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(57) Abrege(suite)/Abstract(continued):

more sensors of the same class which exhibit different measure points and vertical resolutions. Classes or types of sensors
applicable to the invention include, but are not limited to, electromagnetic, acoustic, and nuclear. Sensor measurements are made
essentially simultaneously. In combining downhole responses from one or more sensors to obtain parameters of interest, a critical
prerequisite Is downhole depth correlation and vertical resolution matching of all sensor responses prior to combination. Methods
and apparatus are disclosed for performing these critical functions within the limits of telemetry and downhole storage capacities of
current MWD systems, Alternate embodiments of the invention include wireline operations in which telemetry band width is limited
by components such as single conductor logging cables employed in logging wells under high pressure.
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ABSTRACT

The current invention is directed toward the use of a downhole
computer and downhole storage within a measurement-while-driling (MWD)

downhole subassembly to process data from the response of a plurality of sensors

of different classes or one or more sensors of the same class which exhibit different
measure points and vertical resolutions. Classes or types of sensors applicable to
the invention include, but are not limited to, electromagnetic, acoustic, and nuclear.
Sensor measurements are made essentially simultaneously. In combining downhole
responses from one or more sensors to obtain parameters of interest, a critical
prerequisite is downhole depth correlation and vertical resolution matching of all
sensor responses prior to combination. Methods and apparatus are disclosed for
performing these critical functions within the limits of telemetry and downhole
storage capacities of current MWD systems, Alternate embodiments of the
invention include wireline operations in which telemetry band width is limited by
components such as single conductor logging cables employed in logging wells

under high pressure.
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DOWNHOLE DEPTH CORRELATION AND COMPUTATION APPARATUS AND
METHODS FOR COMBINING MULTIPLE BOREHOLE MEASUREMENTS

This disclosure is directed in general toward the determination of
geophysical and other parameters of interest by combining multiple sensor
measurements obtained from within a borehole. Alternate embodiments of the
invention include wireline operations in which telemetry capacity may be limited.
The sensors are preferably axially spaced within a downhole subassembly which is

located near the drill bit and is conveyed within the borehole with the drill string.

Sensor responses are first correlated to a common depth reference and vertical
resolution values, and then combined to obtain parameters of interest using
downhole computing means. This disclosure s directed more specifically toward

methods of depth correlation of multiple axially spaced sensors, vertical resolution

matching of these sensors, and the combination of multiple sensor responses to
obtain downhole computations of parameters of interest. In one embodiment of the
invention, computations are controlled for changing formation and borehole
environmental conditions using commands from the surface. Computed parameters
of interest are then telemetered to the surface in real time or stored downhole for
subsequent retrieval. Briefly stated, downhole depth correlation and resolution
matching is a necessary precursor to meaningful downhole computations involving
multiple sensor responses. Although the Invention Is directed toward

measurements which are made while drilling a borehole, the concepts are

applicable to other operations such as wireline logging.
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BACKGROUND OF THE INVENTION

Various embodiments of electromagnetic, nuclear and acoustic
measurements have been made for many years to determine geophysical properties
of earth formations penetrated by a borehole. These measurements are usually
displayed as a function of depth within the borehole at which they were measured
forming a display known in the industry as a "log" of the borehole. The log of
spontaneous botential of earth formations penetrated by a borehole was made in
1927 using a wireline device. In the following decades, borehole measurements
using wireline devices were expanded to include nuclear and acoustic
measurements, as well as more sophisticated electromagnetic measurements, to
determine additional geophysical parameters of interest, and to also determine
certain properties of the borehole.

In the late 1960's and early 19/0's, two or more wireline sensor
responses were combined to obtain parametric measurements which were more
accurate that measurements from either single sensor, and to obtain measures of
additional parameters not obtainable from the response of either single sensor. As
an example, measures of the acoustic travel time of the formation was combined
with a measure of formation porosity derived from a scattered gamma ray device to
obtain not only an improved measure of formation porosity but an indication of the
lithology of the formation not obtainable from the response of either individual
measurement. U.S. Patent No. 3,590,228 to Jack A. Burke teaches the combination
of neutron porosity, formation density and acoustic travel time wireline iogs to obtain
an improved formation porosity measurements and fractional components of as

many as three minerals. U.S. Patent No. 3,638,484 to Maurice P. Tixier teaches the
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combination of neutron porosity, formation density, acoustic travel time, natural
gamma radiation, spontaneous potential and resistivity wireline logs to obtain even
more formation information including effective and shale fraction porosity. The first
such combining "combination” logs were generated from individual logs, each being
made with a given type of downhole sensor and an individual pass within the
borehole. As the technology matured, multiple sensors of different types were
combined within a single downhole instrument thereby allowing the input parameters
of the combination log to be measured In a single pass within the borehole. This
advancement provided advantages in that drilling rig time devoted to logging was
reduced. In addition, some of the depth correlation problems encountered in
combining multiple logs made at multiple borehole passes were eliminated. Serious
depth correlation problems still exist even though all sensor measurements are
made with a single pass of the logging instrument. This topic will be discussed In
detall in later sections of this disclosure.

In the intervening years, increasing numbers and types of basic
wireline sensors combined with Increasingly complex response processing
algorithms have been used to obtain new and improved determinations of
geophysical parameters of formations penetrated by a borehole and the properties
of the borehole. Most sensors used in current wireline technology are very data
intensive. When such measurements are made simultaneously with a single pass of
a multiple sensor wireline device, massive amounts of raw data are generated per
depth interval of borehole traversed. These data afe transmitted to the surface of
the earth over the logging cable for depth correlation and other subsequent

processing to obtain the combination logs of muiltiple parameters of interest.
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Current conventional wireline telemetry systems using seven conductor electrical
logging cable can telemeter data to the surface at a rate of 500 kilobits to 1000
kilobits per second. Using emerging fiber optic logging cable and telemetry
technology, these transmission rates are expected to increase by orders of
magnitude. Because of the large telemetry bandwidths available in current and
emerging wireline systems, data intensive multiple sensors can be employed and
the raw data cén be transmitted to the surface for processing. There are situations,
however, in which wireline logging systems employ a single conductor cable, either
for economic or operational reasons. These cables are often relatively small In
diameter and are often required in the logging of wells under high pressure.f A
single conductor cable limits telemetry band width. Using this type of cable, raw

sensor data generated by modern combination logging tools can exceed the

telemetry capacity of the system.

The previous background discussion has been directed to wireline
type measurements wherein the measurements are usually made after the borehole
has been drilled. In some drilling operations, wireline logs are made intermittently
during the drilling operation, but such logging requires that the drill string be
removed from the borehole prior to logging. Logging after completion of the drilling
operation often reveals that the target formation or formations have been missed by

either drilling too shallow or too deep. In addition, unexpected zones, such as high

pressure formations or salt zones, can be encountered during, and adversely affect,
the drilling operation. Such encounters can be quite costly and can be fully
analyzed with wireline logging only after the encounter. Intermittent logging is

likewise costly in that the drilling operation must cease during logging operations.
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Possible damage to the borehole can occur during intermittent logging and costly
drilling rig time and logging equipment time 1s wasted during stand-by periods for
each operation.

The economic, technical, operational and safety advantages of
measuring geophysical parameters as well as drilling management parameters,
during the actual drilling of the borehole, was recognized in the early 1950's.

Commercial measurements-while-drilling (MWD) became available in the late

1970's and early 1980's. These measurements included directional information and
a limited number of formation evaluation type services. Additional sensors and
services have been added as MWD technology matures. U.S. Patent No. 5,250,806
to Erik Rhein-Knudsen et al discloses a MWD apparatus for measuring formation
characteristics and is more specifically directed to the simultaneous measurement of
neutron porosity and formation density with suitable- borehole corrections for each
measurement. Methods for downhole depth correlation and resolution matching are
not addressed. In many respects, the sophistication of MWD sensors are
comparable to their wireline counterparts in spite of the harsh environment
experienced in using such sensors in the drilling environment. It is feasible, at least
in principle, to utilize multiple sensor, data intensive, combination logging methods
developed for wireline. tools to obtain new and improved parametric measurements
while drilling. Furthermore, it is feasible, in principle, to utilize additional sensors
responding to drilling related parameters simultaneously with formation evaluation
type sensors. In practice, however, the combination of multiple sensor response
techniques, comparable in sophistication to corresponding wireline applications, is

limited by current MWD telemetry rates and downhole storage capacities. The



2160863

simultaneous transmission of drilling dynamics sensor information such as
directional information, weight on the drill bit, and other non-formation evaluation
type measurements further overloads current MWD telemetry transmission rates
which are of the order of 2 to 60 bits per second. Furthermore, it is not feasible to
store copious amounts of raw sensor data downhole for subsequent retrieval and
processing due to relatively limited storage capacity of current MWD systems.
MWD means for making formation evaluation combination logs comparable to
current wireline logs require the computation of the desired parameters downhole,
and the transfer of the computed parameters of interest to the surface. By using
downhole computational means and methods, the transmission requirements are
reduced by orders of magnitude in that only "answers" are telemetered, or
alternately stored, rather than raw data. This type of downhole computation is also
applicable to other types of non formation evaluation type measurements such as
signals indicative of the operational characteristics of the downhole equipment as
well as measurements indicative of drilling direction and efficiency. Furthermore,
downhole processing Is applicable to wireline systems with limited telemetry
capacity.

Attention is égain directed to depth correlation of multiple sensors
conveyed along the borehole within a single downhole subassembly. [t is virtually
impossible to position all sensors in the same plane intersecting the downhole
subassembly perpendicular to the axis of the borehole. The varying dimensions of
different types of sensors as well as associated power and control circuitry require
that multiple sensors be positioned axially along the major axis of the downhole

subassembly which is parallel with the axis of the borehole. With the downhole
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subassembly positioned at a given depth within the borehole, each sensor is
responding to a different depth interval of formation penetrated by the borehole.
Using terminology common in the industry, each sensor has a different "measure
point”. Furthermore, the physics of many types and classes of sensors introduce
different "effective” measure points. Nuclear detectors such as thermal neutron
devices and scatter gamma ray devices used to obtain porosity and density
measurementé comprise a nuclear source and one or more radiation detector
spaced axially from the source. The sensors respond primarily to formation between
the source and the one or more detectors. The effective measure point is, therefore
between the source and detectors. Likewise, electromagnetic and acoustic sensors
often comprise multiple, axially spaced, transmitters and receivers with the effective
measure point lying within the axial within the axial array. Even electromagnetic
sensors comprising a single transmitter and a single receiver with the transmitter
operating at multiple frequencies can exhibit different effective measure points
within a given formation. The effective measure point is not usually at the mid point
of the axial array and, in fact, can vary with the type of intervening formation and/or
the environmental conditions of the borehole such as the mud weight.

In combining the responses of multiple sensors {o obtain one or more
parameters of interest, variations in the vertical resolutions of the various sensors
must be also addressed as well as variations in effective measure points. Some
sensors respond rapidly as a formation bed boundary i1s crossed while others
respond more slowly. Vertical resolution is governed by many factors including the
physical arrangement of the sensor, the basic physics of the sensor and the

physical properties of the formation and borehole environment being traversed. As
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an example, a measure of formation photoelectric factor will exhibit better defined or

"sharper" vertical resolution than a formation bulk density measurement even
though the same gamma ray source and gamma ray detector are used to make both
measurements. Unless vertical resolutions of all sensors are matched or otherwise
processed, parameters computed from the combined responses of multiple sensors
will be erroneous, especially in intervals of rapidly changing geology such as

laminated sand-shale sequences.

The above discussion of sensor measure points, effective measure
points and vertical resolution is applicable to both wireline and MWD devices. U.S
Patent No. 5,282,133 to Charles C. Watson teaches adaptive filtering and
deconvolution of primarily gamma ray spectra in obtaining optimum measures of
bulk density and formation photoelectric factor; however these teachings are
directed toward wireline measurements. Effective measure points of all sensors
responses from a downhole subassembly must first be shifted or correlated to a
common reference point along the axis of the downhole subassembly before

meaningful combination logs can be computed. The common reference point is

preferably selected to be near the midpoint of the multiple sensor array. The depth

reference point is defined as the depth within the borehole at which the common
reference point of the subassembly is positioned. Vertical resolutions of all sensors
are also normalized to a common value as will be detailed in subsequent sections of
this disclosure. If the effective measure points and vertical resolutions of the
sensors are not properly correlated to a common reference, erroneous combination

logs will result especially in the regions of bed boundaries where one or more
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sensors may be responding to one formation and the remaining sensors may be
responding to different formations.

Before discussing the depth correlation of multiple sensor
measurements, a brief background of techniques used to measure the depth of the

downhole subassembly as well as the movement of the subassembly within the
borehole will be provided. In wireline measurements, the depth of the downhole
subassembly or logging "sonde" is determined by passing the logging cable over a
calibrated measure wheel at the surface of known circumference. Often, the stretch
of the cable is compensated for by the use of a microprocessor which uses as an
Input the length of cable in the borehole, the weight of the cable in the borehole, the
weight of the sonde and even the history of the cable whose stretch characteristics
can change with usage. Logging speed is also determined by the rate of rotation of

the calibrated measure wheel. In MWD operations, the depth and rate of

penetration of the downhole subassembly is determined from a calibrated measure
wheel which contacts the drill string at the surface. If logging sondes and downhole
MWD subassemblies were conveyed smoothly along the borehole, multiple sensor
responses could be correlated, at least to a first order of approximation, by simply
shifting all sensor responses measured as a function of depth to a common
reference point using the known physical spacings of the sensors and an assumed
or computed effective measure point of each sensor. In practice, however, logging

sondes and downhole MWD assemblies are not conveyed smoothly along the

borehole. In wireline logging, which is usually performed with the sonde being
conveyed up hole, the sonde often sticks within the borehole and subsequently

releases or "jumps" as the cable is retrieved. Although the surface measure wheel
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indicates a constant velocity, the logging sonde and sensors therein are actually
moving sporadically up the borehole. In MWD opeljations, the drill bit and nearby
sensor subassemblies often "bounce" as the borehole is being drilled. Even though
the surface measurement indicates a constant rate of penetration, the sensors are
likewise moving sporadically down the borehole. First order sensor depth
correlations mentioned above can be erroneous since each sensor measurement is
recorded as a.function of depth using depth measurements made at the surface. As
an example, assume that two axially spaced sensors are sensing two different
formations. Further assume that the lower sensor is in a thin formation bed and the
upper sensor is in a relatively thick formation bed. If the sensors sporadically drops
within the borehole, the upper sensor could move past the thin bed at an abnormally
high velocity and obtain an abnormally small number of measurements within the
this bed. The upper sensor could conceivably drop through the thin bed and obtain
no measurements within the thin bed. If the surface measurement indicates a
constant sensor array velocity, the log produced by the second sensor will indicate
an abnormally thin formation bed or, conceivably indicate no bed if the second
scenario is encountered. Any combination log computed from the combination of
the two sensors responses would obviously be erroneous In the vicinity of the thin
bed unless depth correlation methods are designed to handle such situations.
Resolution matching was originally accomplished in the prior art by
"smearing" vertical resolutions to the sensor exhibiting the poorest vertical
resolution. Although simple to execute, the obvious disadvantage of this technique

is that logs of computed parameters exhibit vertical resolution no better than the

poorest resolving sensor in the combination array. Deconvolution techniques based

10
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upon model sensor responses are now employed to enhance resolution of the

poorer resolving sensors thereby yielding computed log response with significantly
improved vertical resolution. Deconvolution algorithms are a function, to some
extent, of the borehole and formation environment in which the sensors are
operating. In order to obtain maximum vertical resolution enhancement through
deconvolution, a continuous update of deconvolution parameters based upon
current envirohmental conditions is desirable.

The correlations of depth and vertical resolution of multiple wireline
sensors are performed at the surface in the prior art. Raw response data from each
sensor, which exhibits the maximum vertical resolution from that sensor, Is
telemetered to the surface and first recorded as a function of depth as measured by

the calibrated measure wheel. Assuming that the downhole geology is varying,

each raw sensor response log will exhibit characteristic excursions or "signatures”
as a function of depth. Various correlation techniques are used to correlate the
response signatures as will be discussed in a following section. Should the sensors
be moving along the borehole at a velocity as indicated by the calibrated measure
wheel, depth correlation will comprise simple depth shifts to align the effective
measure points to a common reference point. Should the sensors be actually
moving sporadically along the borehole, correlation will be required to "stretch” or
"shrink'' as well as depth shift the individual raw sensor responses logs for reasons
cited and illustrated previously by example. Once the raw sensor response logs
have been properly depth correlated and aligned with respect to resolution,

combination logs of parameters of interest are computed and exhibited as a function

of measured depth which is usually the depth reference point as previously defined.

11
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The above discussion assumes, of course, that the wireline telemetry bandwidth' IS

sufficient to handle the transmission of raw data logs from all sensors to the surface.

In principle, the methods of wireline sensor correlation Can be applied

to the response of multiple MWD sensors. The application of these wireline
techniquesﬁ to MWD measurements has been prevehted, however, by limited
telemetry and downhole data storage capacity of current MWD systems, Using
current MWD .telemetry and storage capecity, raw sensor measurements exhibiting
suitable vertical resolution can not be telemetered to the surface for correlation or,
alternately, stored downhole for subsequent retrieval and processing. This
disclosure is directed toward overcoming these problems so that MWD multiple
sensor measurements can be properly correlated -down‘hole In order to provide

combination logs of maximum accuracy, precision and vertical resolution.

SUMMARY OF THE INVENTION
The current invention is directed toward the use of a downhole
computer and buffer storage within a MWD downhole subassembly to process data
from the response of a plurality of sensors of different type. Alternate embodiments
of the invention include wireline operations in which telemetry band width is limited
by components such as a single conductor logging cable. Classes or types of
- sensors applicable to the invention include,'but are not iimited to, electromagnetic,
acoustic, and nuciear. .
- Sensor measurements are made essentially s'i'multaneously. F’frst, the
Sensor responses ere correlated to e common reference point and reference vertical

resolution. This correlation is performed using downhole models of the sensor

12
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responses stored within a first downhole storage means along with downhole
computing means. In one embodiment, response models are computed theoretically
or are determined from sensor responses measured in test facilities with known
environmental conditions. These sensor response models are initially stored within
the first downhole storage means. As an alternate embodiment, sensor response
models are calculated while drilling using the downhole computer and sensor
responses Iin portions of the borehole where conditions are known. These models
are then stored in the first downhole storage means and subsequently used for
correlation in the portions of the borehole in which conditions are unknown. The
depth and resolution correlated sensor responses are then processed, using
combination sensor response models stored within the first storage means along
with downhole computing means to obtain logs of formation parameters of interest
as a function of depth within the borehole which is preferably a depth reference
point. These computed log parameters are then t(ansmitted to the surface by a
suitable MWD telemetry system such as a mud pulsed system. In an alternate
embodiment, the computed logs are stored in a second downhole data storage

means of the MWD system for subsequent retrieval at the surface when the drill

string is removed or "tripped" from the borehole. In another embodiment, the
answers are both telemetered to the surface and simultaneously stored within the
second downhole storage means. In still another embodiment of the invention, a
down link communication system is used to update parameters of the sensor
response models and combination sensor response models based upon
telemetered formation parameters telemetered to the surface. In addition, changes

in borehole conditions such as increases or decreases in mud weight are

13
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telemetered to the downhole subassembly thereby updating sensor response and

combination sensor response models for these changes in borehole conditions.
Both of the example down link communications result in combination logs with
maximized accuracy and vertical resolution as will be detailed in subsequent
sections of this disclosure..

The computer, buffer storage, first storage means, and second storage
means are located within a MWD subassembly which is preferably located in the
general vicinity of the drill bit. Sensors are also preferably located within the
downhole subassembly as well as power supplies to furnish power to the computer,
sensors, and control circuitry. In addition, the sensors are axially spaced along the
axis of the downhole subassembly which is parallel to the axis of the borehole. The

downhole subassembly is preferably a drill collar. For purposes of definition, the

term "sensor” includes both the transmitter and receiver components for acoustic
and electromagnetic sensors and nuclear source and detector for induced nuclear
Sensors.

Raw responses from each sensor are collected over a relatively short
depth interval which might be five to ten feet of borehole. These data are stored
temporarily as a function of depth within the buffer storage and then retrieved and
correlated, using the stored sensor response models and downhole computer, to a
common depth and resolution reference point using sensor response models initially
stored, or calculated downhole and subsequently stored, within a first downhole
storage means and suitable correlation techniques. Correlated sensor data are next
combined using the stored combination response model and the downhole computer

to obtain the computed log parameters of interest. The resulting computed log

14
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' parameters of interest are then telemetered to the surface where they are recorded
as a function of the reference measure point of the sensor array. Alternately, the
parameters of interest are stored within downhole memory as a function of depth for
subsequent retrieval at the surface. The entire process is repeated sequentially as
the sensor array is conveyed along the borehole. That is, the data array stored
within the buffer is continually updated by the addition of new measurements while
the least current elements of the array are discarded.

it should be noted that the MWD systems acquires data as a function
of time rather than depth using the embodiment with no down link communication
between the surface and downhole subassemblies to transmit previously discussed
depth measurements acquired at the surface. In using the current invention in this
embodiment the correlation of raw sensor meaSurements and the computation of
parameters of mterest must be performed in the time domarn and then converted to
the depth domain when the parameters of rnterest are transferred to the surface
either by telemetry or storage and subsequent retrieval, Altematety, raw sensor

response can be collected and processed In the depth domain as originally

described. Depth and rate of penetration information measured at the

surface is telemetered to the downhole subassembly thereby allowing the
' conversion of data processing from the time to the depth domain. As mentioned
~previously, the down 'Iink.communication system can be used to update sensor

response model parameters and sensor combination model parameters thereby

improving the combination logs.

15
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As discussed previously, depth correlation of multiple sensor

responses not only involves depth shifting to a common measure point but also
requires vertical resolution matching of responses either resulting from sporadic

movement of the sensors along the borehole or from inherent differences in vertical
resolution of the sensors. In situations where sensor movement is so sporadic that
one or more sensors can bypass a thin bed without obtaining any measurements,
extrapolation techniques must be used or synthetic data must be generated.
Synthetic data are generated from the combination of stored response models of the
sensors which obtained no measurements within the bed and response models of
the sensors which obtained measurements within the bed. An alternate solution to
the latter problem is simply to indicate that no combination parameters could be
computed in the bed with missing data. Such missing data is denoted as "no
record” in seismology.

Advantages of the invention over prior at MWD systems are
significant. One advantage is that raw data from a plurality of sensors can be
correlated downhole to a reference point by using downhole buffer storage and
computational means. Raw data can be depth correlated to a resolution
approaching the inherent resolution of the sensors thereby greatly improving the
accuracy and precision of subsequently computed combination logs. This feature is
especially important in working in formations with thinly bedded zones. Prior art
systems require that raw data be either telemetered to the surface for correiation or
stored downhole for subsequent retrieval and correlation. Because of limited
telemetry and storage capacity of current MWD systems, the vertical resolution of

the telemetered or stored raw sensor data must be much coarser than the inherent

16
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vertical resolutions of the sensors. As a result, much vertical resolution is lost in
subsequently computed combination logs. A further advantage of the current
invention is that the downhole computational means can be used to directly compute
the parameters of interest of the combination logs from downhole correlated raw
sensor responses. Since the number of computed parameters or "answers” per unit
depth of borehole is much smaller than the corresponding amount of raw sensor
data used in the computation, usage of limited telemetry and storage capacity is
further optimized by transferring only "answers" rather than raw data to the surface.
When operating in the telemetry mode, the current invention can provide more
computed log parameters with vastly improved vertical resolution. This feature is
very important when the formations of interest comprise thinly laminated beds such
as hydrocarbon bearing sand-shale sequences. A further advantage of the current
invention is that additional parameters can be telemetered to the surface in real time
since previously discussed downhole correlation and computational means
conserve available telemetry capacity. These additional parameters might include
drilling dynamics measurements or the operational status or "health"” of all downhole
measuring systems. This reduces drilling costs and insures that measured data and
resulting computations are valid. A still further advantage of the current invention is
that, when embodied with down link telemetry, changes such as variation in mud
weight can be used to update sensor response model and combination sensor
model parameters yielding more accurate combination logs with maximized vertical
resolution. A further advantage of the current invention is that it is applicable to

wireline systems which have limited telemetry band width such as those employing a

17
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single conductor logging cable. Additional advantages of the current invention will

be defined and become apparent in following sections of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above cited features, advantages and
objects of the present invention are attained and can be understood in detail, more
particular description of the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are illustrated in the appended
drawings.

It is to be noted, however, that the appended drawings illustrate only
typical embodiments of the invention and are therefore not to be considered limiting
of its scope, for the invention may add to other effective embodiments.

Fig. 1 depicts an overview of the invention in an MWD environment;

Fig. 2 illustrates in block diagram form the key elements of the downhole
subassembly;

Figs. 3A-3D depict in graphical form the depth correlation of two axially
spaced electromagnetic sensor arrays, with each sensor exhibiting the same vertical
resolution;

Fig. 4 illustrated the preferred overall data processing method in flow chart
form; an

Fig. 5 depicts in graphical form the depth correlation and vertical resolution

matching of two axially spaced nuclear and electromagnetic sensors.

138
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Attention is first directed to Fig. 1. which depicts the invention in a
MWD embodiment The downhole subassembly 20 is suspended within borehole 14
by the drill string 16. In the preferred embodiment, the subassembly 20 is position
as close as practical to the drill bit 12. The drill string is rotated by a kelly depicted
by the numeral 26. The power source to drive the kelly as well as many other
components of the surface drilling rig are not shown in order to clearly disclose the
key elements of the invention. Data are telemetered from the downhole
subassembly to an uphole telemetry element 30. The telemetry system can
comprise one or more types of drilling fluid or "mud"” pulse systems which are well
known in the art. The data telemetry path is indicated by the broken line 27. Data
from the downhole subassembly 20 are received by the up hole telemetry element
30 and passed to a surface processor 32. The processor controls the output 34
such that the parameters of interest are recorded and displayed in the desired
manner which is usually a plot of the parameters of interest as a function of depth
within the borehole at which they are determined. The processor 32 also receives
data from the input element 36 which is telemetered downhole to subassembly 20 as
will be discussed in subsequent sections. The processor 32 also receives depth
information from the depth measure wheel and associated circuitry depicted by the
numeral 28.

The borehole 14 is shown as penetrating relatively thick formations 18
and 24 on either side of a relatively thin zone 22. This situation has been discussed
earlier as well as the problems associated with measurements computed from

multiple sensor responses should the sensors pass sporadically across such
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bedding. The effective measure point of the subassembly 20, as defined previously,
IS iIndicated by the numeral 40.

Fig. 2 illustrates in block diagram form the major elements of the
downhole subassembly 20 and further illustrated with arrows the paths of
cooperation between the various elements. It should be understood that Fig. 2
illustrates only one physical arrangement of the elements and one system for
cooperation between the elements. Other equally effective arrangements can be
utilized to successfully practice the invention.

A plurality of m sensors of one or more types arranged axially within

the subassembly are identified by the numeral 52. A predetermined number of

discrete data points output from the sensors 52 are stored within a buffer which, in
Fig 2, is included as a partitioned portion of the memory capacity of the computer
50. Alternately, the buffer storage means can comprise a separate memory element
(not shown). The sensor response relationships or "models" are stored within
memory means 48. A two way communication link exists between the memory 48
and the computer 50. The responses from sensors 52 are transformed into
parameters of interest within the computer 50 using methods which will be detailed
In the following section. The parameters of interest are then passed to the down
hole portion of the telemetry system 42 and subsequently telemetered to the surface
as Illustrated generally by the broken line 27. The power sources 44 supply power

to the telemetry element 42, the computer 50, the memory modules 46 and 48 and

associated control circuits (not shown), and the sensors 52 and associated control

circuits (not shown).
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Attention is now directed toward correlation and resolution matching of
- the responses of one or more sensors within downhole subassembly 20. Depth
shifting will first be addressed and then resolution matching. Depth shifting
accomplishes two purposes which are (1) the alignment of measure points of axially
spaced sensors such that the Sensor responses can be properly combined to obtain
parameters of interest and (2) the measure of rate of penetration (ROP) of the bit 12
using only data obtainea and processed downhole. Excursions of sensor responsea
to varying environmental conditions are a necessary condition for depth correlation.
Responses of different types of sensors can be used in some situations for
correlation, as will be subsequently illustrated. Correlation is, however, not possible
if one sensor responds to a change in geophysical conditions while another sensor
does not. As an example, the response of a gamma ray sensor woulo not change
appreciably in crossing an oil/sait water interface within a sand of COnstant porosity.
The res'ponse of a resistivity sensor would, hovirever, vary significantly when
crossing the interface. Asa result. there would be no correlation across the
oiliwater interface. The crossing of a sand/shale interface by the two types of
sensors would, in all probability, yield excellent excursions of both types of sensors.
To obtain the maximum vertical density of correlatabie excursions, It is preferable to
use responses from the same types of sensors for depth correlation purposes.
Fig. 3A depicts a portion of the downhole subassembly 20 comprising
two electromagnetics sensors with each further comprising a transmitter and a
receiver. The transmitter 140 and the receiver 144 comprise the first sensor with a
measure point illustrated by the arrow 134, The transmitter 142 and the receiver

146 comprise the second sensor with a measure point illustrated by the arrow 132.
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The transmitter-receiver spacings for both sensors are the same for purposed of

illustration. The separation of the two sensor measure points is defined as AD and
is identified by the numeral 130. Fig 3A illustrates an actual sensor pair used in an
MWD system where AD =39 inches.

. It should be recalled that generally sensor responses of MWD systems
are inttially measured as a. function of time. The response, r, of the first sensor
array is plotted as a function of time in Fig. 3B. The response is depicted as a curve
150 with excursions identified by the numerals 157 and 165. Data over N discrete
time intervals At; illustrated by the numeral 156, are collected and stored within the
previously defined buffer storage means. The data r are, therefore, discrete
measures represented by the points 152 plotted at the mid point of each
corresponding time interval At. In the illustrated example, At represents a time
mterval of 100 seconds The response q; of the second sensor is shown in Fig. 3C
as curve 160 plotted as a functson of time. The curve 160, Ilke curve 160, is actually
an array N of discrete measurements 162 over time intervals At depicted by the
numeral 162 and are likewise stored within the buffer memory. Excursions 167 and
165 correspond to the excursions 157 and 155 of curve 150, but occur at earlier
~ times since the subassembly 20 is moving downhole during drilling and the second
sensor “Ieads" the first sensor. For purposes of illustration, it will be assumed the N
~and At are the same for both the first and the second electromagnetic sensors
although this is not a necessary condition for processing data according to the
methods of the invention. Because of the different measure points 134 and 132 of

the first and second sensors, respectively, all excursions of curve 150 will be
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displaced from corresponding excursions on curve 160 by a time differential AT,
assuming that the ROP is constant over the correlated interval.

The next step in the data processing sequence is to correlate the

responses of the two electromagnetic sensors which, in this particular illustration,
are still recorded in the time domain. Many correlation techniques can be used but
the well known cross correlation technique is presented as the preferred
embodiment. The normalized cross correlation coefficient, C(j), is given by the

relationship

N | N N

(1) CQ) = X(riQa-j)' Gr? x Eqa’)"’2

1=1 1=1 1=1

where C(j) = 1.0 for exact correlation and C(j) = 0.0 for no correlation of the data r;
and . The N incremental measurements r; and q; are recalled from the buffer and

C(j) is computed for each possible combination. Defining jmax @s the index for which

C(j) is maximized, then

By shifting curve 160 to the right by AT/2At time increments and by shifting curve
150 to the left by AT/2At time increments, the curves are correlated in the time

domain. This step is illustrated in Fig 3D where the shifts of curves 160 and 150 are
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designated by the numerals 176 and 174, respectively, and AT is denoted by the
numeral 172. It should be noted that for purposes of illustration, the amplitudes of
the curves have been normalized at a value in time denoted by the numeral 179.
This normalization is only to illustrate fhe high degree of correlation. The lowest
values of f, énd q1 are -then discarded as the subassembly traverses the borehole
over the time interval At and new values of sensors measurements ry.: énd Qn+1 @re
added to the buffer storage forming a new data set of N values for each sensor.
.This procedure is repeated as the subassembly 20 is conveyed along the borehole.
Several observations aré appropriate at this point of the data
processing sequence. For the example of l;ig. 3, AT = 505 seconds. The

incremental velocity Av, which is defined as
(3) Av = AD / AT

is computed for eac'h'increment At since AD is a known design parameter of the
subassembly and AT is measured. Over the correlation interval illustrated in Fig. 3,
ROP = Av = 39/505 = 0.0772 inches/second = 23.2 feet/hour which agrees with the
ROP measured at the surface to within three significant digits. Should the ROP
change significantly, the sample intervals At and the number of measurements N
‘ collected-for correlation can be changed automatically without corhmands from the
surface. As an example, if the ROP ihcreases significantly, it might be desirable' to
reduce At td increase the resolution of excursions and thereby optimizeﬂ the sensor
cross correlation. The computer 50 is programmed to automatically vary N and At

based upon downhole computations of Av without commands from the surface.
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The matching of vertical resolutions of multiple sensors is next
addressed. For reasons stated previously, the vertical density of correlatable

excursions is largest for sensors of the same type. One of the primary applications

of the invention is, 'however, the combination of sensors of different types to obtain
parameters of interest.' Resolution matching will, therefore, be illustrated using
responses of two detectors of different types. Fig. SA depicts a portion of the
downhole subassembly comprising a nuclear sensor and an electromagnetic sensor.

Only two sensors are used to illustrate this step of data processing although it
should be understood that the techniques to be described are applicable to any
number of sensor responses. The nuclear sensor comprises a nuclear source 60
and a nuclear detector 62. The effective measure point of the nuclear sensor array
is denoted by the arrow 65. The electromagnetic sensor used in the example
comprises a single transmitter 66 and a single receiver 64. The effective measure
point for the electromagnetic sensor array is denoted by the arrow 67. The two
effective measure points are displaced axially along subassembly 20 by the known
distance, again defined as AD identified by the numeral 68.

Using the nornenclature of the previous example, the response, r;, of
the nuclear sensor is plotted as a function of time in Fig. 5B. The response is
depicted as a curve 70 with a major excursion 74 induced possibly by a thin
formation 22 as illustrated in Fig. 1. Data over N discrete time intervals At, where
Dts are illustrated by the numeral 72, are collected .and stored within the previously
defined buffer storage means. The data r; are again discrete measures represented
by the points 76 plotted at the mid point of each corresponding time interval At. The

response q; of the electromagnetic sensor is likewise shown in Fig 5B as curve 80
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| plotfed as a function of time. An excursion 84 is depictéd which exhibits poorer
vertical resolution than the nuclear sensor across the same geological feature. The
curve 80, like curve 70, is actually an array N of discrete measurements 85 over
timc Intervals At depicted by the numeral 82 and are likewise stored within the
‘ buffer memofy. For purposes of illustration, it will again\ be assumed that N and At
are the same for both the nuclear and electromagnetic sensors although this is -not a
necessary condition for processing data according to the methods of the invention.

Because of the .different measure points 65 and 67 of the nuclear and
electromagnetic sensors, respectively, the excursions 74 and 84 are displaced by a

time differential AT denoted by the numeral 79.

The next step in the data processing sequence is to depth shift the
responses of the nuclear and electromagneticsenscrs using the cross correlation
deécribed in the pre_.vious example. Results of depth shifting are illustrated in Fig 5C
where the line 90 denotes a time which corresponds tc the effective mcasure point
of the combine sensor arréy in the depth domain.

As mentioned previously, it is preferred to resolution match' multiple
sensors with the sensor reéponse data in the depth domain. Absolute depth can be
supplied tc the downhole computer at several stages of the drilling operation. As
examples, absolute depth can be supplied each time the mud pump is cycled, or
each time the drill bit is tripped, or both. The pfeferred method is to supply absolute
depth information each time the mud pump is cycled which, of course, occurs each
time a joini of drill pipe is added to the drill string and possibly more often._
Subsequent increrﬁentél‘ depth commands based upon the‘readings of the surface

depth indicator 28 are telemetered down to the computer by means of the computer
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down link element 30. These incremental_ depth signals are used to update surface
entered abSOIute depth values thereby allowing 'downhole sensor readings to be
converted from the time domafn to the depth domain with a reasonable degree of
accuracy. Being incremental depth indications, these signals are not data intensive
and can be -tranemitted downhole using methods well known in the art. Should,
however, a rel.atively long interval occur between trips of the bits, significant error is
propagated using the incremental depth measurement technique. For vertical depth
shifting and resoluiion' matching purposes, the use of incremental depths rather than
absolute depths has been found to be satisfactory. If, however, parameters of
interest measured in the drilling well are correlated downhole with reference data
from surrounding wells, absolute depth tracking becomes .important. This is

because the reference data is usually supplied as a function of absolute depth.

Fig. 5D illustrates the nuclear and electrom'agnetic sensor data which

' have been resolution matched by using a response model of the electromagnetic
sensor, stored withih memory module 48, to “sharpen" the resolution of the
electromagnetic senser as depicted by’curve 82 .to match the resolution of the
nuclear sensor, identified again by the numeral 70. An alternate method which is
less computational intensive, but which yields .peorer vertical resolution of
. eventually computed parameters of interest, comprises "smearing" the resolutiendof
the higher resolution measurement to match the reeolution of the poorer resolved

mneasurement. In the example under discussion, the response of the nuclear sensor
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IS smeared by averaging a subset of u elements within the larger set N using the

relationship

i+u

(4) r (Sri) / 2u

~u

and plotting the smeared response r; at the mid point of depth increment u. The
result of this type of resolution matching is shown in Fig 5E where the vertical
resolution of the response of the nuclear sensor 74 has been degraded to match the

resolution of the electromagnetic sensor as depicted by curve 80.

At this point, data measured by the sensors 52 have been correlated

and resolution matched. Geophysical, drilling dynamics and other parameters of
iInterest are now determined by combining these responses using combination

sensor response models which are stored either internally within the computer 50 or
within an additional memory module (not shown) contained within the downhole
subassembly 20. The computed parameters of interest are telemetered to the
surface by means of the telemetry element 42 cooperating with telemetry element

30. Computed parameters of interest are displayed in an appropriate form as a

function of depth by output element 34. Alternately, the parameters of interest can
be stored downhole within memory module 46 for subsequent retrieval at the
surface when the drill string is tripped. An additional option is to both telemeter to

the surface and store either all or portions of the computed parameters of interest.
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One overall data processing method is summarized in the flow chart of
Fig. 4. It should be understood that various steps can be changed and still preserve
the spirit of the data processing objectives of the invention. At step 100, the known
spacings between the effective points of a plurality of sensors, the number of data
points N from each sensor to be stored in the storage buffer, and the incremental
time intervals over which raw data will be accumulated are stored in the downhole

computer 50. N data points are acquired for each sensor as depicted at step 102.
At 104, a decision is made whether to convert the N raw data points into engineering

units prior to correlation or whether to correlate raw data. In this context, an

"engineering unit" is defined by example using the re'sponse of a epithermal neutron
porosity sensor. Raw data from the sensor would be counting rate which would
exhibit excursions as the formation parameters vary. Apparent formation porosity,
computed from measured counting rate using a predetermined calibration
relationship ( 1.e. the sensor response model) betweén counting rate and porosity, Is
defined as the sensor response Iin “"engineering” units. Apparent porosity will also
yield correlatable excursions. [f the decision is made to correlate raw data, which is
preferred in that less computing capacity is required, correlation is made at step
106. The correlated data are converted from the time to depth domain at step 108.
Sensor resolution is matched at step 110. At step 112, raw sensor data for the N/2
depth point in buffer storage are converted to corresponding engineering units using
sensor response model stored in memory module 48. Sensor responses are
combined to compute parameters of interest at step 114 for the depth represented
by the buffer elements N/2. In an alternate embodiment, step 112 is omitted and

raw sensor data are combined directly to obtain the parameters of interest.
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Parameters are telemetered to the surface or alternately stored downhole for
subsequent retrieval at step 116. At step 118, the arrays of N elements for each
sensor are updated as the sensors move along the borehole by discarding the
"oldest" measurements and adding the most recent measurements. The process is
repeated sequentially again starting at step 102. If, at step 104, the decision is
made to correlate sensor response in engineering units, sensor responses are
converted at step 120 to the corresponding engineering units for each set of N data
points in buffer storage. Correlation is performed at step 122 in the time domain
and the correlated data are converted to the depth domain at step 124. Sensor

resolution is matched at step 126 and the steps depicted in blocks 114 through 118

have been described previously.

While the foregoing is directed to the preferred embodiments, the

scope thereof is determined by the claims which follow.
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What is claimed is:

1. A system for determining parameters of interest from within a
borehole, comprising:

(a) a downhole subassembly;

(b)  means for conveying said downhole subassembly along said
borehole;

(c) one or more sensors positioned within said downhole
subassembly,

(d) correlation means located within said downhole subassembly
for correlating the responses of one or more sensors to a common depth reference
point and a common vertical resolution thereby forming a set of correlated sensor
data; wherein parameters of a correlation model are adjusted automatically based
upon the responses of one or more sensors so as to optimize the correlation to
said common depth reference point;

(e) computing means located within said downhole subassembly
for determining said set of correlated sensor data and for transforming said
correlated sensor data into said parameters of interest using a sensor combination
model; and

(f) means for transferring said parameters of interest to the

surface of the earth.

2. The system of claim 1 wherein said correlation means
comprises:

(@) a buffer for storing a limited amount of sensor response data
for correlation;

(b)  a correlation model stored within said downhole computer;

(c) a first storage means containing sensor response models for
each of said one or more sensors; and

(d) means for combining data stored in said buffer with said
correlation model and said sensor response models using said downhole

computing means thereby forming said set of correlated sensor data.
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3. The system of claim 2 wherein said means for conveying said
downhole subassembly along said borehole comprises a drill string and said
downhole subassembly is positioned in the vicinity of a drill bit which terminates the

lower end of said drill string.

4. The system of claim 2 further comprising:

(a) means for correlating excursions in the responses of said
downhole sensors thereby determining the time interval between the passage of
two of said sensors past a given point within said borehole;

(b) means for dividing a predetermined axial distance between
said two sensors by the said time interval of passage thereby obtaining a downhole
velocity of said downhole subassembly over said time interval of passage; and

(C) means for adjusting the parameters of said correlation model

bases upon said measured downhole velocity.

5. The system of claim 4 wherein excursions of sensors of the
same type and exhibiting the same vertical resolution are used in the adjustment

of said parameters of said correlation model.

6. The system of claim 4 wherein said means for transferring
said parameters of interest to the surface of the earth comprises a telemetry

system.

7. The system of claim 4 wherein said means for transferring
said parameters to the surface of the earth comprises a second data storage
means within said downhole subassembly in which said parameters of interest are

stored and subsequently retrieved at the surface of the earth.

8. The system of claim 4 further comprising a telemetry down link

between said downhole subassembly and the surface of the earth.

9. The system of claim 8 further comprising a depth measure
wheel positioned at the surface which transmits incremental depth measures over

said telemetry down Ilink and which are combined with absolute depth
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measurements stored within said downhole computer to provide a measure of the

absolute depth of said downhole subassembly to said downhole computer.

10.  The system of claim 1 wherein said common depth reference
point is a depth within said borehole at which a predetermined depth reference

point of said downhole subassembly is positioned.

11. The system of claim 1 wherein said sensors comprise a

plurality of types of sensors.

12. The system of claim 2 wherein said sensor response models
are computed downhole from sensor responses within intervals of the borehole in

which environmental conditions are known.

13.  The system of claim 2 wherein said means for conveying said

downhole subassembly along said borehole comprises a wireline.

14. A method for determining parameters of interest from within a
borehole, comprising the steps of:

(a) conveying one or more sensors mounted within a downhole
subassembly along said borehole thereby obtaining unprocessed response data
from the response of said sensors,

(b) correlating said unprocessed response data from said
sensors to a common reference point along an axis of said downhole
subassembly and to a common vertical resolution thereby forming a set of
correlated sensor response data, wherein said correlation is adjusted
automatically based upon said unprocessed response data to optimize the
correlation of said unprocessed response data to said common reference point;

(c) determining said set of correlated sensor response data and
combining said correlated sensor response data with downhole stored sensor
combination models using downhole computing means thereby determining said
parameters of interest; and

(d) transferring said parameters of interest to the surface.
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15. The method of claim 14 wherein said correlating method
comprises the steps of:

(a)  storing within a downhole buffer a limited amount of sensor
response data for correlation; '

(b)  storing correlation model within said downhole computing
means;

(c) storing sensor response models for each of said one or more
sensors within a first downhole storage means; and

(d) combining said limited amount of stored sensor response
data with said correlation model and said sensor response models using said
downhole computing means thereby forming said set of correlated sensor

response data.

16.  The method of claim 15 further comprising the steps of:

(a) correlating excursions in the responses of said downhole
sensors thereby determining the time interval between the passage of two of said
sensors past a given pdint within said borehole;

(b) dividing a predetermined axial distance between said two
sensors by the said time interval of passage thereby obtaining a velocity of said
downhole subassembly over said time interval of passage; and

(C) adjusting the parameters of said correlation model bases

upon said measured velocity.

17. The method of claim 16 wherein excursions of sensors of the
same type and exhibiting the same vertical resolution are used in the adjustment

of said parameters of said correlation model.

18. The method of claim 16 wherein said parameters of interest

are transferred to the surface by telemetry.

19. The method of clam 18 wherein said downhole
subassembly is conveyed along said borehole with a drill string and said downhole
subassembly is positioned in the vicinity of a drill bit which terminates the lower

end of said drill string.
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20. The method of claim 18 wherein the absolute depth of said
downhole subassembly is determined by combining an absolute reference depth
stored within said downhole assembly with relative incremental depths measured
at the surface and telemetered to said downhole computing means by a telemetry

down link element.

21. The method of claim 18 wherein said parameters of interest
are stored downhole within a second storage means and subsequently retrieved at

the surface.

22. The method of claim 14 further comprising the step of
determining said parameters of interest as a function of depth within said borehole

at which they are determined.

23. The method of claim 15 wherein stored sensor response
models are used to generate missing sensor response data thereby permitting

parameters of interest to be computed within intervals of missing data.

24. The method of claim 15 further comprising the step of
changing parameters of said sensor response models and said sensor

combination models or both by means of down link commands from the surface.

25. The method of claim 15 wherein said sensor response models
are computed downhole from sensor responses within intervals of the borehole in

which environmental conditions are known.

26. The method of claim 18 wherein said sensors are conveyed

along said borehole by means of a wireline.

27. The method of claim 14 wherein said sensors comprise a

plurality of types of sensors.
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28. The method of claim 15 wherein said step of forming said set
of correlated data comprises the additional steps of:

(a)  depth shifting all of said stored sensor data for each sensor to
a common depth reference point using said correlation model; and

(b)  matching the vertical depth resolutions of said stored sensor
data for each sensor by vertical deconvolution using said sensor response

models.

29. The method of claim 28 wherein said method for depth shifting
all said sensor data for each sensor to a common depth reference point comprises

cross correlation.
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