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AUTOMATIC ANALYSIS OF DRILL STRING DYNAMICS

CLAIM OF PRIORITY
[0001] This application claims priority to U.S. Patent Application No.
16/936,878 filed on July 23, 2020, the entire contents of which are hereby incorporated

by reference.

TECHNICAL FIELD
[0002] This disclosure relates to automatic analysis of well equipment

dynamics, for example, a drill string being run into a well.

BACKGROUND
[0003] Drill rigs are used for drilling and producing hydrocarbons from a well,
and include a large number of components and tools that perform complex and often
time-consuming operations. Drilling a well is a challenging procedure due to the
inability to see the trajectory of the well, rock formations, and the harsh environment
downhole. These factors and the many uncertainties and variables during a drilling

operation on a rig creates a dynamic drilling process.

SUMMARY

[0004] One of the primary activities during a drilling operation is the breaking
of subterranean rocks to deepen a wellbore. In this activity, it is important to select a
bottom hole assembly (BHA) configuration and drilling parameters (for example,
weight on bit (WOB), gallons per minute (GPM), and rotations per minute (RPM)) that
achieve efficient drilling operations while preserving the integrity of downhole
components of the drilling system. Lateral, axial, and tangential vibrations and stick-
slip on a drill string are among the unwanted effects during a drilling operation. These
effects are the result of a combination of the multiple components and physics, and may
be avoided by using drilling parameters outside of the harmonic frequencies of the
drilling system.

[0005] In one existing approach, surface drilling parameters, such as stand pipe
pressure (SPP), WOB, RPM, hook load, and hook height, are used to approximate the
behavior of downhole drilling parameters. In theory, these drilling parameters can be

used to determine downhole conditions in order to approximate downhole vibrations.
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However, the noisy nature of the surface drilling data and lack of standardization makes
this a challenging task. In another existing approach, downhole sensors are utilized to
directly monitor downhole conditions. However, the data collected by these sensors are
not available for real-time applications because it is not possible to transmit all the
downhole data through mud pulses or because of a lack of wired pipe. Furthermore,
manual selection of the drilling parameters during drilling is a challenging task as the
parameters depend on various geological factors (for example, lithology), mechanical,
and physical factors (for example, type of the drilling bit, BHA, among others).

[0006] Aspects of the subject matter described in this specification may be
embodied in methods that include the actions of: capturing, using an image sensor
directed at a drilling system, an image feed of movement of a component of the drilling
system with respect to a vertical reference line; converting the image feed into a digital
representation of the movement of the component, the digital representation including a
number of offset pixels from the component to the vertical reference line in the image
feed; converting the digital representation into a machine learning (ML), the ML
representation including a plurality of vectors each including the number of offset pixels
from the component to the vertical reference line at a respective time; training a ML
model using the ML representation to characterize the movement of the component as
normal or abnormal; and using the trained ML model to characterize the movement of
the component in real-time as normal or abnormal.

[0007] The previously-described implementation is applicable using a
computer-implemented method; a non-transitory, computer-readable medium storing
computer-readable instructions to perform the computer-implemented method; and a
computer system including a computer memory interoperably coupled with a hardware
processor configured to perform the computer-implemented method or the instructions
stored on the non-transitory, computer-readable medium. These and other embodiments
may each optionally include one or more of the following features.

[0008] In some implementations, the image sensor includes a network of image
sensors arranged about the drilling rig at respective angles, and the image feed includes
a plurality of image feeds capturing the movement of the component from a plurality of

angles.
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[0009] In some implementations, each vector of the ML representation includes
an indication of offset pixels from the component to the vertical reference line in the
plurality of image feeds at the respective time.

[0010] In some implementations, the component is a drill string, and capturing,
using the image sensor, the image feed of the movement of the component includes
capturing the movement of the drill string with respect to the vertical reference line at a
plurality of predetermined survey points along the vertical reference line.

[0011] In some implementations, characterizing the movement of the
component in real-time as abnormal includes characterizing the movement as stick-slip,
axial vibration, tangential vibration, or lateral vibration.

[0012] In some implementations, the component is a drilling rig, and
characterizing the movement of the component in real-time as abnormal includes
characterizing the movement as a rig misalignment or a derrick misalignment.

[0013] In some implementations, the method further includes training the ML
model using the image feed to characterize drilling operations, lithology changes, and
kick off points in real-time.

[0014] In some implementations, the ML representation is further based on
drilling surface parameters of the drilling rig.

[0015] In some implementations, the method further includes in response to
characterizing movement of the component in real-time as abnormal, performing a
remedial action.

[0016] In some implementations, the remedial action includes displaying a

representation of the abnormal movement on the control panel.

[0017] In some implementations, the remedial action includes triggering an
alarm.
[0018] In some implementations, the remedial action includes controlling the

drilling system to adjust a drilling parameter, perhaps while drilling a wellbore.

[0019] In some implementations, the method further includes in response to
characterizing movement of the component in real-time as abnormal, transmitting a
signal to drive a controllable device. In some implementations, the controllable device
is in a remote location (for example, in a location that is not local to the rig). For
example, the controllable device is in a control room. In some implementations, the

controllable device includes a control panel in a control room, and the signal can drive
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the control panel to display a representation of the abnormal movement. In some
implementations, the controllable device includes an alarm (remote or local), and the
signal can trigger the alarm (audio or visual). In some implementations, the controllable
device includes a running tool that is running the drill string into or out of the well, and
the signal causes the drill string to adjust a rate at which the running tool is running the
drill string into or out of the well

[0020] The subject matter described in this specification can be implemented to
realize one or more of the following advantages. Downhole components and drilling
parameters should be carefully selected before and during drilling operations to improve
the efficiency and safety of drilling operations. Current drilling operations rely
primarily on the individual expertise of drillers that make decisions on a drilling rig.
The types of decision that can be made by such drillers is limited. Conversely, the
disclosed system performs real-time analysis of drill string dynamics to facilitate prompt
identification of: lateral vibrations (whirl, shock), axial vibrations (bit bounce),
tangential vibrations (high frequency torsional oscillations), stick-slip, drilling rig
alignment (sinking drilling rig due to fractured/uneven foundation lithology), drilling
operations (for example, drilling, stationary drill string, reaming, tripping in, and
tripping out), tripping out/in speed for swab and surge analyses, lithology identification,
and kick off point for deviated wells.

[0021] Furthermore, the disclosed system mitigates unwanted drill string
dynamics, thereby avoiding events such as: drill string fatigue, stabilizer blade or collar
outer diameter damage, damaged shoulder and drill bit cutters, reduced rate of
penetration (ROP), over-gauged hole, drill bit damage (chipped or broker cutters), drill
bit bearing failures, BHA component failures, BHA component damage, electronic
failures, loss of steering control, reduced logging while drilling (LWD) measurement
quality, and wellbore path deviation.

[0022] The processes performed by the system facilitate a successful, efficient,
and safe drilling of a well into a target hydrocarbon reservoir and provide real-time
updates on drilling efficiency, and any encountered or predicted challenges. Further, the
system can be utilized to improve the way raw data is extracted from sensors, analyzed
and turned into useful information. This can then be leveraged with the knowledge and
experience of drilling engineers to optimize drilling operations. Further, the system can

automate and optimize drilling operations by predicting, mitigating, or preventing major

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

challenges, such as, drill string fatigue, damage and failure of the downhole components,
reduced ROP, wellbore quality, among others.

[0023] The details of one or more implementations of the subject matter of this
specification are set forth in the Detailed Description, the accompanying drawings, and
the claims. Other features, aspects, and advantages of the subject matter will become

apparent from the description, the claims, and the accompanying drawings.

DESCRIPTION OF DRAWINGS
[0024] FIG. 1 illustrates a schematic view of an example monitoring system,

according to some implementations of the present disclosure.

[0025] FIG. 2 illustrates a workflow for training and testing an artificial
intelligence model for the characterization of drill string dynamics, according to some
implementations of the present disclosure.

[0026] FIGs. 3A, 3B, and 3C illustrate an example process for characterizing
drill string dynamics, according to some implementations of the present disclosure.

[0027] FIG. 4 illustrates a block diagram of an example recommendation
system, according to some implementations of the present disclosure.

[0028] FIG. 5 illustrates a machine learning representation that combines drill
string offset encoding and surface drilling parameters, according to some
implementations of the present disclosure.

[0029] FIGs. 6A, 6B, and 6C illustrate an example process of characterizing rig
alignment, according to some implementations of the present disclosure.

[0030] FIG. 7 illustrates a flow chart of an example process, according to some
implementations of the present disclosure.

[0031] FIG. 8 illustrates a schematic view of a rig system, according to some
implementations of the present disclosure.

[0032] FIG. 9 illustrates a block diagram of an example computing system,

according to some implementations of the present disclosure.

DETAILED DESCRIPTION
[0033] This disclosure describes a monitoring system that performs intelligent
monitoring and characterization of: (i) well components of a drilling rig, (ii) current
operations of the drilling rig, and (iii) lithology of a formation into which the drilling rig

is drilling a wellbore. In particular, the monitoring system performs autonomous image-
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based characterization of drill string dynamics and rig alignment in real-time. In this
system, artificial intelligence (Al) models are trained and utilized to perform the image-
based characterization. Other embodiments of the system may consist of only image
processing algorithms (such as, background subtraction, centroid identification, and
integral image algorithm, among others) or a combination of such techniques and Al
algorithms. Additionally, the monitoring system generates automatic and real-time
drilling recommendations, for example, to mitigate unwanted drilling dynamics or rig
misalignments. In some examples, the monitoring system autonomously acts based on
the drilling recommendation. In this disclosure, the term “real-time” can correspond to
events that occur within a specified period of time, such as within one minute, within
one second, or within milliseconds.

[0034] In an embodiment, the monitoring system is an internet of things (IoT)
platform that is deployed on a drilling rig. The system includes smart, waterproof, high-
resolution, wireless cameras, or other image sensors, for capturing image streams of the
drilling rig. Additionally, the system includes computing hardware and software based
on Al models (for example, machine learning (ML) and deep learning (DL) models) for
processing the captured image streams. The system serves as the foundation for
enabling analysis of new sensors and data streams in real-time to provide advanced
solutions for improving drilling operations.

[0035] To perform autonomous characterization of drill string dynamics in real-
time, the monitoring system uses an image sensor, or a network of image sensors, to
observe dynamics of a drill string at the surface. The monitoring system combines
surface drilling parameters and the observed dynamics to train Al models to perform the
characterization of drill string dynamics in real-time. In some examples, the Al models
are trained using image streams of drill strings from one or more wells. The models are
then used to accurately identify unwanted drill string vibrations based on image feeds
from image sensors that are monitoring drill strings in the field.

[0036] To perform autonomous characterization of rig alignment of a drilling
rig, the monitoring system uses another image sensor, or another network of image
sensors, to observe a drilling rig. The monitoring system uses the image stream captured
by the image sensor to identify a rig alignment condition, such as rig or derrick

misalignment.
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[0037] The monitoring system also determines and performs corrective actions
to mitigate identified unwanted drill string dynamics or rig alignment conditions. For
example, the monitoring system can mitigate unwanted drill string dynamics, such as,
vibrations and stick slip, by adjusting drilling parameters, such as weight on bit (WOB)
and rotations per minute (RPM) of a drilling bit.

[0038] Additionally, the monitoring system can monitor and characterize
operations and lithology based on image streams from image sensors at a drilling rig.
The operations include drilling operations, such as rotary drilling, sliding drilling,
stationary drill string, reaming, tripping in, tripping out, and tripping out/in speed for
different analyses including swab and surge. Lithology characterization includes
identification of formation tops and identification of a kick-off point for deviated wells.

[0039] Within examples, the unwanted drill string dynamics that can be
identified by the monitoring system include lateral vibrations (for example, whirl and
shock), axial vibrations (for example, bit bounce), tangential vibrations (for example,
high frequency torsional oscillations), stick-slip, drilling rig misalignment (for example,
due to movement caused by derrick vibrations), and sinking drilling rig (for example,
due to fractured lithology or weak foundation supporting the rig). The lateral vibrations
can cause drill string fatigue, BHA impact damage and component failure, stabilizer
blade or collar outer diameter damage, damaged shoulder and drill bit cutters, reduced
rate of penetration (ROP), and an over gauged hole. The axial vibrations can cause drill
bit damage (for example, chipped or broker cutters), drill bit bearing failures (for
example, tri-cone bits), and BHA component failures. The tangential vibrations can
cause BHA component damage and electronic failures. Stick-slip can cause reduced
ROP, loss of steering control, and reduced logging while drilling measurement quality.
Misalignment of the drilling rig can cause interruption of operations, excessive friction
at the surface casing/rotary table/blowout preventers (BOPs), surface equipment
damage, and complications on the pipe handling operations. And the drilling rig sinking
can cause a high risk of rig collapse and other safety issues.

[0040] FIG. 1 illustrates an example monitoring system 100 for monitoring a
drilling rig 118, according to some implementations. The drilling rig 118 may be similar
or identical to rig system 800 of FIG. 8. As shown in FIG. 1, one or more elements of
the monitoring system 100 are installed in proximity of the drilling rig 118. As also

shown in FIG. 1, the monitoring system 100 includes an image sensor installation 102

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

that is communicatively coupled to an edge gateway 106 vianetwork 104. The network
104 may include wired connections, wireless connections, or both. The image sensor
installation 102 includes one or more image sensors that capture one or more image
feeds of the drilling rig. The image sensor installation 102 provides the captured image
feeds to the edge gateway 106 via the network 104. The edge gateway 106 receives and
processes the image feeds in order to perform intelligent monitoring, characterization,
and control of well components on the drilling rig.

[0041] In an embodiment, the image sensor installation 102 includes image
sensors 108, 110 that each capture a respective image feed of one or more components
of the drilling rig 118. Specifically, the image sensor 108 captures an image feed of
components associated with drilling dynamics, and the image sensor 110 captures an
image feed of components associated with rig alignment. The image sensors 108, 110
can take a variety of forms. For example, the image sensors 108, 110 can include
cameras, such as cameras that are smart, waterproof, high-resolution, wireless, or a
combination of these features. The image sensors 108, 110 can also include a charge-
coupled device (CCD) camera, a machine vision camera, a CCD machine vision camera,
a digital camera, an infrared camera, an x-ray camera, a thermal camera, an acoustic
camera, an ultraviolet camera, an ultrasonic imaging camera, a magnetic resonance
imaging (MRI) camera, a gamma ray camera, computed tomography (CT) scanner, a
point cloud scanner, a laser scanner, a LIDAR scanner, or a combination of these. In
some examples, the image sensors 108, 110 include optical filters, such as ultraviolet
(UV) filters, infrared (IR) filters, or a combination of these, or other filter types. The
image sensors 108, 110 can have a resolution that is sufficient for identifying
components with sizes on the order of approximately 50 micrometers (mm).

[0042] In an embodiment, the image sensor 108 performs a non-invasive image
capture of drill string dynamics and provides the image feed to the edge gateway 106.
As shown in FIG. 1, the image sensor 108 is mounted, for example, on a drilling beam
114. In one example, the field of view of the image sensor 108 on a drill string 120 is
greater than 20 feet (ft). The image sensor 108 may have other field of views as well.
Further, while the monitoring system 100 shows only one image sensor 108 for
capturing drill string dynamics, the monitoring system 100 can include more than one
image sensor, such as a plurality of cameras positioned on the drilling beam 114 or about

the drill string component. Note that the image sensor 108 can be disposed anywhere
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about the drilling rig 118, given that the image sensor 108 is directed at the drill string

120 to provide the image feed of the drill string 120. In some implementations, the
image sensor 108 is mounted on a movable support that can move and position the image
sensor 108, for example, to follow a particular component over multiple views or during
movement of the component, switch from one component to another, or a combination
of these.

[0043] In an embodiment, the image sensor 110 performs a non-invasive image
capture of rig alignment and provides the image feed to the edge gateway 106. As shown
in FIG. 1, the image sensor 110 is mounted, for example, on an external structure 116
that is not attached to the drilling rig 118. While the monitoring system 100 shows only
one image sensor 110 for capturing rig alignment, the monitoring system 100 can
include more than one image sensor, such as a plurality of cameras positioned on the
external structure 116. Note that the image sensor 110 can be disposed anywhere about
the drilling rig 118, given that the image sensor 110 is directed at the drilling rig 118 to
provide an image feed of the drilling rig 118. In some implementations, the image sensor
110 is mounted on a movable support that can move and position the image sensor 110,
for example, to follow a particular component over multiple views or during movement
of the component, switch from one component to another, or a combination of these.

[0044] In some embodiments, the monitoring system 100 includes an audio
sensor in addition to or instead of the image sensor installation 102. The audio sensor
can capture audio and provide an audio feed to the edge gateway 106. In some
implementations, the edge gateway 106 can process the audio feed from the audio sensor
in conjunction with the image feeds from the image sensor installation 102 to identify
one or more properties or components of the drilling rig 118.

[0045] In an embodiment, the edge gateway 106 is positioned onsite, or locally,
on the drilling rig 118, and operates as an edge/fog computing system. As such, the
edge gateway 106 includes computing components located onsite, in that the computing
components that perform the analysis of the image feeds from the image sensor
installation 102 are located locally on the drilling rig 118. This edge/fog computing
setup of the edge gateway 106 localizes processing and analysis at the edge gateway
106, for example, without the need for transferring information and data or outsourcing
analysis to a remote computing system in order to function. The edge gateway 106

includes one or more processors and a computer-readable storage medium used in the
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reception and analysis of the input from the image sensor installation 102, as described
in more detail later. For example, the edge gateway 106 can be a computer, a processing
board, a programmable logic gateway, an edge/fog computer, or any suitable computing
device with input and output capabilities.

[0046] In an embodiment, the edge gateway 106 receives respective image feeds
from one or more image sensor installations 102 at one or more wells. One type of
image feed, for example, from the image sensor 108, captures drill string dynamics at a
drilling rig 118. In particular, this image feed captures motion patterns of the drill string
at different fixed survey points. The edge gateway 106 uses this image feed to analyze
the motion patterns of the drill string 120 at the different fixed survey points. Based on
the analysis, the edge gateway 106 identifies a number of offset pixels from the drill
string 120 relative to a fixed reference vertical line at different heights. An Al model
then uses the number of offset pixels to determine whether an unwanted drill string
dynamic is occurring at that well. Note that, as described herein, the Al model may be
generated based on image feeds from one or more image sensor installations at one or
more wells.

[0047] Another image feed, for example, from the image sensor 110, captures
an alignment of a drilling rig 118 at a well. The edge gateway 106 uses this image feed
to compare an orientation of a rig mast to a fixed vertical reference line. Based on the
comparison, the edge gateway 106 can identify a rig alignment condition. In an
example, the edge gateway 106 identifies the rig alignment condition by determining
that the difference between the orientation of the rig mast and the fixed vertical reference
line is greater than a threshold. The rig misalignment may be due to movement caused
by derrick vibrations, sinkholes, or weak foundation supporting the drilling rig.

[0048] The edge gateway 106 can also propose (and in some example, act on) a
fix or reaction for the identified condition in real-time. Real-time, for example, can
mean that the image feeds are provided continuously and instantaneously from the image
sensor installation 102 to the edge gateway 106, and the identification and determination
of a particular condition occurs instantaneously or nearly instantaneously.

[0049] As described, the edge gateway 106 receives image feeds from image
sensor installation 102. The edge gateway 106 is configured to process and analyze the
image feeds in order to identify one or more conditions of the drilling rig 118. The

processing and analysis of the image feeds can include identifying a number of offset

10

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

pixels from the drill string, the drill mast, or both, to respective reference lines. Then,
based on the comparison, the edge gateway 106 determines a drill string dynamic
condition or a rig alignment condition. Based on this determination, the edge gateway

106 can prompt an automation rule. The automation rule can vary and can include
sending a signal or instructions to drive a controllable device, as described in greater
detail later. In some instances, the edge gateway 106 can propose, act on, or both
propose and act on a proactive, preventative action. As an example, the edge gateway
106 can display the actionable items or recommendations on a display 112 in real-time
for a rig crew. Additionally, the actionable items or recommendations can be sent to
headquarters via a satellite. As another example, the edge gateway 106 can adjust
drilling parameters, such as WOB and RPM of a drilling bit.

[0050] In some embodiments, the edge gateway 106 processes and analyzes the
image feeds in order to characterize operations of the drilling rig 118 and lithology of a
subterranean formation in which the drilling rig 118 is drilling a wellbore. For example,
the edge gateway 106 uses the image feeds to characterize drilling operations (for
example, rotary drilling, sliding drilling, stationary drill string, reaming, tripping in, and
tripping out) and for tripping out/in speed for different analyses including swab and
surge. In order to characterize the drilling operations, the edge gateway 106 may analyze
image feeds (for example, from image sensors 108, 110 or other sensors) to monitor one
or more components associated with the drilling operations. For example, the position
of drill string tool joints can be monitored during drilling operations.

[0051] Additionally, the edge gateway 106 can use the image feeds along with
the drilling parameters (WOB, ROP, and hook load, among others) to identify formation
tops and a kick-off point for deviated wells. Traditionally, the sudden changes in ROP
or the inverse ROP have been used to identify formation top changes during drilling
operations. However, these changes may occur due to factors other than the formation
tops, such as, drilling bit condition, drill string vibrations, and improper hole cleaning,
among others. The disclosed system uses the drilling parameters in conjunction with
the video captured by the camera 108 to discriminate between changes in drill string
behavior and ROP due to unwanted vibrations, changes in formation tops, or kick off
points.

[0052] The edge gateway 106 can include one or more applications that can be

run to cause the edge gateway 106 to perform various operations. The onsite edge
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gateway 106 can acquire data from the one or more sensors, and the data can be sent to
a process layer, where one or more processing operations can be performed. For
example, the processing operations in the process layer can include analog signal
processing, digital signal processing, image/video processing, pattern recognition, edge
detection, wavelet transform processing, pixelated processing, texture processing,
component-based approach connectivity operations, principal component analysis,
independent component analysis, descriptors based methods, linear filtering, anisotropic
diffusion operations, grey-level segmentation, image thresholding, spatial domain
filtering, frequency domain filtering, or any combination of these operations. The
processed data from the process layer can be sent to an analysis module. The analysis
module can perform one or more analysis operations. For example, the analysis
operations in the analysis module can include Al algorithms, including unsupervised
learning, ML, and/or DL, based on outlier detection, failure, or prediction models. Such
algorithms can be based on data-driven models, physics models, or models that are both
physics- and data-driven. The analysis operations are performed to identify patterns in
the data. Predictions can be made from the identified patterns to mitigate or prevent
problems, for example, associated with drill string dynamics or rig alignment. The
acquired data, processed data, results from the processing operations, results from the
analysis operations, or a combination of these can be stored on the edge gateway 106.

[0053] The edge gateway 106 can communicate with and actuate other
components of the drilling system. For example, the edge gateway 106 can
automatically initiate an intervention action on the rig system or provide a notification
to an operator to instruct the operator to perform a manual intervention action on the rig
system. The edge gateway 106 can transmit a signal to actuate a component of the rig
system (for example, raise an alarm or suggest a recommendation to increase or reduce
any drilling parameter, such ROP, WOB, and flow rate, among others). The edge
gateway 106 can transmit a signal to initiate drilling dynamics operations or
measurements. The edge gateway 106 can transmit a signal to initiate, change, or stop
drilling hydraulics operations or measurements. The edge gateway 106 can transmit a
signal to raise a warning, an alarm, trip a safety mechanism, or trigger another health
and safety-related action. The edge gateway 106 can transmit a signal to improve
drilling optimization, automation, or both. For example, the edge gateway 106 can

provide a parameter used in drilling optimization, automation, or both. In some

12

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

implementations, one or more parameters can be transmitted to the edge gateway 106
from one or more components of the rig system to improve operations and calculations
performed by the edge gateway 106. In some examples, operations and calculations
performed by the onsite edge gateway 106 occur locally on the drilling rig 118.

[0054] In some embodiments, the edge gateway 106 can be communicatively
coupled to a cloud. The cloud can be used to store data acquired by the edge gateway
106. The cloud can be used to store large amounts of data, for example, terabytes of
data as well as to perform more computational demanding analyses, such as finite
element analysis or similar. Various operations can be performed in the cloud separately
from the edge gateway 106. For example, Al algorithms, ML/DL models, big data
analytics, or any combination of these can be performed in the cloud. In some
implementations, one or more optimization parameters can be determined by any one or
more of such operations, and the one or more optimization parameters can be transmitted
to the edge gateway 106 to improve operations and calculations performed by the edge
gateway 106. The operations performed in the cloud need not occur locally on the rig.

[0055] FIG. 2 illustrates a workflow 200 for training and testing an Al model for
characterizing drill string dynamics, according to some implementations. For clarity of
presentation, the description that follows generally describes the workflow 200 in the
context of the other figures in this description. For example, the workflow can be
performed by the computer system 900 shown in FIG. 9. However, it will be understood
that the workflow 200 may be performed, for example, by any suitable system,
environment, software, and hardware, or a combination of systems, environments,
software, and hardware, as appropriate. In some implementations, various steps of the
workflow 200 can be run in parallel, in combination, in loops, or in any order.

[0056] As shown in FIG. 2, the workflow 200 is split into two phases: a training
phase 202 and a testing phase 204. The training phase 202 involves training an
AI/ML/DL model, and the testing phase 204 involves testing, utilizing, and refining the
AI/ML/DL model.

[0057] The training phase 202 starts at step 206. At step 206, one or more than
one image sensor at one or more wells records image feeds of one or more drill strings.
The image sensors may be similar or identical to image sensor 108 of FIG. 1, which is
configured for capturing drill string dynamics. In FIG. 2, respective image sensors at »

wells record respective drill strings at the wells, where n is a positive integer. As
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described previously, an image sensor captures images or live video of a drill string in
an image feed. The image feed from each of the image sensors at the one or more wells
is stored in a database 203 for processing. The database 203 may, for example, be
included in an edge gateway (not illustrated in FIG. 2).

[0058] At step 208, image and pixelation techniques are used, by a computing
device (for example, the edge gateway 106), to convert the drill string behavior captured
by each of the image feeds into a digital representation. In particular, the computing
device encodes each image feed into samples defined by offset pixels and assigned drill
string dynamic or operation labels.

[0059] FIGs. 3A, 3B, and 3C illustrate an example process for characterizing
drill string dynamics, according to some implementations. As shown in FIG. 3A, an
image sensor 302 captures an image feed of a drill string 304. The image sensor 302
captures drill string behavior along one or more survey points, such as survey point 306.
In this example, there are nine survey points. At each of the survey points, the image
sensor 302 captures offset pixels of the drill string 304 from a reference vertical line
312. Although this example uses one image sensor and nine survey points, it is possible
to use multiple image sensors and a different number of survey points, perhaps at
different fixed heights.

[0060] In an embodiment, the computing device uses image and pixelation
techniques to convert the behavior of the drill string 304 at each time step # into a digital
representation 310 shown in FIG. 3B. The digital representation 310 plots a number of
offset pixels from the reference vertical line 312 at each of the survey points. As shown
in FIG. 3B, the digital representation 310 plots the number of offset pixels at each of the
nine survey points. The digital representation 310 is then converted to a ML
representation.

[0061] FIG. 3C illustrates a ML representation 314 that is converted from the
digital representation 310. In an example, the digital representation 310 is converted to
the ML representation 314 by generating, for each 7, a vector of length equal to the
number of survey points. The vector represents the number of offset pixels relative to
the reference vertical line 312 at each survey point. Therefore, the vector containing the
offset pixels at t represents a sample Sw, such that S;,, = {x1, Xy, ..., X, }: ¥, Where x;
represent negative/positive pixel offsets at the survey points. Furthermore, each sample

is assigned a label from y € {drillingOperation,stick-slip,axial,tangential lateral}. Each
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label in the set is indicative of a particular drill string dynamic or operation. In the case
where multiple image sensors are used to capture multiple angles of the drill string, a
sample S;,, is defined as:
Sin = {of fset pixels camera #1} U {of fset pixels camera #2} U
..{offset pixels camera #m}: y,, Equation (1)
In Equation (1), m refers to the number of image sensors.

[0062] In some embodiments, the information or features extracted from an
image sensor are synchronized with other sensors at the rig, such as, drilling surface
parameters (for example, WOB, torque [TQ], stand pipe pressure [SPP], mud flow out
[FLOUT], mud flow in — [FLWIN], revolution per minute [RPM], among others),
downhole data (for example, logging while drilling [LWD] and measurement while
drilling [MWD)]), and any other sensor at the rig, to enable other applications.

[0063] FIG. 4 illustrates a ML representation 400 that combines drill string
offset encoding and surface drilling parameters, according to some implementations. As
shown in FIG. 4, the ML representation 400 includes vectors of offset pixels for n survey
points 402 and vectors of surface drilling parameters 404. At each time 2, the ML
representation 400 is a string that includes a vector of the offset pixels for # survey points
at tn and a vector of the surface drilling parameters at 2. Each string is assigned a label
that is indicative of whether the string is indicative of normal operations or a particular
dysfunction. The ML representation 400 may then be used for training a supervised
AI/ML/DL model that can determine whether a drilling dysfunction is occurring based
on image data, surface drilling parameters, or both.

[0064] In some embodiments, the ML representations, such as representation
314 of FIG. 3C and representation 400 of FIG. 4, are used as input for training supervised
learning models. In other embodiments, unsupervised learning algorithms, such as,
clustering, principal component analysis, among others, may be wused for
anomaly/outlier detection. In such embodiments, the unsupervised models would
discriminate the vectors with normal operations from those with any kind of dysfunction
or aberrant drill string behavior.

[0065] Returning to FIG. 2, the input image stream is processed using one of
two modes: (i) a still “Snapshot™ mode or (i) a continuous recording live “Video” mode.
In Snapshot mode, frames or snapshots of the image stream are taken every few seconds.

The number of frames or snapshots taken may depend on processing speed. In an
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example, six samples per minute are captured. In “Video” mode, continuous recording
and analysis is performed.

[0066] Step 210 corresponds to Snapshot mode. As shown in FIG. 2, Snapshot
mode involves training both supervised models (for example, artificial neural networks,
support vector machines, decision trees, among others) and unsupervised models (for
example, any clustering method, and principal component analysis, among others).

[0067] In supervised training or learning 212, for each type of drill string
dysfunction, a set of images are encoded into a ML representation to train a ML or DL
model. As such, the ML/DL model is derived by using a set of images that have been
converted into a digital representation from labeled dysfunctional and normal operation
conditions. In particular, as described in FIGs. 3A-3C, each vector in the ML
representation is assigned a label, such as a stick-slip, type of vibration (for example,
lateral vibrations and tangential vibrations), type of operation (for example, normal
operation and dysfunctional operation), or some combination of these. In some
examples, multiclass ML/DL models are trained to classify lateral vibrations, tangential
vibrations, stick-slip, axial vibrations, and normal operations. These models
discriminate normal drill string behavior from unwanted drill string dynamics.

[0068] In unsupervised training or learning 214, unlike in supervised learning
212, the vectors indicative of the digital representation of the drill string are not
associated with any labels. The ML/DL models are trained to learn the drill string
behavior during normal operations and, therefore, are able to detect outliers or aberrant
behavior of the drill string dynamics.

[0069] Step 216 corresponds to Video mode. This step is used for training
ML/DL models with memory (for example, long-short term memory networks,
recurrent neural networks, among others) using supervised learning 218. More
specifically, for each type of drill string dysfunction, a ML/DL model with memory is
used to identify the drill string behavior with respect to time. As opposed to Snapshot
mode 210, the ML/DL models for video processing do not consider the images as
individual photos. Rather, ML/DL with memory consider the photos as a video by
looking at the images in a sequence. These sequences of images may be used to more
accurately identify the axial vibrations, which are characterized by bit bouncing.
Although the models are unable to see the drilling bit, the tools joints or connections

may be used by the model as a reference to detect the bouncing of the pipe with respect
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to time. DL models with memory (for example, recurrent neural networks, long short
term memory network, among others) enable understanding of the context of a video
frame relative to the frames that came before it. Such models achieve this by passing
the output of one training step to the input of the next training step along with the new
frames.

[0070] For the training and validation of the supervised learning models, a
nested stratified cross-validation technique is used to train and tune the ML/DL model
parameters. In the nested cross-validation, the inner k-fold cross-validation is used to
tune the parameters of the model and is only performed on the training data while the
outer k-fold cross-validation is used to validate the final performance of the model.

[0071] At step 220, the trained and validated model is deployed for the
characterization of drill string dynamics. Specifically, the trained model may now be
used in the testing phase 204 for the characterization of drill string dynamics of a drilling
rig. Steps 222, 224, 226, 228, relate to the testing phase 204 once the model is trained,
validated, and deployed. More specifically, steps 222, 224 involve the recording of a
drill string under observation and encoding the recording into a digital representation.
The encoded images for the new well are provided as input for the deployed model,
which outputs the drill string dynamic classification at step 226. The drill string
dynamic classification is then provided to a recommendation system at step 228. For
example, the recommendation system may recommend drilling parameters to mitigate
unwanted dynamics.

[0072] In an embodiment, the output of the recommendation system is provided
via an advisory human interface (HMI). The output, which may be audible, visual, or
both, instructs a driller to change one or more drilling parameters. As an example, an
alert may state “Drill string, or Top Drive vibration has exceeded safe levels —
investigate!” As another example, an alert may state “Rig mast tilt angle and tilt rate of
change have exceeded safe levels - reduce hookload and investigate immediately!™ If
the system encounters a drilling dysfunction, then the recommended actions will be
displayed to the operators. If no drilling dysfunctions are detected, then the system
shows the drilling operations and statistics.

[0073] In another embodiment, the output of the recommendation system is tied
to an auto-driller system that makes changes to specific drilling equipment setpoint

parameters to improve drilling efficiency or safety. As an example, the auto-driller can

17

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

automatically reduce hookload if the rig tilt exceeds threshold (safe) operational limits.
As another example, if the drill string dysfunction is a lateral vibration, then the auto-
driller can automatically restart drilling, increase WOB, reduce RPM, or a combination
of these. As yet another example, if the drill string dysfunction is an axial vibration,
then the auto-driller can automatically increase WOB, vary WOB and ROP, or some
combination of these to break the vibration pattern. As yet another example, if the drill
string dysfunction is a tangential vibration, then the auto-driller can automatically reduce
RPM and WOB. As yet another example, if the drill string dysfunction is stick-slip,
then the auto-driller can automatically increase RPM, decrease WOB, or some
combination of these.

[0074] In yet another embodiment, the output of the workflow 200 may include
output parameters that are provided to the rig data network for other systems to alert
personnel, change downhole tool configurations, change surface drilling system
configurations or flag a potential lithology change. For example, the output parameters
include, but are not limited to, rig mast angle - Degrees and minutes, rig vertical offset
- meters, vibration frequency at multiple nodes - Hz and displacement.

[0075] FIG. 5 illustrates a block diagram of an example recommendation system
500, according to some implementations. As shown in FIG. 5, at step 502 the prediction
of the AI/ML/DL model is provided as an input to the recommendation system 500. At
step 504, the recommendation system 500 determines whether the prediction is
indicative of a drilling dysfunction. If the recommendation system 500 determines that
the prediction is not indicative of a drilling dysfunction, the workflow proceeds to step
506. At step 506, the recommendation system causes a display device to display
information associated with a current drilling operation. For example, as shown by
block 508, if the current drilling operation is tripping in/out, the information may include
average speed, current speed, or both. If the current drilling operation is a stationary
drill string, the information may include a current stationary time. If the current drilling
operation is a deviated well, the information may include a depth of kick off. If the
current operation is a drilling operation, the information can include drilling parameters,
such as ROP.

[0076] However, if the recommendation system 500 determines that the
prediction is indicative of a drilling dysfunction, the workflow proceeds to step 510. At

step 510, the recommendation system 500 determines a recommended action. If the drill
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string dysfunction is a lateral vibration, then the recommendation can be to restart
drilling, increase WOB, reduce RPM, or a combination of these. If the drill string
dysfunction is an axial vibration, then the recommendation can be to increase WOB,
vary WOB and rate of penetration (ROP), or some combination of these. If the drill
string dysfunction is a tangential vibration, then the recommendation can be to reduce
RPM and WOB. If the drill string dysfunction is stick-slip, then the recommendation
can be one of increase RPM, decrease WOB, or some combination of these.

[0077] FIGs. 6A, 6B, and 6C illustrate an example process of characterizing rig
alignment, according to some implementations. In this example, an image sensor 602
is used to capture an image stream of a drilling rig in order to identify a rig alignment
condition of the drilling rig. In particular, the image stream can be used to identify rig
misalignments (shown in FIG. 6A) and derrick misalignments (shown in FIG. 6B).
Within examples, the monitoring system enables the automatic identification of rig
alignment due to movement caused by derrick vibrations and due to sinkholes or weak
foundation supporting the rig. These two types of misalignments may result in
interruption of operations, excessive friction at the surface casing/rotary table/BOPs,
surface equipment damage, safety risks, rig collapse, among others.

[0078] In order to identify the misalignments, image and pixelation techniques
are used to convert the image stream at time step 2 into a digital representation 620
shown in FIG. 6C. The digital representation 620 is indicative of a number of offset
pixels from a drilling rig mast 606 to a vertical reference line 604. The offset pixels are
then converted into distance (for example, centimeter [cm], inch [in], or other measure)
by using the distance of the image sensor to the drilling rig mast 606, inclination angle
622, and the number offset pixels (for example, maximum offset 624). In an
embodiment, the computed offset distance and inclination angle are displayed on the rig
crew computer or sent by any other communication means (message, email, among
others). In another embodiment, the computed offset distance and inclination angle are
tied to an auto-driller system that makes changes to specific drilling equipment
parameters to improve drilling efficiency or safety. As an example, the auto-driller can
automatically reduce hookload if the rig tilt exceeds threshold (safe) operational limits.

[0079] FIG. 7 is a flow chart of an example method 700 for monitoring a rig
system (such as the example rig system 800). For clarity of presentation, the description

that follows generally describes method 700 in the context of the other figures in this
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description. However, it will be understood that method 700 can be performed by any
suitable system, environment, software, and hardware, or a combination of systems,
environments, software, and hardware as appropriate. For example, the monitoring
system 100 (or any system including the monitoring system 100) can be used to
implement the method 700. In some implementations, various steps of method 700 can
be run in parallel, in combination, in loops, or in any order.

[0080] At step 702, the method 700 involves capturing, using an image sensor
directed at a drilling system, an image feed of movement of a component of the drilling
system with respect to a vertical reference line. The image feed can be captured, for
example, by the image sensors of the image sensor installation 102 of the monitoring
system 100. The image feed can be provided to the edge gateway 106 of the monitoring
system 100. The component may be a drilling rig 118, a drill string 120, or any
component of a drilling system (for example, drill string tool joints or connections).

[0081] At step 704, the method 700 involves converting the image feed into a
digital representation of the movement of the component, the digital representation
including a number of offset pixels from the component to the vertical reference line in
the image feed. In particular, the edge gateway 106 can process and analyze the image
feed provided by the image sensor installation 102 to generate a digital representation
of the image feed. The digital representation, such as digital representation 310, is
indicative of a number of offset pixels from the component to the vertical reference line.

[0082] At step 706, the method 700 involves converting the digital
representation into a ML representation, the ML representation including a plurality of
vectors each including the number of offset pixels from the component to the vertical
reference line at a respective time. In particular, the edge gateway 106 can process and
analyze the digital representation to generate the ML representation. In an example, the
ML representation may include a plurality of vectors each associated with a respective
time . Each vector represents the number of offset pixels relative to the reference
vertical line at time m. Therefore, the vector containing the offset pixels at 1 represents
a sample Sw, such that Sy, = {xq,x,, ..., X, }: Vs, Where x; represent negative/positive
pixel offsets at the survey points. In some embodiments, the ML representation further
includes labels assigned to each vector in the representation. The label associated with

a vector indicates whether the offset pixel values of the vector are indicative of normal
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or abnormal operations. As described herein, such labeled vectors are used in supervised
learning algorithms.

[0083] At step 708, the method 700 involves training a ML model using the ML
representation to characterize the movement of the component as normal or abnormal.
In some embodiments, the ML representation, such as representation 314 of FIG. 3C
and representation 400 of FIG. 4, are used as input for training supervised learning
models. In such embodiments, the vectors of the ML representation are labeled. In
other embodiments, unsupervised learning algorithms, such as, clustering, principal
component analysis, among others, may be used for anomaly/outlier detection. In such
embodiments, the unsupervised models would discriminate the vectors with normal
operations from those with any kind of dysfunction or aberrant drill string behavior.

[0084] At step 710, the method 700 involves using the trained ML model to
characterize the movement of the component in real-time as normal or abnormal. The
image feed may be the same image feed that is used to train the ML model or a different
image feed that is capturing movement of another drilling system in real-time.

[0085] In some implementations, the image sensor includes a network of image
sensors arranged about the drilling rig at respective angles, and the image feed includes
a plurality of image feeds capturing the movement of the component from a plurality of
angles.

[0086] In some implementations, each vector of the ML representation includes
an indication of offset pixels from the component to the vertical reference line in the
plurality of image feeds at the respective time.

[0087] In some implementations, the component is a drill string, and capturing,
using the image sensor, the image feed of the movement of the component includes
capturing the movement of the drill string with respect to the vertical reference line at a
plurality of predetermined survey points along the vertical reference line.

[0088] In some implementations, characterizing the movement of the
component in real-time as abnormal includes characterizing the movement as stick-slip,
axial vibration, tangential vibration, or lateral vibration.

[0089] In some implementations, the component is a drilling rig, and
characterizing the movement of the component in real-time as abnormal includes

characterizing the movement as a rig misalignment or a derrick misalignment.
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[0090] In some implementations, the method 700 further includes training the
ML model using the image feed to characterize drilling operations, lithology changes,
and kick off points in real-time.

[0091] In some implementations, the ML representation is further based on
drilling surface parameters of the drilling rig.

[0092] In some implementations, the method 700 further includes in response to
characterizing movement of the component in real-time as abnormal, performing a
remedial action.

[0093] In some implementations, the remedial action includes displaying a

representation of the abnormal movement on the control panel.

[0094] In some implementations, the remedial action includes triggering an
alarm.
[0095] In some implementations, the remedial action includes controlling the

drilling system to adjust a drilling parameter, perhaps while drilling a wellbore.

[0096] In some implementations, the method 700 further includes in response to
characterizing movement of the component in real-time as abnormal, transmitting a
signal to drive a controllable device. In some implementations, the controllable device
is in a remote location (for example, in a location that is not local to the rig). For
example, the controllable device is in a control room. In some implementations, the
controllable device includes a control panel in a control room, and the signal can drive
the control panel to display a representation of the abnormal movement. In some
implementations, the controllable device includes an alarm (remote or local), and the
signal can trigger the alarm (audio or visual). In some implementations, the controllable
device includes a running tool that is running the drill string into or out of the well, and
the signal causes the drill string to adjust a rate at which the running tool is running the
drill string into or out of the well.

[0097] FIG. 8 is a partial schematic perspective view of an example rig system
800 for drilling and producing a well, according to some implementations. The well can
extend from the surface through the Earth to one or more subterranean zones of interest.
The example rig system 800 includes a drill floor 802 positioned above the surface, a
wellhead 804, a drill string assembly 806 supported by the rig structure, a fluid
circulation system 808 to filter used drilling fluid from the wellbore and provide clean

drilling fluid to the drill string assembly 806, and a monitoring system 811 (including
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an image sensor 801 and an edge gateway 803) to monitor in real-time one or more
components on the rig system 800. For example, the example rig system 800 of FIG. 8
1s shown as a drill rig capable of performing a drilling operation with the rig system 800
supporting the drill string assembly 806 over a wellbore. The wellhead 804 can be used
to support casing or other well components or equipment into the wellbore of the well.

[0098] The derrick or mast is a support framework mounted on the drill floor
802 and positioned over the wellbore to support the components of the drill string
assembly 806 during drilling operations. A crown block 812 forms a longitudinally-
fixed top of the derrick, and connects to a travelling block 814 with a drilling line
including a set of wire ropes or cables. The crown block 812 and the travelling block
814 support the drill string assembly 806 via a swivel 816, a kelly 818, or a top drive
system (not shown). Longitudinal movement of the travelling block 814 relative to the
crown block 812 of the drill string assembly 806 acts to move the drill string assembly
806 longitudinally upward and downward. The swivel 816, connected to and hung by
the travelling block 814 and a rotary hook, allows free rotation of the drill string
assembly 806 and provides a connection to a kelly hose 820, which is a hose that flows
drilling fluid from a drilling fluid supply of the circulation system 808 to the drill string
assembly 806. A standpipe 822 mounted on the drill floor 802 guides at least a portion
of the kelly hose 820 to a location proximate to the drill string assembly 806. The kelly
818 is a hexagonal device suspended from the swivel 816 and connected to a
longitudinal top of the drill string assembly 806, and the kelly 818 tumns with the drill
string assembly 806 as the rotary table 842 of the drill string assembly turns.

[0099] In the example rig system 800 of FIG. 8, the drill string assembly 806 is
made up of drill pipes with a drill bit (not shown) at a longitudinally bottom end of the
drill string. The drill pipe can include hollow steel piping, and the drill bit can include
cutting tools, such as blades, dics, rollers, cutters, or a combination of these, to cut into
the formation and form the wellbore. The drill bit rotates and penetrates through rock
formations below the surface under the combined effect of axial load and rotation of the
drill string assembly 806. In some implementations, the kelly 818 and swivel 816 can
be replaced by a top drive that allows the drill string assembly 806 to spin and drill. The
wellhead assembly 804 can also include a drawworks 824 and a deadline anchor 826,
where the drawworks 824 includes a winch that acts as a hoisting system to reel the

drilling line in and out to raise and lower the drill string assembly 806 by a fast line 825.
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The deadline anchor 826 fixes the drilling line opposite the drawworks 824 by a deadline
827, and can measure the suspended load (or hook load) on the rotary hook. The weight
on bit (WOB) can be measured when the drill bit is at the bottom of the wellbore. The
wellhead assembly 804 also includes a blowout preventer 850 positioned at the surface
of the well and below (but often connected to) the drill floor 802. The blowout preventer

850 acts to prevent well blowouts caused by formation fluid entering the wellbore,
displacing drilling fluid, and flowing to the surface at a pressure greater than
atmospheric pressure. The blowout preventer 850 can close around (and in some
instances, through) the drill string assembly 806 and seal off the space between the drill
string and the wellbore wall. The blowout preventer 850 is described in more detail
later.

[00100] During a drilling operation of the well, the circulation system 808
circulates drilling fluid from the wellbore to the drill string assembly 806, filters used
drilling fluid from the wellbore, and provides clean drilling fluid to the drill string
assembly 806. The example circulation system 808 includes a fluid pump 830 that
fluidly connects to and provides drilling fluid to drill string assembly 806 via the kelly
hose 820 and the standpipe 822. The circulation system 808 also includes a flow-out
line 832, a shale shaker 834, a settling pit 836, and a suction pit 838. In a drilling
operation, the circulation system 808 pumps drilling fluid from the surface, through the
drill string assembly 806, out the drill bit and back up the annulus of the wellbore, where
the annulus is the space between the drill pipe and the formation or casing. The density
of the drilling fluid is intended to be greater than the formation pressures to prevent
formation fluids from entering the annulus and flowing to the surface and less than the
mechanical strength of the formation, as a greater density may fracture the formation,
thereby creating a path for the drilling fluids to go into the formation. Apart from well
control, drilling fluids can also cool the drill bit and lift rock cuttings from the drilled
formation up the annulus and to the surface to be filtered out and treated before it is
pumped down the drill string assembly 806 again. The drilling fluid returns in the
annulus with rock cuttings and flows out to the flow-out line 832, which connects to and
provides the fluid to the shale shaker 834. The flow-out line 832 is an inclined pipe that
directs the drilling fluid from the annulus to the shale shaker 834. The shale shaker 834
includes a mesh-like surface to separate the coarse rock cuttings from the drilling fluid,

and finer rock cuttings and drilling fluid then go through the settling pit 836 to the
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suction pit 838. The circulation system 808 includes a mud hopper 840 into which
materials (for example, to provide dispersion, rapid hydration, and uniform mixing) can
be introduced to the circulation system 808. The fluid pump 830 cycles the drilling fluid
up the standpipe 822 through the swivel 816 and back into the drill string assembly 806
to go back into the well.

[00101] The example wellhead assembly 804 can take a variety of forms and
include a number of different components. For example, the wellhead assembly 804
can include additional or different components than the example shown in FIG. 8.
Similarly, the circulation system 808 can include additional or different components
than the example shown in FIG. 8.

[00102] FIG. 9 is a block diagram of an example computer system 900 that can
be used to provide computational functionalities associated with described algorithms,
methods, functions, processes, flows, and procedures described in the present disclosure,
according to some implementations of the present disclosure. In some implementations,
the edge gateway 106 can be the computer system 900 or include the computer system
900. In some implementations, the edge gateway 106 can communicate with the
computer system 900.

[00103] The illustrated computer 902 is intended to encompass any computing
device such as a server, a desktop computer, an embedded computer, a laptop/notebook
computer, a wireless data port, a smart phone, a personal data assistant (PDA), a tablet
computing device, or one or more processors within these devices, including physical
instances, virtual instances, or both. The computer 902 can include input devices such
as keypads, keyboards, and touch screens that can accept user information. Also, the
computer 902 can include output devices that can convey information associated with
the operation of the computer 902. The information can include digital data, visual data,
audio information, or a combination of information. The information can be presented
in a graphical user interface (UI) (or GUI). In some implementations, the inputs and
outputs include display ports (such as DVI-I1+2x display ports), USB 3.0, GbE ports,
isolated DI/O, SATA-III (6.0 Gb/s) ports, mPCle slots, a combination of these, or other
ports. Ininstances of an edge gateway, the computer 902 can include a Smart Embedded
Management Agent (SEMA), such as a built-in ADLINK SEMA 2.2, and a video sync
technology, such as Quick Sync Video technology supported by ADLINK MSDK+. In

some examples, the computer 902 can include the MXE-5400 Series processor-based
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fanless embedded computer by ADLINK, though the computer 902 can take other forms
or include other components.

[00104] The computer 902 can serve in a role as a client, a network component,
a server, a database, a persistency, or components of a computer system for performing
the subject matter described in the present disclosure. The illustrated computer 902 is
communicably coupled with a network 930. In some implementations, one or more
components of the computer 902 can be configured to operate within different
environments, including cloud-computing-based environments, local environments,
global environments, and combinations of environments.

[00105] At a high level, the computer 902 is an electronic computing device
operable to receive, transmit, process, store, and manage data and information associated
with the described subject matter. According to some implementations, the computer
902 can also include, or be communicably coupled with, an application server, an email
server, a web server, a caching server, a streaming data server, or a combination of
servers.

[00106] The computer 902 can receive requests over network 930 from a client
application (for example, executing on another computer 902). The computer 902 can
respond to the received requests by processing the received requests using software
applications. Requests can also be sent to the computer 902 from internal users (for
example, from a command console), external (or third) parties, automated applications,
entities, individuals, systems, and computers.

[00107] Each of the components of the computer 902 can communicate using a
system bus. In some implementations, any or all of the components of the computer
902, including hardware or software components, can interface with each other or the
interface 904 (or a combination of both), over the system bus. Interfaces can use an
application programming interface (API), a service layer, or a combination of the API
and service layer. The API can include specifications for routines, data structures, and
object classes. The API can be either computer-language independent or dependent.
The API can refer to a complete interface, a single function, or a set of APIs.

[00108] The service layer can provide software services to the computer 902 and
other components (whether illustrated or not) that are communicably coupled to the
computer 902. The functionality of the computer 902 can be accessible for all service

consumers using this service layer. Software services, such as those provided by the
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service layer, can provide reusable, defined functionalities through a defined interface.
For example, the interface can be software written in JAVA, C++, Python, or a language
providing data in extensible markup language (XML) format. While illustrated as an
integrated component of the computer 902, in alternative implementations, the API or
the service layer can be stand-alone components in relation to other components of the
computer 902 and other components communicably coupled to the computer 902.
Moreover, any or all parts of the API or the service layer can be implemented as child
or sub-modules of another software module, enterprise application, or hardware module
without departing from the scope of the present disclosure.

[00109] The computer 902 can include an interface 904. Although illustrated as
a single interface 904 in FIG. 9, two or more interfaces 904 can be used according to
particular needs, desires, or particular implementations of the computer 902 and the
described functionality. The interface 904 can be used by the computer 902 for
communicating with other systems that are connected to the network 930 (whether
illustrated or not) in a distributed environment. Generally, the interface 904 can include,
or be implemented using, logic encoded in software or hardware (or a combination of
software and hardware) operable to communicate with the network 930. More
specifically, the interface 904 can include software supporting one or more
communication protocols associated with communications. As such, the network 930
or the interface’s hardware can be operable to communicate physical signals within and
outside of the illustrated computer 902.

[00110] The computer 902 includes a processor 905. Although illustrated as a
single processor 905 in FIG. 9, two or more processors 905 can be used according to
particular needs, desires, or particular implementations of the computer 902 and the
described functionality. Generally, the processor 905 can execute instructions and can
manipulate data to perform the operations of the computer 902, including operations
using algorithms, methods, functions, processes, flows, and procedures as described in
the present disclosure.

[00111] The computer 902 can also include a database 906 that can hold data for
the computer 902 and other components connected to the network 930 (whether
illustrated or not). For example, database 906 can be an in-memory, conventional, or a
database storing data consistent with the present disclosure. In some implementations,

database 906 can be a combination of two or more different database types (for example,
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hybrid in-memory and conventional databases) according to particular needs, desires, or
particular implementations of the computer 902 and the described functionality.
Although illustrated as a single database 906 in FIG. 9, two or more databases (of the
same, different, or combination of types) can be used according to particular needs,
desires, or particular implementations of the computer 902 and the described
functionality. While database 906 is illustrated as an internal component of the
computer 902, in alternative implementations, database 906 can be external to the
computer 902,

[00112] The computer 902 also includes a memory 907 that can hold data for the
computer 902 or a combination of components connected to the network 930 (whether
illustrated or not). Memory 907 can store any data consistent with the present disclosure.
In some implementations, memory 907 can be a combination of two or more different
types of memory (for example, a combination of semiconductor and magnetic storage)
according to particular needs, desires, or particular implementations of the computer 902
and the described functionality. Although illustrated as a single memory 907 in FIG. 9,
two or more memories 907 (of the same, different, or combination of types) can be used
according to particular needs, desires, or particular implementations of the computer 902
and the described functionality. While memory 907 is illustrated as an internal
component of the computer 902, in alternative implementations, memory 907 can be
external to the computer 902.

[00113] An application can be an algorithmic software engine providing
functionality according to particular needs, desires, or particular implementations of the
computer 902 and the described functionality. For example, an application can serve as
one or more components, modules, or applications. Multiple applications can be
implemented on the computer 902. Each application can be internal or external to the
computer 902,

[00114] The computer 902 can also include a power supply 914. The power
supply 914 can include a rechargeable or non-rechargeable battery that can be
configured to be either user- or non-user-replaceable. In some implementations, the
power supply 914 can include power-conversion and management circuits, including
recharging, standby, and power management functionalities. In some implementations,

the power-supply 914 can include a power plug to allow the computer 902 to be plugged
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into a wall socket or a power source to, for example, power the computer 902 or recharge
a rechargeable battery.

[00115] There can be any number of computers 902 associated with, or external
to, a computer system including computer 902, with each computer 902 communicating

2% ¢

over network 930. Further, the terms “client,” “user,” and other appropriate terminology
can be used interchangeably, as appropriate, without departing from the scope of the
present disclosure. Moreover, the present disclosure contemplates that many users can
use one computer 902 and one user can use multiple computers 902.

[00116] Implementations of the subject matter and the functional operations
described in this specification can be implemented in digital electronic circuitry, in
tangibly embodied computer software or firmware, in computer hardware, including the
structures disclosed in this specification and their structural equivalents, or in
combinations of one or more of them. Software implementations of the described
subject matter can be implemented as one or more computer programs. Each computer
program can include one or more modules of computer program instructions encoded
on a tangible, non-transitory, computer-readable computer-storage medium for
execution by, or to control the operation of, data processing apparatus. Alternatively, or
additionally, the program instructions can be encoded in/on an artificially generated
propagated signal. For example, the signal can be a machine-generated electrical,
optical, or electromagnetic signal that is generated to encode information for
transmission to suitable receiver apparatus for execution by a data processing apparatus.
The computer-storage medium can be a machine-readable storage device, a machine-
readable storage substrate, a random or serial access memory device, or a combination
of computer-storage mediums.

2

[00117] The terms “data processing apparatus,” “computer,” and “electronic
computer device” (or equivalent as understood by one of ordinary skill in the art) refer
to data processing hardware. For example, a data processing apparatus can encompass
all kinds of apparatus, devices, and machines for processing data, including by way of
example, a programmable processor, a computer, or multiple processors or computers.
The apparatus can also include special purpose logic circuitry including, for example, a
central processing unit (CPU), one or more graphic processing units (GPUs), a field
programmable gate array (FPGA), or an application-specific integrated circuit (ASIC).

In some implementations, the data processing apparatus or special purpose logic
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circuitry (or a combination of the data processing apparatus or special purpose logic
circuitry) can be hardware- or software-based (or a combination of both hardware- and
software-based). The apparatus can optionally include code that creates an execution
environment for computer programs, for example, code that constitutes processor
firmware, a protocol stack, a database management system, an operating system, or a
combination of execution environments. The present disclosure contemplates the use
of data processing apparatuses with or without conventional operating systems, for
example, Linux, Unix, Windows, Mac OS, Android, or i0S.

[00118] A computer program, which can also be referred to or described as a
program, software, a software application, a module, a software module, a script, or
code, can be written in any form of programming language. Programming languages
can include, for example, compiled languages, interpreted languages, declarative
languages, or procedural languages. Programs can be deployed in any form, including
stand-alone programs, modules, components, subroutines, or units for use in a
computing environment. A computer program can, but need not, correspond to a file in
a file system. A program can be stored in a portion of a file that holds other programs
or data, for example, one or more scripts stored in a markup language document, in a
single file dedicated to the program in question, or in multiple coordinated files storing
one or more modules, sub-programs, or portions of code. A computer program can be
deployed for execution on one computer or on multiple computers that are located, for
example, at one site or distributed across multiple sites that are interconnected by a
communication network. While portions of the programs illustrated in the various
figures may be shown as individual modules that implement the various features and
functionality through various objects, methods, or processes, the programs can instead
include a number of sub-modules, third-party services, components, and libraries.
Conversely, the features and functionality of various components can be combined into
single components as appropriate.  Thresholds used to make computational
determinations can be statically, dynamically, or both statically and dynamically
determined.

[00119] The methods, processes, or logic flows described in this specification can
be performed by one or more programmable computers executing one or more computer
programs to perform functions by operating on input data and generating output. The

methods, processes, or logic flows can also be performed by, and apparatus can also be
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implemented as, special purpose logic circuitry, for example, a CPU, GPUs, an FPGA,
or an ASIC.

[00120] Computers suitable for the execution of a computer program can be based
on one or more of general and special purpose microprocessors and other kinds of CPUs.
The elements of a computer are a CPU for performing or executing instructions and one
or more memory devices for storing instructions and data. Generally, a CPU canreceive
instructions and data from (and write data to) a memory. A computer can also include,
or be operatively coupled to, one or more mass storage devices for storing data. In some
implementations, a computer can receive data from, and transfer data to, the mass
storage devices including, for example, magnetic, magneto-optical disks, or optical
disks. Moreover, a computer can be embedded in another device, for example, a mobile
telephone, a personal digital assistant (PDA), a mobile audio or video player, a game
console, a global positioning system (GPS) receiver, or a portable storage device such
as a universal serial bus (USB) flash drive.

[00121] Computer-readable media (transitory or non-transitory, as appropriate)
suitable for storing computer program instructions and data can include all forms of
permanent/non-permanent and volatile/non-volatile memory, media, and memory
devices. Computer-readable media can include, for example, semiconductor memory
devices such as random access memory (RAM), read-only memory (ROM), phase
change memory (PRAM), static random access memory (SRAM), dynamic random
access memory (DRAM), erasable programmable read-only memory (EPROM),
electrically erasable programmable read-only memory (EEPROM), and flash memory
devices. Computer-readable media can also include, for example, magnetic devices
such as tape, cartridges, cassettes, and internal/removable disks. Computer-readable
media can also include magneto-optical disks and optical memory devices and
technologies including, for example, digital video disc (DVD), CD-ROM, DVD-+/-R,
DVD-RAM, DVD-ROM, HD-DVD, and BLURAY. The memory can store various
objects or data, including caches, classes, frameworks, applications, modules, backup
data, jobs, web pages, web page templates, data structures, database tables, repositories,
and dynamic information. Types of objects and data stored in memory can include
parameters, variables, algorithms, instructions, rules, constraints, and references.
Additionally, the memory can include logs, policies, security or access data, and

reporting files. The processor and the memory can be supplemented by, or incorporated
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in, special purpose logic circuitry.

[00122] Implementations of the subject matter described in the present disclosure
can be implemented on a computer having a display device for providing interaction
with a user, including displaying information to (and receiving input from) the user.
Types of display devices can include, for example, a cathode ray tube (CRT), a liquid
crystal display (LCD), a light-emitting diode (LED), and a plasma monitor. Display
devices can include a keyboard and pointing devices including, for example, a mouse, a
trackball, or a trackpad. User input can also be provided to the computer through the
use of a touchscreen, such as a tablet computer surface with pressure sensitivity or a
multi-touch screen using capacitive or electric sensing. Other kinds of devices can be
used to provide for interaction with a user, including to receive user feedback including,
for example, sensory feedback including visual feedback, auditory feedback, or tactile
feedback. Input from the user can be received in the form of acoustic, speech, or tactile
input. In addition, a computer can interact with a user by sending documents to, and
receiving documents from, a device that is used by the user. For example, the computer
can send web pages to a web browser on a user’s client device in response to requests
received from the web browser.

[00123] The term “graphical user interface,” or “GUI,” can be used in the singular
or the plural to describe one or more graphical user interfaces and each of the displays
of a particular graphical user interface. Therefore, a GUI can represent any graphical
user interface, including, but not limited to, a web browser, a touch screen, or a
command line interface (CLI) that processes information and efficiently presents the
information results to the user. In general, a GUI can include a plurality of user interface
(UD) elements, some or all associated with a web browser, such as interactive fields,
pull-down lists, and buttons. These and other UI elements can be related to or represent
the functions of the web browser.

[00124] Implementations of the subject matter described in this specification can
be implemented in a computing system that includes a back-end component, for
example, as a data server, or that includes a middleware component, for example, an
application server. Moreover, the computing system can include a front-end component,
for example, a client computer having one or both of a graphical user interface or a Web
browser through which a user can interact with the computer. The components of the

system can be interconnected by any form or medium of wireline or wireless digital data
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communication (or a combination of data communication) in a communication network.
Examples of communication networks include a local area network (LAN), a radio
access network (RAN), a metropolitan area network (MAN), a wide area network
(WAN), Worldwide Interoperability for Microwave Access (WIMAX), a wireless local
area network (WLAN) (for example, using 802.11 a/b/g/n or 802.20 or a combination
of protocols), all or a portion of the Internet, or any other communication system or
systems at one or more locations (or a combination of communication networks). The
network can communicate with, for example, Internet Protocol (IP) packets, frame relay
frames, asynchronous transfer mode (ATM) cells, voice, video, data, or a combination
of communication types between network addresses.

[00125] The computing system can include clients and servers. A client and
server can generally be remote from each other and can typically interact through a
communication network. The relationship of client and server can arise by virtue of
computer programs running on the respective computers and having a client-server
relationship.

[00126] Cluster file systems can be any file system type accessible from multiple
servers for read and update. Locking or consistency tracking may not be necessary since
the locking of exchange file system can be done at application layer. Furthermore,
Unicode data files can be different from non-Unicode data files.

[00127] While this specification contains many specific implementation details,
these should not be construed as limitations on the scope of what may be claimed, but
rather as descriptions of features that may be specific to particular implementations.
Certain features that are described in this specification in the context of separate
implementations can also be implemented, in combination, or in a single
implementation. Conversely, various features that are described in the context of a
single implementation can also be implemented in multiple implementations, separately,
or in any suitable sub-combination. Moreover, although previously described features
may be described as acting in certain combinations and even initially claimed as such,
one or more features from a claimed combination can, in some cases, be excised from
the combination, and the claimed combination may be directed to a sub-combination or
variation of a sub-combination.

[00128] Particular implementations of the subject matter have been described.

Other implementations, alterations, and permutations of the described implementations
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are within the scope of the following claims as will be apparent to those skilled in the
art. While operations are depicted in the drawings or claims in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed (some
operations may be considered optional), to achieve desirable results. In certain
circumstances, multitasking or parallel processing (or a combination of multitasking and
parallel processing) may be advantageous and performed as deemed appropriate.

[00129] Moreover, the separation or integration of various system modules and
components in the previously described implementations should not be understood as
requiring such separation or integration in all implementations, and it should be
understood that the described program components and systems can generally be
integrated together in a single software product or packaged into multiple software
products.

[00130] Accordingly, the previously described example implementations do not
define or constrain the present disclosure. Other changes, substitutions, and alterations
are also possible without departing from the spirit and scope of the present disclosure.

[00131] Furthermore, any claimed implementation is considered to be applicable
to at least a computer-implemented method; a non-transitory, computer-readable
medium storing computer-readable instructions to perform the computer-implemented
method; and a computer system comprising a computer memory interoperably coupled
with a hardware processor configured to perform the computer-implemented method or

the instructions stored on the non-transitory, computer-readable medium.
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CLAIMS

What is claimed is:

1. A method comprising:

capturing, using an image sensor directed at a drilling system, an image feed of
movement of a component of the drilling system with respect to a vertical reference line;

converting the image feed into a digital representation of the movement of the
component, the digital representation comprising a number of offset pixels from the
component to the vertical reference line in the image feed;

converting the digital representation into a machine learning (ML), the ML
representation including a plurality of vectors each comprising the number of offset
pixels from the component to the vertical reference line at a respective time;

training a ML model using the ML representation to characterize the movement
of the component as normal or abnormal; and

using the trained ML model to characterize the movement of the component in

real-time as normal or abnormal.

2. The method of claim 1, wherein the image sensor comprises a network of image
sensors arranged about the drilling system at respective angles, and wherein the image
feed comprises a plurality of image feeds capturing the movement of the component

from a plurality of angles.

3. The method of claim 2, wherein each vector of the ML representation comprises
an indication of offset pixels from the component to the vertical reference line in the

plurality of image feeds at the respective time.

4. The method of claim 1, wherein the component is a drill string, and wherein
capturing, using the image sensor, the image feed of the movement of the component
comprises:

capturing the movement of the drill string with respect to the vertical reference

line at a plurality of predetermined survey points along the vertical reference line.

5. The method of claim 4, wherein characterizing the movement of the component

in real-time as abnormal comprises:
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characterizing the movement as stick-slip, axial vibration, tangential vibration,

or lateral vibration.

6. The method of claim 1, wherein the component is a drilling rig, and wherein
characterizing the movement of the component in real-time as abnormal comprises:

characterizing the movement as a rig misalignment or a derrick misalignment.

7. The method of claim 1, further comprising:
training the ML model using the image feed to characterize drilling operations,

lithology changes, and kick off points in real-time.

8. The method of claim 1, wherein the ML representation is further based on

drilling surface parameters of the drilling system.

9. The method of claim 1, further comprising:
in response to characterizing movement of the component in real-time as

abnormal, performing a remedial action.

10. The method of claim 9, wherein the remedial action comprises displaying a

representation of the abnormal movement on a display device.

11. The method of claim 9, wherein the remedial action comprises triggering an
alarm.
12. The method of claim 9, wherein the remedial action comprises controlling the

drilling system to adjust a drilling parameter.

13. A non-transitory computer-readable medium storing one or more instructions
executable by a computer system to perform operations comprising:
capturing, using an image sensor directed at a drilling system, an image feed of
movement of a component of the drilling system with respect to a vertical reference line;
converting the image feed into a digital representation of the movement of the
component, the digital representation comprising a number of offset pixels from the

component to the vertical reference line in the image feed;

36

PCT/US2021/042714



10

15

20

25

30

WO 2022/020554

converting the digital representation into a machine learning (ML), the ML
representation including a plurality of vectors each comprising the number of offset
pixels from the component to the vertical reference line at a respective time;

training a ML model using the ML representation to characterize the movement
of the component as normal or abnormal; and

using the trained ML model to characterize the movement of the component in

real-time as normal or abnormal.

14.  The non-transitory computer-readable medium of claim 13, wherein the image
sensor comprises a network of image sensors arranged about the drilling system at
respective angles, and wherein the image feed comprises a plurality of image feeds

capturing the movement of the component from a plurality of angles.

15.  The non-transitory computer-readable medium of claim 14, wherein each vector
of the ML representation comprises an indication of offset pixels from the component

to the vertical reference line in the plurality of image feeds at the respective time.

16.  The non-transitory computer-readable medium of claim 13, wherein the
component is a drill string, and wherein capturing, using the image sensor, the image
feed of the movement of the component comprises:

capturing the movement of the drill string with respect to the vertical reference

line at a plurality of predetermined survey points along the vertical reference line.

17. The non-transitory computer-readable medium of claim 16, wherein
characterizing the movement of the component in real-time as abnormal comprises:
characterizing the movement as stick-slip, axial vibration, tangential vibration,

or lateral vibration.

18.  The non-transitory computer-readable medium of claim 13, wherein the
component is a drilling rig, and wherein characterizing the movement of the component
in real-time as abnormal comprises:

characterizing the movement as a rig misalignment or a derrick misalignment.
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19. A system, comprising:

one or more processors; and

a non-transitory computer-readable storage medium coupled to the one or more
processors and storing programming instructions for execution by the one or more
processors, the programming instructions instructing the one or more processors to
perform operations comprising;

capturing, using an image sensor directed at a drilling system, an image feed of
movement of a component of the drilling system with respect to a vertical reference line;

converting the image feed into a digital representation of the movement of the
component, the digital representation comprising a number of offset pixels from the
component to the vertical reference line in the image feed;

converting the digital representation into a machine learmning (ML)
representation, the ML representation including a plurality of vectors each comprising
the number of offset pixels from the component to the vertical reference line at a
respective time;

training a ML model using the ML representation to characterize the movement
of the component as normal or abnormal; and

using the trained ML model to characterize the movement of the component in

real-time as normal or abnormal.

20. The system of claim 19, wherein the image sensor comprises a network of image
sensors arranged about the drilling system at respective angles, and wherein the image
feed comprises a plurality of image feeds capturing the movement of the component

from a plurality of angles.
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