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METHODS AND SYSTEMS TO OPTIMIZE DOWNHOLE CONDITION
IDENTIFICATION AND RESPONSE USING DIFFERENT TYPES OF DOWNHOLE
SENSING TOOLS

BACKGROUND

Hydrocarbon exploration and production involves drilling boreholes, completing wells,
and ongoing maintenance (hereafter these operations are referred to as well operations), where
different wells can be used for exploration operations, monitoring operations, injection
operations, and production operations. Well operations are expensive and mistakes results 1n
increased costs and lost time. In some cases, poorly executed well operations can result in wells
being unsuitable for their intended use. In such case, wells may need to be being plugged or
replaced.

Efforts to improve the efficiency of and/or to reduce mistakes during well operations
are ongoing. Some of these efforts involve collecting downhole measurements before or during
well operations to be performed. Collecting downhole measurements can be helpful, but 1ssues
such as sub-optimal tool or sensor configurations, 1naccurate sensors, inaccurate 1nversion

models, and lost time remain.

BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, there are disclosed herein methods and systems to optimize downhole
condition 1dentification and response using different types of downhole sensing tools. In the
drawings:

FIG. 1 1s a block diagram showing an illustrative computer system;

FIG. 2A 1s a schematic diagram showing an illustrative drilling environment;

FIG. 2B 1s a schematic diagram showing an 1llustrative wireline logging environment;

FIG. 2C 1s a schematic diagram showing an 1llustrative production or monitoring well
environment;

FIGS. 3A and 3B are block diagrams showing illustrative sensing tool planning block;

FIG. 4 1s a block diagram showing 1llustrative sensing tool control and analysis block;
and

FIG. 5 1s a flowchart showing an 1llustrative method for optimized downhole condition
1dentification and response using different types of downhole sensing tools.

It should be understood, however, that the specific embodiments given in the drawings

and detailed description below do not limit the disclosure. On the contrary, they provide the
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foundation for one of ordinary skill to discern the alternative forms, equivalents, and other

modifications that are encompassed 1n the scope of the appended claims.

DETAILED DESCRIPTION

Disclosed herein are methods and systems for optimized downhole condition
1dentification and response involving different types of downhole sensing tools. As used herein,
"downhole sensing tools" refer to individual sensors, distributed sensing systems, dedicated
logging tools (e.g., a resistivity logging tool, an acoustic logging, a nuclear magnetic resonance
logging tool, a gamma ray logging tool, a porosity logging tools, a litho-density logging tool,
etc.), or a combination thereof. In at least some embodiments, some of the different types of
downhole sensing tools in a borehole are permanently installed. Additionally or alternatively,
some of the different types of downhole sensing tools 1n a borehole are temporarily deployed.
Example deployment options include wireline, slick line, coiled tubing, a casing string, wired
pipe, or other deployment options. Without limitation, the downhole sensing tools may measure
pressure, temperature, strain, electromagnetic phenomena (resistivity or conductivity), nuclear
magnetic resonance, gamma rays, acoustic signals, porosity, density, and/or other parameters.
Some downhole sensing tools may measure the same parameter, while other downhole sensing
tools measure different parameters. The measurements collected by the different types of
downhole sensing tools are analyzed together to 1dentify a downhole condition. The different
downhole sensing tools deployed 1n a borehole, their arrangement, and the analysis applied to
measurements collected by the different downhole sensing tools results 1n accurate
1dentification of the downhole condition subject to sensor tool availability and performance
constraints. Also, operations that rely on accurate downhole condition i1dentification are
improved. Example operations performed 1n response to identifying the downhole condition
include perforation operations (e.g., performed by a perforator) or other well completion
operations, downhole condition display operations (e.g., performed by an output device such
as a computer monitor or printer), and well intervention or well repair operations.

In at least some embodiments, the selection of which downhole sensing options to
deploy 1n a borehole and/or the selection of how the downhole sensing tools to be deployed are
arranged 1s based on a predetermined downhole evaluation plan that accounts for sensing
option availability and performance constraints. As an example, the predetermined downhole
evaluation plan may be based on selection of one of a plurality of different downhole evaluation
plans. In some embodiments, the selection process involves a user (e.g., a user selects one of a

plurality of downhole evaluation plans as the predetermined downhole evaluation plan).
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Additionally or alternatively, the selection process involves minimizing an objective function.
Additionally or alternatively, the predetermined downhole evaluation plan may be based on a
model that correlates different combinations of downhole sensing tools with intermediate
decision variables. The intermediate decision variables may vary for different well operations.
As an example, for well operations that involve perforating a well, an intermediate decision
variable can be the predetermined location of hydrocarbons.

In at least some embodiments, an example system includes diftferent types of downhole
sensing tools deployed 1n a borehole, wherein the different types of downhole sensing tools are
optimized to identify a downhole condition based on a predetermined downhole evaluation
plan that accounts for sensing tool availability and performance constraints. The system also
includes at least one processing unit configured to analyze measurements collected by the
different types of downhole sensing tools, wherein the collected measurements are analyzed
together to 1dentify the downhole condition. The system also includes at least one device that
performs an operation 1n response to the identified downhole condition.

Meanwhile, an example method includes deploying different types of downhole
sensing tools 1n a borehole, wherein the different types of downhole sensing tools are optimized
to 1dentify a downhole condition based on a predetermined downhole evaluation plan that
accounts for sensing tool availability and performance constraints. The method also includes
analyzing, by at least one processing unit, measurements collected by the different types of
downhole sensing tools, wherein the measurements are analyzed together to identify the
downhole condition. The method also includes performing, by at one least device, an operation
1n response to the identified downhole condition. Various downhole sensing tool options,
downhole sensing tool planning options, downhole sensing tool control options, downhole
sensing tool measurement analysis options, and analysis response options are described herein.

FIG. 1 1s a block diagram showing an 1llustrative computer system 10 that may be used
to plan, control, and/or analyze sensing options as described herein. In the embodiment of FIG.
1, the computer system 10 includes a processing unit 12, a data storage 13, and a
communication/user interface 16. The processing unit 12 may correspond to one or more
central processing units (CPUs), programmable components, and/or application-specific
integrated circuits (ASICs). Meanwhile, the data storage 13 may correspond to read-only
memory (ROM), random access memory (RAM), Flash drives, hard drives, optical storage
disks, and/or other non-transitory computer-readable mediums. The communication/user
interface 16 may correspond to a network interface for communicating with local and/or remote

devices. Additionally or alternatively, communication/user interface 16 may correspond to
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input devices (e.g., a keyboard, mouse, touchpad, etc.). Additionally or alternatively,
communication/user interface 16 may correspond to output device(s) 54 (e.g., a monitor, printer,
etc.). The communication/user interface 16 enables sensing options planning, sensing options
control, or sensing options analysis involving user inputs and/or user review.

In at least some embodiments, sensing options planning involves the processing unit 12
executing an optimal sensing options planning module 14 stored by the data storage 13. As an
example, when executed, instructions or rules of the optimal sensing options planning module
14 enable the processing unit 12 to select different types of downhole sensing tools to 1dentify a
downhole condition 1n accordance with a downhole evaluation plan. The downhole evaluation
plan may account for factors such as sensing tool availability and performance constraints.
Example performance constraints include, but are not limited to, a cost constraint, an accuracy
constraint, a reliability constraint, and a ttme constraint. In at least some embodiments, the
downhole evaluation plan 1s selected from a plurality of different downhole evaluation plans.
The selection of a downhole evaluation plan from a plurality of different downhole evaluation
plans may involve user input and/or minimizing an objective function. In at least some
embodiments, the downhole evaluation plan 1s based on a model that correlates different
combinations of downhole sensing tools with intermediate decision variables. The intermediate
decision variables may vary for different well operations. As an example, for well operations
that involve perforating a well, an intermediate decision variable can be the predetermined
location of hydrocarbons.

In at least some embodiments, sensing options control and analysis involves the
processing unit 12 executing an optimal sensing options control and analysis module 15 stored
by the data storage. As an example, when executed, instructions or rules of the optimal sensing
options control and analysis module 15 enable the processing unit 12 to provide control
instructions or control signals to different types of downhole sensing tools deployed 1n a borehole
to collect measurements that can be used to i1dentify a downhole condition. Additionally or
alternatively, when executed, instructions or rules of the optimal sensing options control and
analysis module 15 enable the processing unit 12 to analyze measurements collected by different
types of downhole sensing tools together to 1dentify the downhole condition. In at least some
embodiments, a predetermined correlation matrix and/or a predetermined weighting matrix 1s
used to analyze the measurements collected by different types of downhole sensing tools.

In response to the computer system 10 identifying the downhole condition, at least one
device may be directed to perform an operation. For example, the processing unit 12 may

transmit information or a command to the at least one device via the communication/user
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interface 16. Additionally or alternatively, the communication/user interface 16 may present
information or prompts to a user, whereby the user directs the device based on the information
or prompts. As an example, the at least one device may comprise an output device local to or
remote from the computer system 10 that displays a representation of the downhole condition.
As another example, the at least one device comprises a perforator deployed in a borehole that
1S responsive to predetermined or real-time 1nstructions.

While a single computer system 10 1s represented 1n FIG. 1, 1t should be appreciated
that multiple computer systems could be used to perform sensing options planning, sensing
options control, and sensing options analysis as described herein. As an example, a first
computer system may store and execute instructions of the optimal sensing options planning
module 14 as described herein, while one or more other computer systems store and execute
instructions of the optimal sensing options control and analysis module 15. Further, the
operations related to the optimal sensing options control and analysis module 15 could be
further divided into parts that are executed by one or more computer systems.

Regardless of the number of computer systems involved, the result of optimal sensing
options planning operations (e.g., by executing the optimal sensing options planning module
14) includes downhole evaluation plan selection, where the selection 1s based on user input
and/or predetermined rules (e.g., minimizing an objective function). Meanwhile, the result of
optimal sensing options control and analysis operations (e.g., by executing the optimal sensing
options control and analysis module 14) include control of different types of downhole sensing
tools and analysis of corresponding measurements together to identity a downhole condition.
In addition, one or more computers systems may direct at least one device in response to the
1dentified downhole condition.

FIG. 2A 1s a schematic diagram showing an illustrative drilling environment 20A. In
FIG. 2A, a dnlling assembly 24 enables a drill string 30 to be lowered and raised 1n a borehole
25 that penetrates formations 29 of the earth 28. The drill string 30 1s formed, for example, from
a modular set of drill string segments 32 and adaptors 33. At the lower end of the drill string 30,
a bottomhole assembly (BHA) 34 with a drill bit 37 removes material from the formations 29
using known drilling techniques. The bottomhole assembly 34 also includes one or more drill
collars 38 and downhole sensing tools 36 A-36N. As described herein, the downhole sensing tools
36A-36N may be selected, arranged, and controlled based on a downhole evaluation plan.

In addition to the downhole sensing tools 36A-36N, the BHA 34 may also include
electronics for data storage, data processing, communication, and/or other operations (e.g., at

least some of the operations described for the computer system 10 of FIG. 1 can be performed

_5



10

15

20

25

30

CA 03042019 2015-04-26

WO 2018/106247 PCT/US2016/065663

by the BHA 34). Accordingly, in at least some embodiments, measurements collected by
different types of sensing tools corresponding to at least some of the downhole sensing tools
36A-36N are analyzed together by electronics of the BHA 34 to 1dentify a downhole condition
as described herein. Thereafter, at least one device of the BHA 34 can be directed based on the
1dentified downhole condition.

Additionally or alternatively, measurements collected by the downhole sensing tools
36A-36N and/or analysis results are conveyed to earth’s surface using known telemetry
techniques (e.g., wired pipe telemetry, mud pulse telemetry, acoustic telemetry, electromagnetic
telemetry, etc.). In at least some embodiments, a cable 27 may extend from the BHA 34 to
earth’s surface. For example, the cable 27 may take different forms such as embedded electrical
conductors and/or optical waveguides (e.g., fibers) to enable transfer of power and/or
communications between the bottomhole assembly 34 and earth’s surface. In other words, the
cable 27 may be integrated with, attached to, or inside the modular components of the drill
string 30.

In FIG. 2A, an interface 26 at earth’s surface may recetve measurements collected by the
downhole sensing tools 36A-36N and/or analysis results via cable 27 or another telemetry
channel and conveys the measurements and/or analysis results to a computer system 50, which
may include the same or similar components as described for the computer system 10 described
for FIG. 1. In some embodiments, the surface interface 26 and/or the computer system 50 may
perform various operations such as converting signals from one format to another, storing
collected measurements, analyzing the collected measurements to identity a downhole condition,
responding to an 1dentified downhole condition, and/or directing another component 1n response
to a detected anomaly as described herein. To perform these operations and/or other operations,
the computer system 50 includes a processing unit 52 that executes software or instructions
related to optimal sensing options planning, optimal sensing options control, optimal sensing
options analysis to 1dentify a downhole condition, and/or response options. In at least some
embodiments, the related software or instructions 1s obtained from a local or remote non-
transitory computer-readable medium 54. The computer system 50 also may include input
device(s) 56 (e.g., a keyboard, mouse, touchpad, etc.) and output device(s) 58 (e.g., a monitor,
printer, etc.). Such input device(s) 56 and/or output device(s) 58 provide a user interface that
enables an operator to interact with components of the BHA 34 and/or software executed by the
processing unit 52. For example, the computer system 50 may enable an operator to participate
1n optimal sensing options planning, optimal sensing options control, optimal sensing options

analysis, and/or response options.
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At various times during the drilling process, the drill string 30 shown 1n FIG. 2A may be
removed from the borehole 25. With the dnll string 30 removed, another option for deploying
different types of downhole sensing tools 1n a borehole to 1dentifty a downhole condition as
described herein involves the wireline environment 20B of FIG. 2B. In FIG. 2B, a wireline tool
string 60 1s suspended 1n a borehole 25 that penetrates formations 29 of the earth 28. For example,
the wireline tool string 60 may be suspended by a cable 42 having conductors and/or optical
fibers for conveying power to the wireline tool string 60. The cable 42 may also be used as a
communication interface for uplink and/or downlink communications. In at least some
embodiments, the cable 42 wraps and unwraps as needed around cable reel 44 when lowering or
raising the wireline tool string 60. As shown, the cable reel 44 may be part of a movable logging
facility or vehicle 40 having a cable guide 46. Other options for deploying the wireline tool string
60 1n a borehole 25 1nclude, but are not limited to, slick line, coiled tubing, a casing string, or
combinations. For deployment options that do not provide power to the wireline tool string 60
(e.g., a powerless slick line, coiled tubing, drillstring, or casing string), the wireline tool string
60 may include a remote power source (e.g., a battery or other remote power source) to power
downhole sensing tools 36 A-36N or other electronics.

In at least some embodiments, the downhole sensing tools 36 A-36N are housed within a
tool body 62. Without limitation, the downhole sensing tools 36A-36N may be related to
resistivity logging, acoustic logging, gamma ray logging, nuclear magnetic resonance logging,
etc. The wireline tool string 60 may also include electronics 66 for data storage, data processing,
communication, etc. In different embodiments, measurements collected by downhole sensing
tools 36 A-36N of the wireline tool string 60 and/or analysis results are used to perform surface
or downhole operations (with or without instructions from earth’s surface) in response to an
1dentified downhole condition. Additionally or alternatively, measurements collected by the
downhole sensing tools 36A-36N of the wireline tool string 60 and/or analysis results are
conveyed to earth’s surface using known telemetry techniques and/or are stored by the wireline
tool string 60. In some embodiments, the wireline tool string 60 may include one or more devices
68 to perform operations in response to an i1dentified downhole condition. For example, the
device 68 may correspond to a perforator that performs perforation operations at a location
associated with the 1dentified downhole condition.

In FIG. 2B, an interface 26 at earth’s surface may recetve measurements collected by the
wireline tool string 60 and/or analysis results via cable 42 or another telemetry channel and
conveys the measurements and/or analysis results to a computer system 50 (e.g., part of the

movable logging facility or vehicle 40). In some embodiments, the surface interface 26 and/or
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the computer system 50 may perform various operations related to optimal sensing options
planning, optimal sensing options control, optimal sensing options analysis to identify a
downhole condition, and/or response options.

FIG. 2C 1s a schematic diagram showing an 1llustrative production or monitoring well
environment 20C. As shown, the production or monitoring well environment 20C 1ncludes a
computer system 50 and a surface interface 26 to perform the same or similar operations as
described previously for FIGS. 2A and 2B. For example, the surface interface 26 and/or
computer system 50 may include components for power supply operations, telemetry
operations, control operations for downhole sensing tools, analysis operations related to
downhole sensing tools as described herein, and response operations.

In the production or monitoring well environment 20C, a casing string 70 formed by
casing segments 76 and connectors 78 has been installed 1n a borehole 25 that penetrates
formations 29 of the earth 28. As desired, the casing string 70 may be cemented in place in the
borehole 25 using cement 73. Along the interior or exterior of the casing string 70, various
downhole sensing tools 36A-36N are deployed permanently or temporarily. For permanent
deployment, downhole sensing tools 36 A-36N can be integrated with the casing string 70 or they
can be installed in place using the cement 73. In at least some embodiments, the downhole
sensing tools 36 A-36N include a cable 72 with sensor packages 74. The cable 72 may run along
the interior of the casing string 70 or may run along the exterior of the casing string 70 as
shown. The cable 72 may include electrical conductors and/or optical fibers to convey power
and/or communications. Additionally or alternatively, the cable 72 itself may operate as a
distributed sensor (e.g., temperature, pressure, and sound 1s detectable using an optical fiber
and distributed sensing technology). For temporary deployment, wireline, slick line, coiled
tubing, or smaller diameter tubulars may be used to lower and raise downhole sensing tools 36A -
36N along an interior of the casing string 70.

FIGS. 3A and 3B are block diagrams showing 1llustrative sensing tool planning blocks
14. In FIG. 3A, operations of the optimal sensing tool planning block 14 may include a
downhole evaluation plan determination process 100, where decision making and planning 102
1s based on intermediate decision variables 104A-104C and respective sensor configurations
106 A-106N for different formations. In accordance with at least some embodiments, the
downhole evaluation plan determination process 100 involves modeling the relationship
between sensor configurations, formation conditions, and intermediate decision variables. The

downhole evaluation plan determination process 100 may also involve a decision-making
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problem formulated i1n the space defined by all intermediate decision variables, where the
solution to this problem corresponds to the desired sensor configuration.
The relationship between the intermediate decision variables can be described in

various ways. In one approach, 1t 1s described by a multivariable function g as follows:

Z]_ Oq
22 02

: — g ’ ]/ y
2 Om

where y denotes the geological condition of the region to be explored by the selected
sensors, [2; 2, - X,]|'denotes a collection of intermediate decision variables, and
[01 02 - 0m]" is a collection of variables describing the sensor configurations and
characteristics. In one embodiment, the relationship between a sensor configuration and
intermediate decision variables can be linearized, 1.e., there exist a matrix A of appropriate

demension and a vector b of appropriate length such that
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Such a linear relationship, when sufticiently accurate to be used for the decision making
of sensor configurations, can simplify the formulation of the decision-making problem,
resulting in a faster solution.

In at least some embodiments, operations of an optimal sensing tool planning block 14
follows the following considerations. If ¢ denotes a particular configuration (e.g., sensor types,
numbers, distribution, operations, etc.), then the intermediate decision variables, which are job-
dependent and are used to evaluate the sensor configuration, may include attribute values (e.g.,
accuracy, cost, failure rate, completion time, etc.). The cost associated with such a
configuration 1s denoted as COST(o,y). The corresponding accuracy i1s denoted by
ACCU (o, v), the corresponding reliability 1s described by failure rate FAIL(o,y). In principle,
¥ 1s not known. However, some information about the formation 1s often available, and y can
thus be estimated a prior1. Such information, although not accurate, can help with the sensor
configuration. The total time for the formation characterization 1s a function of the operation
of sensors, and therefore 1s a function of . The completion time used 1s denoted by TIME (o).

Without loss of generality, if 2~ denotes all sensor configurations considered, and I'
denotes all possible formations expected to be encountered during the formation

characterization job, then the most cost effective sensor configuration can be determined by
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minimizing a certain objective function while ensuring that important constraints are satistied.

This 1s described 1n the following mathematical form:

min G(o,1),

CEL

COST(0,T") < COSTax
ACCU(0,T") £ ACCU .
FAIL(o,T') < FAILyax,

TIME(o,T")) < TIME 4%,

where mig G(o,T) 1s a cost function which may take different forms. Note that the
gc

sensor and formation interaction are modeled by functions COST(o,v), ACCU(ao,v),
FAIL(o,v), TIME(o,v).

In one particular embodiment, the most cost effective sensor configuration 1s a weighted
summation of different factors to be considered in the formation characterization job:

G(o,T') = r}rlléarx(l/l/1 * COST(o,v) + W, « ACCU(o,y) + W3 x FAIL(o,y) + W, *
TIME (o)),

where W; > 0, 1 = 1,2,3,4 are weighting factors indicating the relative importance of
different quantities considered in a sensor configuration task. In this particular embodiment,
G(o,T') 1s essentially the quantity associated with the worst case formation estimation, and
needs to be minimized by choosing the correct sensor configuration. The sensor configuration
determined this way 1s least sensitive to any formation esttmation error prior to the formation
characterization job. The functions G(o,T'), COST (o, T'), FAIL(o,T') and TIME (o, T') address
jointly the effects of all sensors selected for the planning, and make take various mathematical
forms. For example, in one particular embodiment, ACCU(a,y) in the above equation 1s

defined by a weighted sum of accuracy penalty functions of individual sensors as below:

ACCU(0,Yy) = w,ACCU,(¥) + w,ACCU,(¥) + - + wyACCUx(¥),
where wq, w,, ..., wy >0, ACCU,(y),...,ACCUyx(y) are the accuracy penalty

functions for the N sensors used in the formation probing task. In another embodiment,
ACCU(o,v) = lP(ACCUl(]/), ...,ACCUN(]/)) where W 1s a multivariable nonlinear function
which combines the accuracy of different sensors to produce a unique overall accuracy
quantity.

In another embodiment, G(o,I') = W, x COST(o,yy) + W, * ACCU(0a,yy) + W5 *
FAIL(o,yy) + W, « TIME (o), where y4 € I is the most probable formation to be encountered
for the formation characterization task. The constraints COST (o,I'), ACCU(o,T'), FAIL(0o,T)

- 10 -
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and TIME (o,T') are optional, and can also be casted in different forms as is the case for the
objective function. For example, the constraints can focus on either the worst case scenario, or
the most likely scenario.

In another embodiment of the invention, instead of producing only one sensor
configuration solution that minimizes an objective function, a number of top solutions using
different objective functions (e.g., by adjusting the weighing factors 1n the objective function)
are produced, and presented to the final user of the sensors to make the final decision.

One approach for downhole evaluation plan optimization involves solving the problem
introduced above 1s the Monte Carlo simulation method, which samples all possible sensor
configurations and formation estimates, checks whether the constraints are satisfied and selects
the best configuration(s). Other methods, such as the mixed integer linear/nonlinear
programming can also be used to find the best sensor configuration.

It 1s often desirable to define the accuracy and precision of the sensors 1n a probability
sense when associated with a particular formation probing task. An introduction to how
probability considerations can be incorporated in certain embodiments follows and
corresponding information 1s provided 1n graphs 202 and 204 of FIG. 3B, which correspond to
another 1llustrative sensing tool planning block 14.

If y is the reference quantity to be measured by the sensor, and if M(y) is the
measurement given by the sensor corresponding to y, then M(y) has a certain probabilistic
distribution, as shown in chart 202 of FIG. 3B. Typically, the expected value of M(y) is
different from 7y, and the difference 1s related to the accuracy of the sensor. If E(x) 1s the

expected value of a probabilistic value x, then the accuracy of the sensor i1s high if

‘E (M (y)) — y‘ 1s small. Note that ‘E (M (y)) — y| could be different for different y values.
Meanwhile, if f;(M(y),y) is the probability density function of M(y) and ¥(y) is the

probability density function of the variable y during the formation characterization task, then
the expected accuracy of the sensor in the full reference quantity range |Vimin Vimax] can be
defined by the following formula:
Ymax
Poai= | fuMO)Y) * [EMG)) = v 9@y

Ymin

Also, the probability that the measurement of the sensor { 1s out of the bound

IM(y) — y| < nis given by the following formula:

Ymax Ymax
P = | l | muGydc+ | futnyddx|weidy
Ymin LYmin Y+

-11 -



10

15

20

25

30

CA 03042019 2015-04-26

WO 2018/106247 PCT/US2016/065663

During the sensor selection process, the following constraints can be added to address

sensor accuracy with probability considerations:
Prai < Dia
P;(n) < pip

Note that sensor configuration o determines the index { in the above constraints. It 1s
also possible to include n into the cost function.

In some embodiments, intermediate decision variables are incorporated into the
decision making process as follows. For example, in a potential perforation job 1n a well
completion operation, there exists a potential production zone in the well and a decision needs
to be made whether to perforate in this zone. The sensor information, which could either be
historical data from logging tool, seismic data, or the data from the logging tools on the same
tool string containing the perforation gun, can be used to calculate the hydrocarbon volumetric
ratto a in this potential production zone, where a 1s a real value between 0 and 1. The
distribution of « 1s different for different rock formation properties. Also, the distribution of «
1s affected by sensor configuration. In the above perforation scenario, the criteria used for the
perforation decision are:

1) when the probability that the hydrocarbon volumetric ratio « 1s larger than the
threshold value u is larger than the threshold 8 + A, 1.e., P(a > u) > c, then
perforation should be completed 1n this zone;

2) If P(a > u) < B — A, then this zone should not be perforated:;

3) If B—A;, <P(a>u) <pB+ A, then the decision can be made based on certain

variable that considers both the probability P(a > u) and the variance of the a. For
example, p(a) = P(a > p + k - var(a)), and the decision criteria is, if p(@) = B +
A,,,, then proceed to perforation, otherwise no perforation in the zone of interest.

In at least some embodiments,

Pla>u) = f f(a)da
U

Pla < u) = foﬂf(a)da.

If the perforation decision can be made by criteria 1) and 2) even using low accuracy
sensors based on historical data or simulation, then low accuracy sensors should be selected
for the sensor configuration task, since more accurate sensors do not provide any extra benefit
for perforation decision making and will increase the cost. However, 1f the perforation decision

cannot be made after checking criteria 1) and 2), then the application of more accurate sensors

- 12 -
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should be considered 1n the decision process. Using the criterion 3), numerical cost functions
can be established for comparing different sensor configurations. For example, the following
objective function can be included 1n the cost function of the optimization problem formulated
previously:

Cost, = f;Vzl Ci(ﬁi(a) * (Cost(sensori) +6(P(a) — B —
Am)Cost(Perforation)) + S(B + A, — ;’5(0{)) * LossRiski(ﬁ(a))),

where N 1s the total number of sensor configurations considered 1n the planning job,
C; =0orC; =1,Y;_, C; = 1, which means that only one sensor configuration will be selected.
Cost(sensor;) is the cost associated with the installation and deployment of the ith sensor
configuration. Cost(Perforation) is the cost of perforation. é is a step function with 6(x) =
1i1f x>0 and 6(x) =0 1f x < 0. Note that if p(a) < S + A,,, then this term does not
contribute to the cost Cost, since 6(p(a) —f — Ap) = 0. LossRisk;(p(a)) 1s a penalty

function which quantizes the potential loss of hydrocarbon production when the decision 1s not
to perform the perforation while the zone 1s actually productive.

High accuracy sensors can narrow the distribution of «a to facilitate the decision making
at a higher economic cost. As an example, graph 204 in FIG. 3B illustrates how sensor
selectton can be incorporated into the hydrocarbon exploration and production decision
process. In graph 204, four hydrocarbon volumetric ratio probability density curves are
represented. Curves a and d are simulated probability density functions using two different
types of sensors for the same formation. Suppose 5 + A, = 0.5, then according to criterion 1),
the same decision that perforation should be performed for this formation can be concluded
using either type of sensors, therefore 1t 1s better to choose the lower cost lower accuracy sensor
corresponding to curve d for the actual formation characterization task. If the probability
density curve of the formation corresponds to 4, and 5 + A; = 0.5, then according to criterion
2), the formation should not be perforated. If the probability density function correspond to
curve ¢, then criterion 3) may need to be used to decide whether to perforate the zone and which
sensor configuration should be used.

In the following technique, intermediate decision variables are determined using
multiple sensor measurements. This 1s a general problem that 1s encountered 1n hydrocarbon
exploration and production. In the perforation scenario, for example, the intermediate decision
variable could correspond to the location of a hydrocarbon formation as determined using

measurements from different types of downhole sensing tools.
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More specifically, estimators in the form of dynamic systems may be used to evaluate
certain properties of the downhole condition based on sensor measurement. For example,
consider a downhole condition property, which can be quantized by a real number, or an array
of real numbers Y, then the prediction of this property from the i sensor, referred to as Y;, can
be obtained from the following estimator with linear dynamics equations:

X;(k+1) =A;X(k)+ Bju;(k) + G;w; (k)
Yi(k) = C;X(k) + Dyu; (k)

The above dynamics equations are written 1n the discrete time domain, where k 1s the
index for the k" sampling time, X; is an array of a certain number real numbers, and are referred
to as states for the i" sensor. X; is an array of numbers containing n; elements. n; can be
different for different sensors. ¥; 1s a real number representing the prediction of the quantity of
interest given by i" sensor. 4;, B;, C;, and D; are matrices of appropriate dimensions. The
matrices A;, B;, C;, G;, and D; 1n the above equations can be designed to implement different
techniques, such as Kalman filter, Markov chain, or they can be generated by fitting the
measurement data. Note that the matrices A;, B;, C;, and D; may also depend on the relative
position between the individual sensors and the location of interest for well condition
assessment.

Note that the extension of above linear dynamics to the nonlinear case can be achieved
using techniques such as the Extended Kalman Filter (EKF), and the basic procedures of the
proposed method introduced below still follows.

When multiple sensors are used to estimate the same quantity Y, predictions from
individual sensors may be different from each other, and they may have different convergence
speed. Therefore, the decision regarding which sensor measurements to rely upon 1s not a trivial
decision. Also, the decision regarding how to combine available measurements 1s not a trivial
decision.

In order to address these challenges, at least some embodiments 1dentify a downhole
condition as follows:

1. Determine a quantity of the downhole condition that needs to be estimated.

2. Choose the set of sensors which should be used 1n the estimation. Let 5 = {1,2, ..., N}
denotes the set of selected sensors.

3. Determine the estimation using estimators for selected sensors, correlation matrices

and predetermined functions

Xi(k +1) = AiX (k) + Biu;(k) + Gw; (k) X jep,j=i Cij(V; — Vi) (1)

- 14 -
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Yi(k) = C;X(k) + Dyu;(k)
Y(k) = f(Y1(1),Y2(1), ..., Yy(1), Y4(2), Y2(2), ..., Yy (2), ..., Y1 (k), Yo (K), ..., Yy (k)
4. By comparing the individual estimations Y; with the consensus estimation Y and/or
other sensor’s estimates over a certain time period, which contains at least one
sampling time, determine whether some sensors are not functioning properly. If this 1s
the case, remove this sensor from the collection of selected sensors, and go back to
step 3. Otherwise, proceed to the next step.
5. Go to the next sampling time by increasing by one, and generate the estimation for the

next time step by going to step 3.

In at least some embodiments, a correlation matrix C 1s generated a prior1 based on the

distribution as well as the characteristics of the sensors. C 1s a matrix with elements O or a

th

positive real number. For the element at the m™ row and n column of the matrix C, which is

denoted as C,, ,, its value is determined by the extent to which the estimation of the m"™ sensor

is correlated to the estimation of the n™ sensor. A large value of C,,, represents a large

" sensor is strongly influenced by the estimation

correlation. In this case, the estimation of the m
of the n' sensor, while it is also driven by its own measurement u;. Note that the correlation
between two sensors are not required to be symmetric, 1.e., in terms of mathematical

formulation, C,, ,, 1s not required to be equal to C,, ,,,. This allows assigning different authorities

th

to different sensors depending on their type and quality. When the m"™ sensor and the n sensor

has no correlations, then C,,, , = 0.

Consider an example involving fiber optic sensors distributed on the same fiber optic
cable, the measurements of the sensors are naturally correlated by their locations along the
cable. In some cases, two sensors (sensors 1 and 2) are closer to each other than to another
sensor (sensor 3). Therefore, the estimation provided by each of sensors 1 and 2 should be
closer to each other than to the estimation provided by sensor 3. As an example, a correlation

and weighting matrix can be used as follows:

0 10 1
C=110 0 1|, (2)
1 1 0

which allows stronger correlation between sensors 1 and 2, and weaker correlation
otherwise. Note that the numbers in the above matrix are for illustration purpose only.
When multiple sensors are used to estimate a particular quantity of interest, and some

sensors operates on different physical principles, then the correlation between these sensors
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can be reduced to small number or zero to ensure that these sensors perform their estimation
tasks independently. For example, when sonic, density, neutron, or magnetic resonance logging
tools are used at the same time to probe the porosity of the formation, it 1s justifiable to reduce
or eliminate the correlation between these tools.

When some sensors are known to be more accurate than others, the correlation and
welghting matrix C can be set asymmetrically to capture such a difference of accuracy. The
more accurate sensors should be relied upon more than the less accurate ones to 1dentify a
downhole condition. Two approaches may be used for correlation and weighting as follows.
The first approach uses a function f(Y;(k), Y,(k), ..., Yx(k)) such that the accurate sensors will

have more influence on the value of the function. For example, when use

N
Y (k) = F(R00, 00, ., Y (R) = ) WiXi(k),

where W; are weighting factors assigned to different sensor estimations. The stronger
influence from more accurate sensors can be achieved by assigning higher weights W;. The
second approach 1s to use the estimations from more accurate sensors to directly influence the

th

estimation process of the less accurate sensors. For example, 1f the m"™ sensor more accurate

than the n'" sensor, then the elements in the weighting matrix C can be chosen such that C,, ,, <

h

Cy.m. such that the estimation of the m' sensor, Y,,,, is used to correct the estimation of the n"

sensor, but the estimation of the n™ sensor, Y,,, is less affected by the estimation of the n™

SEensor.

The topology information 1n the correlation and weighting matrix C can be visualized
using a graph composed of a vertex and an edge set. Each vertex in the vertex set corresponds
to a particular sensor. Each edge 1n the edge set correspond to a particular element in the
correlation and weighting matrix C.

An 1llustration of matrix C 1s represented 1n graph 302 of FIG. 4, which shows an
1llustrative optimal sensing options control and analysis block 15. Another graph 304,
corresponding to a collection of four sensors, 1s shown 1n FIG. 4. In graph 304, sensor 2 1s a
highly accurate sensor, therefore 1ts estimation 1s used to correct estimations of other sensors
by assigning high weighting factors to the corresponding edges (arrows in the plot).
Meanwhile, sensor 4 operates differently from sensors 1, 2, and 3, and provides a completely

independent estimation. The correlation and weighting matrix corresponding to graph 304 in

FIG. 4 1s shown below:
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0 10 10 O©
11 0 0 o0
C=11 0 o o
0 0 0 0

Note that 1n this discussion, the diagonal terms of the correlation and weighting matrix
are set as zeros. This 1s because the examples given correspond to scenarios where the sensors
do not perform self-correction. If self-correction 1s necessary, then these terms can be set as
other values.

As desired, information from different types of downhole sensing tools can be
considered together to 1dentify a downhole condition. By considering the measurements of
different types of downhole sensing tools together with appropriate correlation and weighting
values, the accuracy of 1dentifying a downhole condition 1s improved.

FIG. 5 1s a flowchart showing an illustrative method 400 for optimized downhole
condition i1dentification and response using different types of downhole sensing tools. As
shown, the method 400 comprises deploying different types of downhole sensing tools 1n a
borehole to 1dentify a downhole condition based on a predetermined downhole evaluation plan
that accounts from sensing tool availability and performance constraints (block 402). The
different types of downhole sensing tools can be deployed permanently (e.g., cemented 1n
place) or temporarily (e.g., via wireline, slick line, coiled tubing, casing string, etc.) in the
borehole. The timing of deployment operations can vary (downhole sensing tools can be
deployed at the same time or at different times). At block 404, measurements collected by the
different types of downhole sensing tools are analyzed together to identify the downhole
condition. For example, the measurements from the different types of downhole sensing tools
can be correlated and/or weighted to identify the downhole condition. At block 406, at least
one device performs an operation in response to the identified downhole condition. Example
operations performed 1n response to 1dentifying the downhole condition include perforation
operations (e.g., performed by a perforator) or other well completion operations, downhole
condition display operations (e.g., performed by an output device such as a computer monitor
or printer), and well intervention or well repair operations.

Embodiments disclosed herein include:

A: A system that comprises different types of downhole sensing tools deployed 1n a
borehole, wherein the different types of downhole sensing tools are optimized to identify a
downhole condition based on a predetermined downhole evaluation plan that accounts for
sensing tool availability and performance constraints. The system also comprises at least one

processing unit configured to analyze measurements collected by the different types of
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downhole sensing tools, wherein the collected measurements are analyzed together to 1dentify
the downhole condition. The system also comprises at least one device that performs an
operation in response to the identified downhole condition.

B: A method that comprises deploying different types of downhole sensing tools in a
borehole, wherein the different types of downhole sensing tools are optimized to i1dentify a
downhole condition based on a predetermined downhole evaluation plan that accounts for
sensing tool availability and performance constraints. The method also comprises analyzing,
by at least one processing unit, measurements collected by the different types of downhole
sensing tools, wherein the measurements are analyzed together to identify the downhole
condition. The method also comprises performing, by at one least device, an operation 1n
response to the identified downhole condition.

Each of the embodiments, A and B, may have one or more of the following additional
elements 1n any combination. Element 1: wherein the performance constraints including a cost
constraint, an accuracy constraint, a reliability constraint, and a time constraint. Element 2:
wherein the predetermined downhole evaluation plan 1s based on selection of one of a plurality
of different downhole evaluation plans. Element 3: wherein the selection 1s performed by a
user. Element 4: wherein the selection 1s performed based on minimizing an objective function.
Element 5: wherein the predetermined downhole evaluation plan 1s based on a model that
correlates different combinations of downhole sensing tools with intermediate decision
variables. Element 6: wherein the at least one processing unit analyzes the measurements
together to 1dentify the downhole condition based on a predetermined correlation matrix.
Element 7: wherein the at least one processing unit analyzes the measurements together to
1dentify the downhole condition based on a predetermined weighting matrix. Element 8:
wherein the at least one device comprises a perforator. Element 9: wherein the at least one
device comprises an output device that displays a representation of the downhole condition.
Element 10: wherein some of the different downhole sensing tools are permanently installed in
the borehole. Element 11: wherein some of the different downhole sensing tools are
temporarily deployed 1n the borehole.

Element 12: wherein the performance constraints include a cost constraint, an accuracy
constraint, a reliability constraint, and a time constraint. Element 13: wherein the
predetermined downhole evaluation plan 1s based on selection of one of a plurality of different
downhole evaluation plans. Element 14: wherein the predetermined downhole evaluation plan
1s based on a model that correlates different combinations of downhole sensing tools with

intermediate decision variables. Element 15: wherein said analyzing the measurements
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together to 1dentity the downhole condition 1s performed based on a predetermined correlation
and weighting matrix. Element 16: wherein the at least one device comprises a perforator
deployed 1n the borehole. Element 17: wherein some of the different types of downhole sensing
tools are permanently installed 1n the borehole. Element 18: wherein some of the different types
of downhole sensing tools are temporarily deployed 1n the borehole.

Numerous other variations and modifications will become apparent to those skilled in
the art once the above disclosure 1s fully appreciated. It 1s intended that the following claims

be interpreted to embrace all such variations and modifications where applicable.
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CLAIMS

WHAT IS CLAIMED IS:
1. A system that comprises:

different types of downhole sensing tools deployed 1n a borehole, wherein the different
types of downhole sensing tools are optimized to identify a downhole condition based on a
predetermined downhole evaluation plan that accounts for sensing tool availability and
performance constraints;

at least one processing unit configured to analyze measurements collected by the
different types of downhole sensing tools, wherein the collected measurements are analyzed
together to 1dentify the downhole condition; and

at least one device that performs an operation in response to the identified downhole
condition.
2. The system of claim 1, wherein the performance constraints including a cost constraint, an
accuracy constraint, a reliability constraint, and a time constraint.
3. The system of claim 1, wherein the predetermined downhole evaluation plan 1s based on
selection of one of a plurality of different downhole evaluation plans.
4. The system of claim 3, wherein the selection 1s performed by a user.
5. The system of claim 3, wherein the selection 1s performed based on minimizing an objective
function.
6. The system of claim 1, wherein the predetermined downhole evaluation plan 1s based on a
model that correlates different combinations of downhole sensing tools with intermediate
decision variables.
7. The system according to at least one of claims 1 to 6, wherein the at least one processing
unit analyzes the measurements together to identify the downhole condition based on a
predetermined correlation matrix.
8. The system according to at least one of claims 1 to 6, wherein the at least one processing
unit analyzes the measurements together to identify the downhole condition based on a
predetermined weighting matrix.
9. The system according to at least one of claims 1 to 6, wherein the at least one device
comprises a perforator.
10. The system according to at least one of claims 1 to 6, wherein the at least one device
comprises an output device that displays a representation of the downhole condition.
11. The system according to at least one of claims 1 to 6, wherein some of the different

downhole sensing tools are permanently installed in the borehole.
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12. The system according to at least one of claims 1 to 6, wherein some of the different

downhole sensing tools are temporarily deployed 1n the borehole.

13. A method that comprises:

deploying different types of downhole sensing tools in a borehole, wherein the different
types of downhole sensing tools are optimized to 1dentify a downhole condition based on a
predetermined downhole evaluation plan that accounts for sensing tool availability and
performance constraints;

analyzing, by at least one processing unit, measurements collected by the different types
of downhole sensing tools, wherein the measurements are analyzed together to 1dentify the
downhole condition; and

performing, by at one least device, an operation in response to the identified downhole
condition.
14. The method of claim 13, wherein the performance constraints include a cost constraint, an
accuracy constraint, a reliability constraint, and a time constraint.
15. The method of claim 13, wherein the predetermined downhole evaluation plan 1s based on
selection of one of a plurality of different downhole evaluation plans.
16. The method of claim 13, wherein the predetermined downhole evaluation plan 1s based on
a model that correlates different combinations of downhole sensing tools with intermediate
decision variables.
17. The method according to at least one of claims 13 to 16, wherein said analyzing the
measurements together to 1dentify the downhole condition 1s performed based on a
predetermined correlation and weighting matrix.
18. The method according to at least one of claims 13 to 16, wherein the at least one device
comprises a perforator deployed 1n the borehole.
19. The method according to at least one of claims 13 to 16, wherein some of the different
types of downhole sensing tools are permanently installed 1n the borehole.
20. The method according to at least one of claims 13 to 16, wherein some of the different

types of downhole sensing tools are temporarily deployed 1n the borehole.
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