gas formation (not shown) disposed below the sea floor
16. A subsea conduit 18 extends from deck 20 of platform 12 to a wellhead installation 22. The
platform may include a derrick 26 and a hoisting apparatus 28 for raising and- lowering the drill
string 30, which, as shown, extends into borehole 40 and includes a drill bit 32 and LWD tool
100. LWD tool 100 typically includes at least one LWD sensor 120 and an azimuth sensor 130
deployed thereon. LWD sensor 120 may include substantially any downhole logging sensor, for
example, including a natural gamma ray sensor, a neutron sensor, a density sensor, a resistivity
sensor, a micro-resistivity sensor, a physical or ultrasonic caliper sensor, a formation pressure
sensor, an annular pressure sensor, an ultrasonic sensor, an audio-frequency acoustic sensor, and
the like. LWD sensor 120 is configured, as is known to those of ordinary skill in the art, to
measure borehole parameters including formation density, formation resistivity, formation
acoustic velocity, gamma ray interaction cross section, neutron interaction cross section, caliper
interaction cross section, and the like. One example of a suitable LWD resistivity imaging tool is
disclosed in co-pending, commonly assigned U.S. Patent Application Serial No. 11/080,777
(U.S. Patent Publication No. 2006/0208738).

Azimuth sensor 130 (also referred to in the art as an orientation sensor) may include

substantially any sensor that is sensitive to the rotational orientation of the tool 100 in the
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borehole, such as one or more accelerometers and/or magnetometers. For example, in one
exemplary embodiment, a high frequency magnetic surveying device may be utilized, such as
disclosed in co-pending, commonly assigned U.S. Patent Application Serial No. 11/195,287
(U.S. Patent Publication No. 2007/0030007).

Drill string 30 on FIGURE 1 may further include a downhole drill motor, a mud pulse
telemetry system for communicating with the surface, and other logging and/or measurement
while drilling tools, such as surveying tools, formation sampling tools, drill string steering tools,
and the like. It will be understood by those of ordinary skill in the art that the LWD tool 100 of
the present invention is not limited to use with a semisubmersible platform 12 as illustrated in
FIGURE 1. LWD tool 100 is equally well suited for use with any kind of subterranean drilling
operation, either offshore or onshore.

In the embodiment of FIGURE 1, the LWD sensor 120 and the azimuth sensor 130 are
shown as being longitudinally spaced. It will be appreciated that this invention is not limited to
any particular layout (positioning) of the LWD sensor 120 and the azimuth sensor 130 on the
tool 100. For example, in an alternative embodiment (not shown) the LWD and azimuth sensors
may be deployed at substantially the same longitudinal (axial) position. It will also be
appreciated that while the embodiment shown on FIGURE 1 includes a single LWD sensor 120
and a single azimuth sensor 130, the invention is not limited to any particular number of LWD
and azimuth sensors.

LWD tool 100 may further optionally include an energy source (not shown). For
example, an LWD tool configured for azimuthal gamma measurements may include a gamma
radiation source (such a device is typically referred to as a density measurement device).
Likewise, LWD tools configured for azimuthal resistivity and acoustic velocity measurements

may include one or more electromagnetic wave generators and acoustic transmitters,
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respectively. The invention is not limited, however, to the use of an energy source since the
LWD sensor 120 may be utilized to measure naturally occurring formation parameters (e.g., a
natural gamma ray sensor may be utilized to measure azimuthally sensitive natural gamma ray
emissions or a physical caliper may be utilized to measure standoff distance or a borehole
diameter).

With continued reference to FIGURE 1, downhole tool 100 typically further includes a
controller (not shown), e.g., having a programmable processor (not shown), such as a
microprocessor or a microcontroller and processor-readable or computer-readable program code
embodying logic. A suitable processor may be utilized, for example, to construct images (as
described in more detail below) of the subterranean formation based on azimuthally sensitive
sensor measurements and associated azimuth and measured depth information. Images of the
earth formation may indicate physical properties (e.g., resistivity, dielectric constant, acoustic
velocity, density, 3-D caliper, and etc.) of the surrounding formation and/or the materials
comprising the strata. A suitable controller may also optionally include other controllable
components, such as sensors (e.g., a depth sensor), data storage devices, power supplies, timers,
and the like. The controller may also be disposed to be in electronic communication with
sensors 120 and 130. A suitable controller may also optionally communicate with other
instruments in the drill string, such as, for example, telemetry systems that communicate with the
surface. A typical controller may further optionally include volatile or non-volatile memory or a
data storage device. Alternatively, the acquired raw sensor data (or pre-processed data) may be
sent to the surface via a high-speed (e.g., 1Mbps in 2007) wired drillstring and then processed at
the surface.

In certain drilling operations, such as geo-steering operations, it is advantageous to locate

sensors 120 and 130 as low as possible in the BHA, e.g., immediately above the drill bit. This



10

15

20

WO 2009/014720 PCT/US2008/008958

10
may be accomplished, for example, via deploying sensors 120 and 130 in a near-bit stabilizer
housing (or blade) located just above the bit. In one exemplary embodiment, the sensors may be
deployed in on the lower end of a rotary steerable tool (e.g., in a near-bit stabilizer). In such an
embodiment, the above described controller (or a portion thereof) may be advantageously
located in the rotary steerable tool housing. The invention is not limited in these regards.

It will be understood by those of ordinary skill in the art that the term “azimuth” as used
herein refers to an angular measurement about the circumference of the tool 100. In particular,
the azimuth refers to the angular separation from a point of interest (e.g., LWD sensor 120) to a
reference point. The azimuth is typically measured in the clockwise direction (although the
invention is not limited in this regard), and the reference point is frequently the high side of the
borehole or measurement tool, relative to the earth’s gravitational field, or magnetic north.
Another important label used in the borehole imaging context is the “toolface” angle. When a
measurement tool is used to gather azimuthal imaging data, the point of the tool with the
measuring sensor is identified as the “face” of the tool. The tool face angle, therefore, is defined
as the angular separation about the circumference of the tool from a reference point to the radial
direction of the toolface. In the remainder of this document, the terms azimuth and toolface will

be used interchangeably, though the azimuth identifier will be used predominantly.

PROBABILISTIC IMAGE FORMATION
Turning now to FIGURE 2, one exemplary embodiment of a method 200 according to
this invention is illustrated. LWD tool 100 rotates 202 with the drill string in the borehole (e.g.,
with drill string 30 in borehole 42 shown on FIGURE 1). Logging data and azimuth data are
measured by LWD sensor 120 and azimuth sensor 130 (FIGURE 1), respectively, during rotation

of the tool 100 and correlated 204 such that each data point in the sequence of logging data



10

15

20

WO 2009/014720 PCT/US2008/008958

11

points is assigned an azimuth. The correlated logging data point and azimuth are referred to as a
data pair. The sensor data is then distributed azimuthally 206 based upon a predetermined
probability density function and the result stored in downhole memory. As described in more
detail below, the invention advantageously accounts for the directional response of the sensor
(also referred to herein as the azimuthal sensitivity of the sensor) so that higher quality images
may be achieved with reduced data requirements (e.g., as compared to prior art binning
techniques).

As is known to those of ordinary skill in the art, an azimuthally sensitive LWD/MWD
sensor is required to construct a two-dimensional azimuthal image (the two dimensions being
measured depth and azimuthal position). Azimuthally sensitive sensors are sometimes referred
to as focused sensors in the art. With reference to FIGURE 3, the azimuthal sensitivity of one
exemplary focused sensor embodiment is shown. FIGURE 3 plots a simulated probability
density function (PDF) for an exemplary gamma ray sensor (a conventional shielded photo
multiplier tubé). The PDF includes a plot of probability on the vertical axis versus azimuth angle
(toolface angle) on the horizontal axis. The sensor response shown on FIGURE 3 was simulated
at azimuthal increments of 15 degrees using a Monte Carlo computer simulation. A small offset
probability has been removed from the PDF shown on FIGURE 3. The offset probability was
due to imperfect shielding about the photomultiplier tube. Notwithstanding, the invention is not
limited in this regard. The exemplary PDF shown on FIGURE 3 indicates that if the gamma ray
sensor detects a single gamma ray count, then there is an approximately 14 percent likelihood
that the gamma ray originated at an azimuth angle of about 0 degrees (in the range from -7.5 to
7.5 degrees). Thus, if the gamma ray sensor detects 500 counts over a certain duration, then 70

of those counts likely originated from an azimuth of about 0 degrees. Approximately 30 of those
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counts are from an azimuth of about 45 degrees (in the range from 37.5 to 52.5 degrees), and so
on according to the probabilities in the discrete PDF.

It will be appreciated that the simulated sensor response shown on FIGURE 3 is
approximately Gaussian in shape, having the highest sensitivity in a direction facing directly
outward from the tool body (about 0 degrees in FIGURE 3). The sensitivity decreases towards
zero as the incident angle increases (away from O degrees) due to the shielding in the photo
multiplier tube. The invention is, of course, not limited in this regard, as sensors including non-
Gaussian and asymmetric sensor response functions may also be utilized. Moreover, sensor
response functions having substantially any breadth (azimuthal sensitivity) may be used.
Suitable sensor response functions may be determined empirically or theoretically. The
invention is again not limited in these regards.

LWD sensor PDFs may be expressed mathematically, for example, as follows:
P l-n<p<n]= f_:_” p.(8) ds =1 Equation 1
where ¢ represents the azimuth angle in radians, P,, represents the total probability of

receiving a signal (typically equal to one as shown), and p, (#) represents the PDF as a function

of the azimuth angle. LWD sensor PDFs may also be expressed in discrete form, for example, as

follows:

m=180-1
P [-180<x<180]= > P, (m)=1 Equation 2

m=-180
where n represents discrete azimuth increments (e.g., one-degree increments from -180 to
180 degrees), P, represents the total discrete probability of receiving a signal (again typically
equal to one as shown), and P, (m) represents the discrete PDF as a function of the discrete

azimuth angles in degrees. The azimuthal angle may be expressed in any units, for example,
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including degrees, radians, minutes, seconds, etc. Alternatively, azimuthal position may be
expressed as a circumferential distance, for example, in units of inches, meters, millimeters, etc.

In general an image may be thought of as a two-dimensional representation of a
parameter value determined at discrete positions. For the purposes of this disclosure, borehole
imaging may be thought of as a two-dimensional representation of a measured formation (or
borehole) parameter at discrete azimuths and borehole depths. Such borehole images thus
convey the dependence of the measured formation (or borehole) parameter on the borehole
azimuth and depth. It will therefore be appreciated that one purpose in forming such images of
particular formation or borehole parameters (e.g., formation resistivity, dielectric constant,
density, acoustic velocity, etc.) is to determine the actual azimuthal dependence of such
parameters as a function of the borehole depth. Determination of the actual azimuthal
dependence may enable a value of the formation parameter to be determined at substantially any
arbitrary azimuth, for example via interpolation. The extent to which a measured image differs
from the actual azimuthal dependence of a formation parameter may be thought of as image
distortion. Such distortion may be related, for example, to statistical measurement noise and/or
other effects, such as aliasing and motion blur. Notwithstanding, minimizing image distortion
advantageously improves the usefulness of borehole images in determining the actual azimuthal
dependence of the borehole parameters.

In order to minimize the above-described image distortion, formation data is accumulated
for a predetermined number of drill string rotations or for a predetermined time. The formation
data may be probabilistically distributed in substantially real-time as the data is acquired or at the
end of the predetermined number of rotations or the predetermined time.

In one exemplary serviceable embodiment of this invention, an energy source (e.g., a

gamma radiation source) emits energy radially outward and in a sweeping fashion about the
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borehole as the tool rotates therein. Some of the gamma radiation from the source interacts with
the formation and is detected at a gamma ray detector within the borehole. Typically the detector
is also rotating with the tool. The sensor may be configured, for example, to average the detected
radiation (the azimuthally sensitive sensor data) into a plurality of data packets, each acquired
during a single rapid sampling period. As is known to those of ordinary skill in the art, gamma
ray data typically includes a number of received counts in a predetermined time period. The
duration of each sampling period is preferably significantly less than the period of the tool
rotation in the borehole (e.g., the sampling period may be about 10 milliseconds or less while the
rotational period of the tool may be about 0.5 seconds). Meanwhile, the azimuth sensor
measures the azimuth of the tool, and correspondingly the gamma ray sensor, as the tool rotates
in the borehole. An azimuth is then assigned to each data packet. The azimuth is preferably
measured for each sampling period, or often enough so that the azimuth of the tool may be
determined for each sampling period, although the invention is not limited in this regard. It will
thus be understood that each data packet includes a data pair including a sensor measurement
(e.g., a number of gamma counts) and a corresponding azimuth measurement (a toolface angle).

As the data is acquired, it is typically grouped into a 1 360 temporary image array
having a 1-degree angular resolution (i.e., 360 discrete angular sectors). Logging data is
acquired in this way for a predetermined number of drill string rotations, a predetermined period
of time (e.g., 10 seconds), and/or until a predetermined number of data packets are acquired (e.g.,
1000). The result is a temporary one-dimensional image (sensor response vs. azimuth). The
temporary image may be thought of as a fine-resolution raw count image (typically having a high
degree of noise). The sensor data in each pixel of the temporary image array may then be

distributed in azimuth by multiplying the data from that pixel by the sensor PDF (which is itself
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an array centered on each pixel of the temporary image array). This may be expressed

mathematically, for example, as follows:
M-l , .
Liwa [m) =D Loy [i]- P [(m — i)y mod M1 Equation 3
i=0

where M represents the number of discrete angular positions such that m =0,1,...,M -1
and i=0,1,.,M -1, I,,,[i] represents the temporary image array, I,,,, [m] represents the
probabilistically distributed sensor data, and P, [(m —i)mod M] represents the discrete PDF (for
example as shown in Equation 2). In the exemplary embodiment described above, M=360 (i.e.,
360 1-degree azimuthal increments). The notation P, [(m —i)mod M] indicates that the PDF is

a circular function about the tool azimuth (i.e., conventional modular mathematics are used to
solve Equation 3). It will be appreciated that Equation 3 advantageously conserves the logging

sensor data (e.g., the number of gamma counts in the exemplary embodiment described above)

such that:
M-l M-l )
Z Iopyg [m] = z 1w M} Equation 4
m=0 m=0

With reference now to FIGURE 4, it will be appreciated that I,,, [i/] and 1,,,, [m]

represent a single line of a borehole image (i.e., acquired at approximately a single measured
depth in the borehole). FIGURE 4 plots simulated logging data (gamma counts in the exemplary
embodiment shown) on the vertical axis as a function of sensor azimuth on the horizontal axis.
The raw sensor data in the temporary image array is shown at 410. Probabilistically distributed
sensor data is shown at 420. The probabilistically distributed sensor data is generated via
Equation 3 using a discrete PDF having an angular resolution of 1 degree and an azimuthal

sensitivity similar to the exemplary PDF shown on FIGURE 3. Note that the probabilistically
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distributed data 420 show a maxima in gamma counts at an azimuth of approximately 350
degrees and a minima in gamma counts at an azimuth of approximately 160 degrees.
The sensor response of azimuth sensor 130 (FIGURE 1) may also be accounted for in

computing 1, [m]. It will be understood that the azimuthal sensitivity of the azimuthal sensor

tends to be directly related to the measurement frequency and the rotation rate of the drill string.
In the exemplary embodiment described above, sensor measurements may be acquired, for
example, at 10 millisecond intervals. For a drill collar rotating at 200 rpm, tool face angles may
be determined 30 times per revolution (i.e., at 12 degree intervals). The response of the azimuth
sensor can also, at times, depend on other factors such as drill string vibration (e.g., torsional
vibration which is often referred to as stick-slip in the art). In exemplary embodiments of the
invention the response of the azimuth sensor may also be expressed as a PDF. A Gaussian
function has been found to be a suitable approximation of the azimuth sensor response, although

the invention is not limited in this way. In computing /,,,, [m], the LWD sensor data in each

pixel of the temporary image array may then be distributed in azimuth by multiplying the value
stored in that pixel by both the LWD sensor PDF and the azimuth sensor PDF. This may be

expressed mathematically, for example, as follows:
M-l , , .
Lomar [m] =D I [ Py [(m—iymod M]- P, [(m —i)mod M] Equation 5
i=0

where M, I,,,[i], Iy, [m], and P, [(m—i)mod M] are as defined above with respect
to Equation 3 and P,[(m — i) mod M ] represents a discrete PDF for the azimuth sensor. It will be

appreciated that the product P, [(m —i)mod M- P,[(m —i)mod M] rriay also be expressed as a

single PDF incorporating the sensitivity functions of both the LWD and azimuth sensors.
Moreover, it will also be appreciated that in certain applications the PDF of the LWD sensor may

be ignored and I,,,, [m] computed using only the PDF of the azimuth sensor. For example, in



10

15

20

WO 2009/014720 PCT/US2008/008958

17
imaging applications including highly focused LWD sensors (e.g., including a physical caliper or
a micro-resistivity sensor), suitable images may be computed using a PDF of the azimuth sensor
alone. The invention is not limited in these regards.

Probabilistically distributed data 420 is typically stored to downhole memory and/or
transmitted to the surface. It will be appreciated that the probabilistically distributed data may be
compressed prior to storage and/or transmission (depending on available downhole memory
capacity and transmission bandwidth). The probabilistically distributed image may be
considered as an effective compression since high-spatial frequency components of the original
image are removed. Therefore, since less information is carried by the distributed image, it is
ideally suited for known frequency domain compression algorithms (e.g., conventional JPEG-
DCT and MPEG-1, -2, -3 algorithms). Image compression may also be achieved in the spatial
domain via integration (summation) of the data in predetermined azimuthal sectors. While
integrétion results in a loss of azimuthal resolution, it advantageously preserves sensor data (e.g.,
gamma counts in the examples described above). In one exemplary embodiment, the
probabilistically distributed data may be stored in 24 azimuthal sectors, the first sector including
a sum of the probabilistic sensor data having an azimuth from 0 to 14 degrees, the second sector
including a sum of the probabilistic sensor data having and azimuth from 15 to 29 degrees, and
so on. Further compression may be required for real-time transmission of the data to the surface.
For example, in one exemplary embodiment, probabilistic sensor data is stored (and transmitted
to the surface) in four azimuthal sectors representing high side, right side, low side, and left side
of the tool (-45 to 44 degrees, 45 to 134 degrees, 135 to 224 degrees, and 225 to 314 degrees
respectively). As is known to those of ordinary skill in the art, high side typically refers to the
high side of the tool relative to the earth’s gravitational field. FIGURE 5 depicts a bar chart of

compressed probabilistically distributed sensor data from FIGURE 4.
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It will be appreciated that in order to form a two-dimensional image (azimuthal position
versus well depth), sensor data may be acquired at a plurality of well depths using the procedure
described above. In one exemplary embodiment, sensor data may be acquired substantially
continuously during at least a portion of a drilling operation. Sensor data may be grouped by
time (e.g., in 10 second intervals) with each group indicative of a single well depth. The data in
each group is typically probabilistically distributed in azimuth as described above with respect to
Equations 3 and 4. As described in the above exemplary embodiment, each data packet may be
acquired in about 10 milliseconds. Such data packets may be grouped in about 10 second
intervals resulting in about 1000 data packets per group. At a drilling rate of about 60 feet per
hour, each group represents about a two-inch depth interval. It will be appreciated that this
invention is not limited to any particular rapid sampling and/or time periods. Nor is this
invention limited by the description of the above exemplary embodiments.

It will also be appreciated that embodiments of this invention may be utilized in
combination with substantially any other known methods for correlating the above described
time dependent sensor data with depth values of a borehole. For example, the probabilistically
distributed data obtained in Equation 3 may be tagged with a depth value using known
techniques used to tag other LWD data. The probabilistically distributed data may then be
plotted as a function of azimuthal position and depth to generate an image.

In certain embodiments it may be advantageous to probabilistically distribute the sensor
data in two dimensions (i.e., azimuthally and axially). As with the above described one-
dimensional (azimuthal) process, data from a single depth may be advantageously stored in a
high-resolution temporary image array. The sensor data in each pixel of the temporary image
array may then be distributed both azimuthally and axially by multiplying the data from that

pixel by a two-dimensional sensor PDF. One example of a two-dimensional sensor PDF is
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shown on FIGURE 6, which plots probability on the vertical axis versus sensor azimuth and
measured depth (or time) on the horizontal axes. The probability has a peak at an azimuth of
zero degrees (relative to the sensor) and a measured depth at the center of the sensor. In the
exemplary embodiment shown, the two-dimensional sensor PDF is approximated by a two-
dimensional Gaussian function, although the invention is not limited in this regard.
The two-dimensional probabilistically distributed sensor data may be expressed

mathematically, for example, as follows:

M-1L-

L iyg [m,n] = ZZIRAW[i!j]'Pz'[(m—i)mOdMan_j] Equation 6

i=0 j=0

—

where M represents the number of discrete angular positions such that m =0,1,..., M —1
and i =0,1,...,M —1, L represents the number of discrete axial positions in the temporary image
array such that j=0,,.,L~1, N represents the number of discrete axial positions in the final
image such that n=0,1,..., N -1, 1., [i, j] represents a two-dimensional temporary image array,
I yna, [m, n] represents the probabilistically distributed sensor data, and P,'[(m —i)mod M ,n — j]
represents a two-dimensional discrete PDF (for example as shown on FIGURE 6). While
Equation 6 utilizes a two-dimensional temporary image array, it will be understood that a one-
dimensional temporary image array may likewise be probabilistically distributed in two-
dimensions. It will be appreciated that 7., [m,n] has a greater number of axial positions than
Iuwli,j1 due to the distribution of the sensor data in the axial direction. In particular,
N =L+K-1 where K represents the number of axial positions in the PDF. As such,
I in [m,n] includes K-1 additional rows, for example, extending K/2 rows above and K/2-1
rows below 7,,.[i, j1. Successively distributed images will, of course, be partially overlaid in

constructing a final borehole image.
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It will be appreciated that Equation 6 may be re-written such that the two-dimensional

PDF P,'[(m—i)mod M,n— j] is replaced with the product of the azimuthal and axial PDFs
(P, [(m-iymod M]- P, [n—- j]). FIGURE 7 depicts one exemplary embodiment of a simulated

axial PDF for an exemplary gamma ray sensor (a conventional shielded photo multiplier tube).
The PDF shown on FIGURE 7 includes a plot of probability on the vertical axis versus axial
distance from the sensor in inches on the horizontal axis. The sensor response shown on
FIGURE 7 was simulated at axial increments of five inches using a Monte Carlo computer
simulation. It will be understood that the PDF shown on FIGURE 7 is merely exemplary and
that the invention is not limited in this regard.

As described above, substantially any suitable number of discrete angular and axial
positions may be utilized. For example, in one exemplary embodiment, M=360 (i.e., 360 1
degree azimuthal increments) and N=73 (i.e., 36 one-inch increments above the sensor and 36
one-inch increments below the sensor. As described above with respect to Equation 3, the

notation P,'[(m —i)mod M,n— j] indicates that the PDF is a circular function about the tool

azimuth (i.e., conventional modular mathematics are used to solve Equation 5). It will also be
appreciated that the above described methodology described in Equation 6 advantageously
conserves the logging sensor data (e.g., the number of gamma counts in the exemplary

embodiment described above) such that:

M-1IN-

M-1L- ]
D L g s J] Equation 7

Iy Imyn] = .

n= i=0 Jj=

<

m=

IMAGE RESTORATION TECHNIQUES
Probabilistic imaging, while advantageously reducing noise, also tends to blur borehole

images owing to the limited azimuthal (and axial) sensitivity of the LWD sensor. Image blurring
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reduces the contrast of and reduces high frequency components from the constructed image.
However, such high frequency components are sometimes of interest in the borehole image.
Thus it is sometimeé advantageous to de-blur the borehole image and recover at least a portion of
the high frequency information. Several exemplary image restoration (de-blurring)
methodologies in accordance with this section are described below. In multi-dimensional signal
processing, this technique may be referred to as image deblurring, image restoration, or 2-D de-
convolution.

Turning now to FIGURE 8, original and blurred grayscale wireline resistivity images are
shown for the purpose of illustrating exemplary embodiments of the invention. As is
conventional in the art, the horizontal axis of each image represents the azimuth (toolface) and
the vertical axis of each axis represents the measured depth of the borehole. The measured
parameter (resistivity) is indicated by the grayscale of the image with white being highest and
black being lowest. The original image x(m,n) is a high resolution wireline resistivity map
showing various strata and electrical features of a subterranean formation. The blurred image
y(m,n) was obtained by applying a blurring filter function A(m,n) to the original image. In the
exemplary embodiment shown, a two-dimensional Gaussian filter was utilized. It will be
appreciated that in certain exemplary embodiments, the two-dimensional sensitivity function of
an LWD sensor may be represented as a two-dimensional Gaussian, although the invention is not
limited in this regard.

Those of ordinary skill in the art will readily recognize that the impulse response and the
frequency response of a two-dimensional Gaussian filter may be represented mathematically as

follows:

1 i,,)'_’J
h(x,y) = ! e {a’ i Equation 8
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u? v
1 2\ g} o!

2700,

H(u,v) = Equation 9

where o, =1/270, and o, =1/270,, h(xy) represents the impulse response (also

referred to herein as the blurring filter function), H(u,v) represents the frequency response, x and
y represent the horizontal and vertical axes of the image, u and v represent the horizontal and
vertical axes in frequency space, and o represents the standard deviation.

The effect of Gaussian smoothing (or low-pass filtering) is to blur an image with the
degree of smodthing (blurring) being determined by the standard deviation of the Gaussian.
Likewise, while the invention is not limited to Gaussian PDFs, it will be understood that
probabilistically distributing the LWD sensor data also tends to have the effect of blurring the
image. Windowing algorithms disclosed in commonly assigned U.S. Patent 7,027,926 to
Haugland also tends to have the effect of blurring (low pass filtering) the original image. Such
image blurring may be expressed mathematically, for example, as follows:

x(m,n) = [h(m,n)] > y(m,n) Equation 10

where, as described above, x(m,n) represents the original image, A(m,n) represents the

blurring function (e.g., the sensor PDF), and y(m,n) represents the blurred image. The blurring
process may be alternatively expressed in the frequency domain as: ¥(u,v)= X (u,v)- H(u,v).

In one exemplary aspect of the present invention, a de-blurring function g(m,n) is applied
to the blurred image to obtain a restored image x(m,n). The objective of the de-blurring filter
g(m,n) is to minimize the distortion between x(m,n) and x(m,n). The process of blurring and
de-blurring may be expressed mathematically, for example, as follows:

x(m,n) = [h(m,n)] > y(m,n) = [g(m,n)] > x(m,n) Equation 11

The de-blurring process may also be alternatively expressed in the frequency domain as:

X’(u,v)= G(u,v)'Y(u,v)= G(u,v)- X(u,v)- H(u,v).
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Image restoration techniques, such as described in Equation 11, are typically thought
about as being in one of two categories; (i) blind image restoration and (ii) non-blind image
restoration. In non-blind de-blurring processes, the blurring function A(m,n) is known a-priori.
Thus the de-blurring function g(m,n) may be determined directly from the blurring function. In

5  blind de-blurring processes, the degradation (blurring) of the original image is unknown (e.g.,
due to various noise components) and is thus estimated from the degraded image.

In LWD imaging applications, the blurring function h(m,n) is typically at least partially
known, being the PDF of the LWD sensor response (or the window function utilized in
windowing applications). Various noise components (e.g., due to thermal and electronic noise

10  and movement of the sensor in the borehole), however, are unknown and must be estimated from
the original image. In applications in which the noise is relatively small (e.g., when the noise
power in the image is significantly less than the signal power), inverse filters may be
advantageously utilized. Such inverse filters include, for example, a conventional inverse filter,
a pseudo-inverse filter, and a radially limited inverse filter, exemplary embodiments of which are

15 expressed mathematically as follows in Equations 12, 13, and 14, respectively:

1

) =

Equation 12

1
G(u,v) =9 H(u,v)
0 |H@v)|<ds

[# ,v)| > 8 Equation 13

! Jul+v? <R

Gu,v) =3 H(u,v) Equation 14

0 Vul+v? >R

where H(u,v) and G(u,v) represent the blurring and de-blurring functions in the

20  frequency domain, » and v represent the two-dimensional frequency space, & represents a



10

15

20

WO 2009/014720 PCT/US2008/008958

24

blurring function threshold below which G(u,v) is set to zero, and R represents frequency
threshold above which G(u,v) is set to zero.

Another class of image restoration filters includes Wiener filters (also known as least

square filters). Wiener filters are used to minimize the mean-square error energy such that
A 2 ~ . .
X(u,v)- X(u,v)| is a minimum (X(u,v) and X(u,v) represent the original and restored

images in the frequency domain). Since the square root operator increases monotonically, the
Wiener filter also minimizes the root mean-square error (rms). One exemplary Wiener filter may
be expressed mathematically, for example, as follows:

H*(u,v)

G(u,v)= ———2"2
() |H(u,v)|2+K

Equation 15

where H(u,v) and G(u,v) represent the blurring and de-blurring functions in the
frequency domain, # and v represent the two-dimensional frequency space, K represents the ratio
of the square of the noise power to the square of the signal power (o) /c.), and H *(u,v)

represents a complex conjugation of the blurring function. When both the spectral content of the
expected image and the noise can be estimated, the Wiener filter is used to attenuate those
frequencies according to their signal to noise ratio, while de-blurring the distorted image.
Borehole images (as with typical photographs) often have strong low frequency components and
weak high-frequency components. Noise often has a flat frequency response. The parameter, K,
is chosen to optimize the estimate and the equation derived using a least squares method (such
methods are known to those of ordinary skill in the art).

With reference now to FIGURE 9, the blurred resistivity image from FIGURE 8 is shown
restored using three distinct de-blurring filters: (i) an inverse filter, (ii) a radially limited inverse
filter, and (ii1) a Wiener filter. Comparison of FIGURES 8 and 9 shows that the radially limited

inverse filter and the Wiener filter provide a good quality restoration of the original borehole
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image in which the strata and various features of the image are readily evident. While not shown
on FIGURE 9, the Wiener filter has also been found to advantageously restore motion blur.
Motion blur may be expected to occur due to both the translational and rotational motion of the
LWD sensor in the borehole. For example, rotation of the drill string may cause a blurring
(smearing) of the image in the azimuthal direction.

It will be understood that the above described two-dimensional image restoration filters
may also be used as two sequential one-dimensional filters. For example, an image may first be
filtered in the azimuthal direction and later filtered in the axial direction. Moreover, images may
be filtered in only a single dimension. For example, images may be filtered only in the
azimuthal direction to remove motion blur.

Other available de-blurring filters include the Regularized filter (a constrained least
square restoration algorithm), the Lucy-Richardson algorithm, the damped Lucy-Richardson
algorithm, and the like. Wavelet-based algorithms may also be utilized. Such Wavelet-based
algorithms are an emerging technology commonly used in JPEG-2000 and MPEG-4 formats.

It will be understood that the aspects and features of the present invention may be
embodied as logic that may be processed by, for example, a computer, a microprocessor,
hardware, firmware, programmable circuitry, or any other processing device well known in the
art. Similarly the logic may be embodied on software suitable to be executed by a processor, as
is also well known in the art. The invention is not limited in this regard. The software,
firmware, and/or processing device may be included, for example, on a downhole assembly in
the form of a circuit board, on board a sensor sub, or MWD/LWD sub. Alternatively the
processing system may be at the surface and configured to process data sent to the surface by
sensor sets via a telemetry or data link system also well known in the art. One example of high-

speed downhole telemetry systems is a wired drillstring, which allows high-speed two-way
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communications (1 Mbps available in 2007). Electronic information such as logic, software, or
measured or processed data may be stored in memory (volatile or non-volatile), or on
conventional electronic data storage devices such as are well known in the art.
Although the present invention and its advantages have been described in detail, it should
be understood that various changes, substitutions and alternations can be made herein without

departing from the spirit and scope of the invention as defined by the appended claims.
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CLAIMS
I claim:
1. A method for estimating an azimuthal dependence of a parameter of a borehole

using logging sensor measurements acquired as a function of sensor azimuth, the method
comprising:

(a) rotating a downhole tool in a borehole, the tool including at least one
logging sensor and at least one azimuth sensor, data from the logging sensor being operable to
assist determination of a parameter of the borehole;

(b) causing the at least one logging sensor and the at least one azimuth sensor
to acquire at least one data pair, each data pair comprising a logging sensor measurement and a
corresponding azimuth;

(©) processing the data pairs acquired in (b) with a predetermined probability
density function (PDF) to calculate sensor data that is probabilistically distributed in azimuth.

2. The method of claim 1, wherein the PDF includes a response function of the
azimuthal sensitivity of the logging sensor.

3. The method of claim 1, wherein the PDF includes a response function of the
azimuthal sensitivity of the azimuth sensor.

4. The method of claim 1, wherein the PDF is a discrete function.

5. The method of claim 1, wherein the logging sensor is selected from the group
consisting of a natural gamma ray sensor, a neutron sensor, a density sensor, a resistivity sensor,
a micro-resistivity sensor, a formation pressure sensor, an annular pressure sensor, an ultrasonic
sensor, an audio-frequency acoustic sensor, and a physical caliper.

6. The method claim 1, wherein the parameter of the borehole is selected from the

group consisting of formation density, formation resistivity, formation acoustic velocity, gamma
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ray interaction cross section, neutron interaction cross section, and caliper interaction cross
section.

7. The method of claim 1, wherein the tool further comprises a controller, the
controller disposed to cause the at least one logging sensor and the at least one azimuth sensor to
acquire the plurality of data pairs in (b), the controller further disposed to process the data pairs
with a predetermined PDF in (c).

8. The method of claim 1, wherein the at least one logging sensor and the at least
one azimuth sensor acquire the plurality of data pairs in (b) during rotation of the tool in (a).

9. The method of claim 1, wherein:

the logging sensor measurements acquired in (b) are stored in a one-dimensional
temporary image array; and

the sensor data is probabilistically distributed in (c) via multiplying the temporary image
array with the PDF.

10. The method of claim 9, wherein the sensor data is probabilistically distributing in

(c) according to the following equation:

Loy [m] = AilIRAW []- Pl[(m —i)ymod M]

i=0
wherein M represents a number of discrete angular positions such that m = 0,1,..., M —1
and i=0,,.,M -1, I,,,[i] represents the temporary image array, I,,, [m] represents said
probabilistically distributed sensor data, P/[(m —i)mod M] represents a discrete PDF, and the
notation P, [(m —i)mod M] indicates that the PDF is a circular function of the azimuth.

11.  The method of claim 10, wherein P [(m —i)mod M] is selected from the group
consisting of:

() P, [(m-iymod M];
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(ii) P.[(m-iymod M]; and
(iiy P, [(m—i)ymod M]- Py[(m—i)mod M];
wherein P, [(m—i)mod M| represents the response function of the logging sensor;
P.[(m—i)mod M] represents the response function of the azimuth sensor, and

P, [(m~i)ymod M]- Py[(m —i)mod M] represents the product of the response function of the
logging sensor with the response function of the azimuth sensor.

12. The method of claim 1, wherein:

(b) further comprises causing the at least one logging sensor and the at least one azimuth
sensor to acquire a plurality of data pairs during each of predetermined first and second time
periods; and

the method further comprises (d) assigning corresponding first and second borehole depth
values to the probabilistically distributed sensor data determined in (c¢) using data pairs acquired
during the first and second time periods.

13. The method of claim 1, wherein the sensor data is probabilistically distributed in
first and second, azimuthal and axial dimensions.

14. The method of claim 13, wherein the PDF is selected from the group consisting
of: (i) a two-dimensional PDF and (ii) first and second one-dimensional PDFs.

15. The method of claim 13, wherein the sensor data is probabilistically distributed in

(c) according to at least one equation selected from the group consisting of:

X
z

@) g [m,n} = L raw i, J1- B, '[(m — i)mod M ,n — j]

]
(=]
~,
[}
(=]

3
-
L

(i1) Loy [mon] = IRAW[i’j]'P,;z[(m_i)mOdM]'P.;x[n_j]

i

It
(-]
-,
It
(=]
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wherein 1,,,[i,j] represents a one- or two-dimensional temporary image array,
I ... [m,n] represents said probabilistically distributed sensor data, M represents a number of
discrete angular positions such that m =0,1,...,M -1 and i =0,1,...,M —1, L represents a number
of discrete axial positions in the temporary image array such that j =0,1,...,L -1, N represents a
number of discrete axial positions in said probabilistically distributed sensor data such that
n=01..,N-1, P'[(m—i)ymod M,n—j] represents a two-dimensional discrete PDF,
P, [(m—i)ymod M] represents a one dimensional azimuthal PDF, P, [n— j] represents a one-

dimensional axial PDF, and notation P,'[(m —i)mod M,n— j] and P, [(m-i)mod M] indicates
that the two-dimensional and one-dimensional azimuthal PDFs are circular functions of the
azimuth.

16. A method for forming an image of a parameter of a borehole using logging sensor
measurements acquired as a function of sensor azimuth, the method comprising:

(a) rotating a downhole tool at a first longitudinal position in the borehole, the
tool including at least one logging sensor and at least one azimuth sensor, data from the logging
sensor being operable to assist forming the image;

(b) causing the at least one logging sensor and the at least one azimuth sensor
to acquire at least one data pair, each data pair comprising a logging sensor measurement and a
corresponding azimuth;

(©) processing the data pairs acquired in (b) with a predetermined probability
distribution function (PDF) to calculate sensor data that is probabilistically distributed in
azimuth; and

(d)  repositioning the downhole tool and rotating it at a second longitudinal position in

the borehole and repeating (b) and (c).
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17.  The method of claim 16, further comprising:

(e) assigning a first depth value to said probabilistically distributed sensor data
determined in (¢) and a second depth value to said probabilistically distributed sensor data
determined in (d).

5 18.  The method of claim 16, wherein the logging sensor is selected from the group
consisting of a natural gamma ray sensor, a neutron sensor, a density sensor, a resistivity sensor,
a micro-resistivity sensor, a formation pressure sensor, an annular pressure sensor, an ultrasonic
sensor, and an audio-frequency acoustic sensor and a physical caliper.

19.  The method claim 16, wherein the parameter of the borehole is selected from the

10 group consisting of formation density, formation resistivity, formation acoustic velocity, gamma
ray interaction cross section, neutron interaction cross section and caliper interaction cross
section.

20.  The method of claim 16, wherein the sensor data is probabilistically distributed in

(c) according to the following equation:
M-l ,
15 1 g, [m] = ZIRAIV[i]'I)x[(m_i)mOdM]
i=0

wherein M represents a number of discrete angular positions such that

m=01..,M-1 and i=0,,..,.M -1, I,, [i] represents a temporary image array,
I e [m] represents said probabilistically distributed sensor data, P[(m —i)mod M]

represents a discrete PDF, and the notation P,[(m —i)mod M] indicates that the PDF is a

20 circular function of the azimuth.
21. The method of claim 16, wherein the sensor data is probabilistically distributed in

(c) according to at least one equation selected from the group consisting of:

(1) g, m,n] = S5 Toaw i, j1- By'[(m—i)ymod M ,n — j]

i=0 j=0

S,
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M-1L-1

(i1) I rga [myn] = zzlmw[isj]'P,;z[(m_i)mOdM]‘P,;x[n'—j]

)

~.

wherein I,,,[i, j] represents a one or two dimensional temporary image array,
I,n0. [m, n] represents said probabilistically distributed sensor data, M represents a number of
discrete angular positions such that m = 0,1,..., M -1 and i =0,1,..., M —1, L represents a number
of discrete axial positions in the temporary image array such that j =0,1,...,L —1, N represents a
number of discrete axial positions in said probabilistically distributed sensor data such that
n=01,..,N-1, P'[(m-iymodM,n—j] represents a discrete two-dimensional PDF,
P, [(m —i)mod M represents a discrete one-dimensional azimuthal PDF, P, [n - ;] represents
a discrete one-dimensional axial PDF, and notation P,'[(m—-i)modM,n— ;] and

P, [(m—i)mod M] indicates that the two-dimensional and one-dimensional azimuthal PDFs are
circular»functions of the azimuth.

22. The method of claim 16, further comprising:

(e) spatially compressing said probabilistically distributed sensor data, the spatial
compressing including summing the probabilistically distributed sensor data in each of a
plurality of predetermined azimuthal sectors.

23. The method of claim 22, comprising between 4 and 24 azimuthal sectors.

24.  The method of claim 22, further comprising a step selected from the group
consisting of: (i) storing said spatially compressed sensor data to downhole memory and (ii)
telemetering said spatially compressed sensor data to a surface location.

25.  The method of claim 16, further comprising

(e) processing said probabilistically distributed sensor data acquired in (c) and (d)

with a de-blurring filter.
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26. The method of claim 25, wherein the de-blurring filter is selected from the group
consisting of: an inverse filter, a pseudo-inverse filter, a radially limited inverse filter, and a
Wiener filter.
27. A system for estimating an azimuthal dependence of a parameter of a borehole
using logging sensor measurements acquired as a function of azimuth of said logging sensors,
the system comprising:

a downhole tool including at least one logging sensor and at least one azimuth
sensor, data from the logging tool being operable to assist determination of a parameter of the
borehole, the downhole tool further including a controller disposed to process logging sensor
data with a predetermined sensor probability distribution function (PDF), the downhole tool
operable to be coupled to a drill string and rotated in a borehole;

the controller configured to:

(A)  cause the at least one logging sensor and the at least one azimuth sensor to
acquire at least one data pair, each data pair comprising a logging sensor measurement and a
corresponding azimuth; and

(B)  process the data pairs acquired in (A) with a predetermined sensor PDF to
calculate sensor data that is probabilistically distributed in azimuth.

28. The system of claim 27, wherein the sensor data is probabilistically distributed in

(B) according to the following equation:

Iopng, [m] = Mz—llmw (i1 P][(m —i)mod M]

i=0
wherein M represents a number of discrete angular positions such that m =0,1,.... M —1

and i=0,,.,M -1, I, [i] represents a temporary image array, I,,, [m] represents said
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probabilistically distributed sensor data, P[(m —i)mod M] represents a discrete PDF, and the
notation P, [(m - i)mod M] indicates that the PDF is a circular function of the azimuth.

29.  The method of claim 27, wherein the sensor data is probabilistically distributed in

(B) according to at least one equation selected from the group consisting of:

3

(1) Ly [myn] = %3 Lowlis j1- Py'[((m = i)mod M ,n — j]

=0

i

I\
o
~.

2

W) Logulmnl= 33 Lo s j1- Pol(m—iymod M- P, [n— /]

j=0

i

I\
o
~

wherein [ raw Lis j1 represents a one or two dimensional temporary image array,
I na [m,n] represents said probabilistically distributed sensor data, M represents a number of
discrete angular positions such that m =0,1,..,M —1 and i = 0,1,..., M —1, L represents a number
of discrete axial positions in the temporary image array such that j =0,1,....L -1, N represents a
number of discrete axial positions in said probabilistically distributed sensor data such that
n=0l..,N-1, P'[(m—iymod M,n— j] represents a discrete two-dimensional PDF,
P,.[(m—i)mod M1] represents a discrete one-dimensional azimuthal PDF, P, [n - j] represents
a discrete one-dimensional axial PDF, and notation P,'[(m—i)modM,n— j] and

P, [(m—i)mod M] indicates that the two-dimensional and one-dimensional azimuthal PDFs are

circular functions of the azimuth.
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AMENDED CLAIMS
[received by the International Bureau on 19 December 2008 (19.12.08)]

I claim:

L. A method for estimating an azimuthal dependence of a parameter of a borehole
using logging scnsor measurements acquired as a function of sensor azimuth, the method
comprising;

(a) rotaling a downholc tool in a borchole, the tool including at least one logging
sensor and at least one azimuth scnsor, data from the logging sensor being operable o assist
determination of a paramecter of the borchole;

(b)  causing the at least onc logging sensor and the at least one azimuth sensor to
acquire at least one dala pair during ¢ach of predctermined first and scecond time periods, cach of
the data pairs comprising a logging sensor mcasurement and a corresponding azimuth;

(c) processing the data pairs acquired in (b) with a predetermincd probability density
function (PDF) w culculate sensor data that is probabilistically distributed in azimuth; and

(d) assigning corresponding first and second borehole depth values to the
probabilistically distributed sensor data determined in (c) using data pairs acquired during the
first and second time periods.

2. The method of claim 1, wherein the PDF -includes a response lunction of the
azimuthal scnsitivity of the logging sensor.

3. The method of claim 1, wherein the PDI' includes a response function of the
azimuthal scnsitivity of the azimuth sensor.

4. The method of claim 1, wherein the PDF is a discrete function.

5. The method of claim 1, wherein the logging sensor is selected from the group
consisting of a natural gamma ray sensor, a neutron sensor, a density sensor, a resistivity sensor,
a micro-resistivity sensor, a formation pressure sensor, an annular pressure sensor, an ultrasonic

sensor, an audio-frequency acoustic sensor, and a physical caliper.

AMENDED SHEET (ARTICLE 19)
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group consisting of formation density, formation resistivity, formation acoustic velogity, gamma
ray intcraction cross scction, neutron interaction cross section, and caliper intcraction cross
section,

7. The method of claim 1, wherein the tool further comprises a controller, the
controller disposcd to cause the at least one logging sensor and the at least onc azimuth sensor (o
acquire the plurality of data pairs in (b), the controller further disposed Lo process the data pairs
with a predetermined PDF in (c).

8. "The method of claim 1, wherein the at lcast one logging sensor and the at least
one azimuth sensor acquire the plurality of data pairs in (b) during rotation of the tool in (a).

9. The method of claim 1, whergin:

the logging scnsor measurements acquired in (b) are stored in a one-dimensional
temporary image array; und

the sensor data is probabilistically distributed in (¢) via multiplying the temporary image
array with th¢ PDF.

10-12 (canceled).

13.  The method of claim 1, wherein the sensor data is probabilistically distributed in
first and second, azimuthal and axial dimcnsions,

14-15 (canceled).

16. A method for forming an imagc of a parameter of a boreholc using logging sensor
measurements acquircd as a function of sensor azimuth, the method comprising;

(a) rotating a downholc tool at a first longitudinal position in the borchole, the 100l
including at least one logging sensor and at least one azimuth sensor, data from the logging

sensor being operable to assist (orming the image;

AMENDED SHEET (ARTICLE 19)
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(b)  causing the at least one logging sensor and the at least onc azimuth sensor to
acquire at least one data pair, each data pair comprising a logging scnsor measurement and a
corresponding azimuth;

(c) processing the data pairs acquired in (b) with a predetermined probability
distribution [unction (PDF) to calculale scnsor data that is probabilistically distributed in
azimuth; and

(d)  repositioning the downhole tool and rotating it at a second longitudinal position in
the borchole and repeating (b) and (c); and

(e) assigning a first depth value to said probabilistically distributed sensor data
determined in (¢) and a second depth value to said probabilistically distributed scnsor data
determined in (d).

17. (canccled)

18.  The method of claim 16, wherein the logging sensor is selected from lhégroup
consisting of a natural gamma ray sensor, a neutron sensor, a density sensor, a resistivity sensor,
a micro-resistivity sensor, a formation pressure scnsor, an annular pressure sensor, an ultrasonic
sensor, and an audio-frequency acoustic sensor and a physical caliper.

19. The method claim 16, wherein the parameter of the borchole is selected from the
group consisting of formation density, formation resistivity, formation acoustic veloeity, gamma
ray interaction cross section, neutron interaction cross scction and caliper interaction cross
section,

20.  The mcthod of claim 16, wherein the sensor data is probabilistically distributed in

(¢) according to the following equation:

M

L 1M1 = Y Lo L] 21 (m = iymod M ]
-0

wherein M represents a number of discrete angular positions such that m = 0,1,..., M - |

and i = 0,l....M -1, I, [i] represents a tcmporary image array, / vvar, | M| TEPTEsents said
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notation P, [(m —)ymod M] indicates that the PDF is a circular function of the azimuth.

21.  The method of claim 16, wherein the sensor data is probabilistically distributed in

(¢) according to at least one equation selected from the group consisting of

M 1L

5 ) L \mon) =33 L [, 1 P [(m —ymod M, n - ]
i~0 j=0
Mot g _ ’
(i1) ! g LMy 0] = ZZ Loaw [ 71 Py [(m =iy mod M]- P, [n = j]
i=0 j=U

wherein 7,,,[i, /] represents a one or two dimensional temporary image array,
1 pina, [m, #] represents said probabilistically distributed scnsor data, M represents a number of
discrete angular positions such that m = 0,1... M — and i =0,l,. ., M =1, L represents a number
10 of discrcte axial positions in the temporary image array such that J=0,..,L -1, Nreprescnts a
number of discrete axial positions in said probabilistically distributed scnsor data such that
n=01..N-1, P'(m-iymod M,n - j] rcpresents a discrete two-dimensional PDF,
Py {(m — i) mod M ] represents a discrete onc-dimensional azimuthal PDF, P, [n=j] represents
a discrete one-dimensional axial PDF, and notation P [(m=i)ymod M,n- j] and
1S P,[(m=-i)ymod M| indicates that the two-dimensional and one-dimensional azimuthal PDI's are
circular functions of the azimuth.
22.  The mcthod of claim 1, further comprising:
(¢) spatially compressing said probabilisticall y distributed scnsor data, the spatial
compressing including summing the probabilistically distributed sensor data in each ofa
20  plurality of predetermined azimuthal sectors.

23. The method of claim 22, comprising between 4 and 24 azimuthal sectors.
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consisting of’ (i) storing said spatially compressed sensor data to downhole memory and (ii)
lelemctering said spatially compressed sensor data o a surface location.

25.  The method of claim 1, further comprising

(¢)  processing said probabilistically distributed sensor data acquired in (c) with a de-
blurring filter. |

26.  The method of claim 25, wherein the de-blurring [ilter is selected from the group
consisting of’ an inverse filter, a pscudo-inversc filter, a radially limited inverse filter, and a
Wiener filter.

27. A system for cstimating an azimuthal dependence of a parameter of a borehole
using logging sensor measurements acquired as a function of azimuth of said logging sensors,
the system comprising:

a downhole tool including al least one logging sensor and at least onc azimuth sensor,
data [rom the logging tool being operable to assist determination of u parameter of the borchole,
the downhole tool further including a controller disposed to process logging scnsor data with a
predetermined scnsor probability distribution function (PDF), the downhole tool operable to be
coupled 1o a drill string and rotated in a boreholc;

the controller configured to:

(A)  causc the at least one logging sensor and the at least onc azimuth sensor to acquire
at least one data pair during each of predetermined first and second time periods, each of the data
pairs comprising a logging scnsor measurement and a corresponding azimuth;

(B)  process the data pairs acquired in (A) with a predetermined scnsor PDF to
calculate sensor data that is probabilistically distributed in azimuth; and

(C)  assign corresponding first and second borehole depth values to the
probabilistically distribuled sensor data determined in (B) using data pairs acquired during the

first and sccond time periods.
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(B) according to the following equation:

Al =1

!y [m] = z [ gaw 11} - /',l_(m —iymad M]

i0
wherein M represents a number of discrete angular positions such that m = 0.1,..., M ~ |
and i =0,1,... M =1, I,,,[i] represents a temporary image array, [, 1m] represents said
probabilistically distributed sensor data, P, [(m - i)mod M represents a discrete PDF, and the
notation P [(m —i)mod M] indicatcs that the PDF is a ¢ircular function of the azimuth.

29.  The method of claim 27, whercin the sensor data is probabilistically distributed in

(B) according (o at least one equation sclected from the group consisting of:

M-117.1

(1) Ly, [mon] = Z Z Loaw Uy J1-Dy'[(m~ymod M, -

=0 =0

ML

() L (mn]= D" 1w i j1- Py [(m = iy mod M- P ln—j]

=0 j=0
wherein /,,,[i, j1 represents a one or two dimensional tcmporary image array, [, [m,n]
represents suid probabilistically distributed sensor data, M represents a number of discrete
angular positions such that m~0,l,...M ~1 and i=0]1,. M -1, L represents a number of
discrete axial positions in the temporary image array such that j=0,1,..L-1, N represénts a
number of discrete axial positions in said probabilistically distributed sensor data such that
n=01.,N-1, B'(m-DmodM,n—j] represents a discrete two-dimensional PDT,
P,.[(m-iYmod M| represents a discrete one-dimensional azimuthal PDF, P, [n—- j] represents
a discrete one-dimensional axial PDF, and notation A'f{(m-iymodM,n- ] and
I’ 1(m—iymod M| indicates that the two-dimensional and onc-dimensional azimuthal PDF's are

circular functions of the azimuth.

AMENDED SHEET (ARTICLE 19)



WO 2009/014720 PCT/US2008/008958
41

using logging sensor measurements acquired as a function of sensor azimuth, the method
comprising:

@) rotating a downhole ool in a borehole, the (ool including at least one logging

5 sensor and at least onc azimuth scnsor, data from the logging sensor being operable to assist
determination of a parameter of the borehole;

(b) causing thc at Icast onc logging sensor and the at least one azimuth sensor to
acquire at least one data pair, cach data pair comprising a logging sensor mcasurcment and a
corresponding azimuth, the at least one data pair stored in a one-dimensional temporary image

10  array;

(c) multiplying the lemporary image array acquired in (b) with a predetermined
probability density function (PDF) to calculate sensor data that is probabilistically distributed in
azimuth.

31. The method of claim 30, whercin the scnsor data is probabilistically distributing

15 in(c) according to the following equation:

M=\

Iina Iml = Zlmw Li]- Pl‘l(.’" —i)ymod M]

10
wherein M represents a number ol discrete angular positions such that m = 0,1,..., M —1
and i =01,...M -1, I,,,[i] represents the temporary image array, / vz, L] Tepresents said
probabilistically distributed sensor data, P[(m —i)mod M | represents a discrete P1F, and the
20 notation P, [(m—i)ymod M) indicates that thc PDF is a circular function of the azimuth.

32.  The method of claim 31, wherein P [(m — /ymod M1 is sclected from the group
consisting of*
(1) P l(m—iymod M1;

(i1) Ppl(m = iymod M1]; and
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wherein P, [(m —i)mod M] represcats the responsc function of the logging sensor;
P,J(m-i)mod M] rcpresents the response function of the azimuth sensor, and
P, [(m—-i)ymod M]. P,[(m—i)ymod M] rcpresents the product of the response function of the
loggping sensor with the response function of the azimuth sensor.

33, A method for estimating an azimuthal depcndence of a parameter of a borchole
using logging sensor measurements acquired as a function of sensor azimuth, the method
comprising:

(@) rotating a downhole tool in a borehole, the tool including at least one logging
sensor and at lcast one azimuth scnsor, data from the logging sensor being operable to nssist
determination of a parameter of the horehole;

(b) causing the at least one logging sensor and the at Jeast one azimuth sensor to
acquire a plurality of data pairs during cach of predetermined first and second time periods, each
of the data pairs comprising a logging sensor measurcment and a corresponding azimuth;

() praoccssing the data pairs acquired in (b) with a predetermined probability density
function (PDF) to calculate sensor data that is probabilistically distributed in azimuth, wherein
thc sensor data is probabilistically distributed in firsl and second, azimuthal and axial
dimensions.

34.  The method of claim 33, wherein the PDF is sclected from the group consisting
of: (i) a two-dimensional PDF and (ii) first and second one-dimensional PDFs.

35. The method of ¢claim 33, whercin the sensor data is probabilistically distributed in

(¢) according to al least one equation sclected from the group consisting of:

M

® L yywar [m, n] = ZZIRAW [i,j1-Py'[(m = i)ymod M ,n ~ j]

=0 =0
M=l L=l

(i) ! apar, [y ) = Z Z Loaw L, 11 PA‘; [(m ~ iymod M- Pu (n—J]

=0 -0
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represents said probabilistically distributed sensor data, M represents a number of discrele
angular positions such that m=0,1,..,M -1 and [/ =0,,..M -1, L rcpresents a number of
discrete axial positions in the temporary image array such that j=0,l,..., 7. -1, N represents a
number of discrcte axial positions in said probabilistically distributed sensor data such that
n=01.,N -1, P l(m-iymodM,n— ;| represents a two-dimecnsional discrele PDF,
P, [(m—iymod M] represents a one dimensional azimuthal PDF, P, [n— j] represents a one-
dimensional axial PDF, and notation P,'[(m —i)mod M,n = j] and 1’ |(m - iYymod M] indicates

that the two-dimensional and one-dimensional azimuthal PDFs arc circular functions of the

azimuth.
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Statemcent Under Article 19(1)
1. Claims 1-29 werc originally submitted. Claims 10, 11,12, 14,15, and 17

have been canceled. Claims 30, 31, 32, 33, 34, and 35 have been added. Claims 1, 16,
22, 25, and 27 have been amended as described in more detail below. T'wenty-ning total

claims rcmain pending. These are 1-9, 13, 16, and 18-35.

2, Applicant further notes that claims 22 and 25 have been amended so as to
depend from independent claim 1, rather than from claim 16. No new matter has been
added.

3. Applicant presents ncw claims 30, 31, and 32 for consideration in this
paper. These claims are supported by original claims 1, 9, 10, and 11. In particular,
independent claim 30 is fully supported by and includes each of the limitations of original
claims 1 and 9. Dependent claims 31 and 32 are {ully supported by and include cach of
the limitutions of original ¢laims 10 and 11, Claims 10 and 11 have been canccled. No

new matter has been added.

4, Applicant presents new claims 33, 34, und 35 for consideration in this
papcr, These claims are supported by original claims 1, 13, 14, and 15, In particular,
new independent claim 33 is fully supported by and includcs cach of the limitations of
original claims 1 and 13. Dependent claims 34 and 35 are (ully supported by and include
each of the limitations of original claims 14 and 15. Claims 14 and 15 have been
canceled. No new mualter has been added.

Should the Examiner have any questions, the Examiner is requested to contact the

undersigned at the telephone number shown below.
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