I*I Innovation, Sciences et Innovation, Science and CA 3040864 C 2021/11/02
Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 3 040 864

(12 BREVET CANADIEN
CANADIAN PATENT

(86) Date de dépo6t PCT/PCT Filing Date: 2016/12/09

(87) Date publication PCT/PCT Publication Date: 2018/06/14
(45) Date de délivrance/lssue Date: 2021/11/02

(85) Entrée phase nationale/National Entry: 2019/04/16

(86) N° demande PCT/PCT Application No.: US 2016/065789
(87) N° publication PCT/PCT Publication No.: 2018/106254

(51) CLInt./Int.Cl. E27B 7/06 (2006.01),
E21B 41/00(2006.01), E21B 44/00(2006.01)

(72) Inventeurs/Inventors:
XUE, YUZHEN, US;
DYKSTRA, JASOND., US

(73) Propriétaire/Owner:
HALLIBURTON ENERGY SERVICES, INC., US

(74) Agent: PARLEE MCLAWS LLP

(54) Titre : FORAGE DIRIGE A OPTIMISATION DE TRAJET STOCHASTIQUE DE PARAMETRES D'OPERATION
(54) Title: DIRECTIONAL DRILLING WITH STOCHASTIC PATH OPTIMIZATION OF OPERATING PARAMETERS

( STAST D]
i

OBTAINAVAILABLE DRILLING DATA
AND EXPECTED DATA

402 ;

L SUFZICIENT CHANGE DETECTED?

IDENTIFY DRILLING DYN, MODEL
FOR EACH EXPECTED FORMATION

404 T

436 f

MONITOR FCR CHANGES
AFFECTING COST FUNCTION

CHARACTERIZE OPERATIONAL
UNCERTAINTIES FOR EACH FORMTN

408 |

CHARAGTERIZE ENVIRONMENTAL
UNCERTAINTIES FOR EACH FORMTN
408 1

424

DRILL USING CPTIMIZED VALUES

477 f

STORE & DISPLAY OPTIMIZED
PARAMETER YALUES

) I

SPECIFY DESIGN PARAMTR RANGES
& CONSTRAINTS AS DISTRIBUTIONS

40 v

FIND PARAMS MINIMIZING COST
AVERAGED OVER UNCERTAINTY

7 T

BASED ON PROPERTIES OF
INTEREST, DEFINE COST FUNCT:ON

7 ;

SAMPLE COSTFUNCTION |

416 I

GET SAMPLE SIZES FOR PARAMETER & UNCERTAINTY DISTRIBUTIONS l

414

(57) Abrégé/Abstract:

A disclosed driling method includes: obtaining a formation model representing formation properties to be encountered by a drilling
assembly being steered towards a target; identifying at least one path-dependent drilling dynamics model for predicting the drilling
assembly's response to one or more operating parameters; characterizing uncertainties associated with said formation model and
said at least one drilling dynamics model, said characterizing yielding a probability density function for each uncertainty;
representing an acceptable range for each of said one or more operating parameters as a probability density function; employing
the probability density functions to determine random samples of said uncertainties and of said one or more operating parameters;
applying a cost function to the random samples to determine an expected cost as a function said one or more operating
parameters; and displaying the randomly sampled operating parameters having a minimum expected cost as optimized operating

parameters.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191




wo 20187106254 A1 | 0K 0010 OO

CA 03040864 2019-04-16

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intell 1P 3
(o mer Orlg':ﬁ,;ft‘:fn roperty > | 0O 10 O T
International Bureau —/) (10) International Publication Number
(43) International Publication Date ——/ WO 2018/106254 A1

14 June 2018 (14.06.2018) WIPO|PCT

(51) International Patent Classification: (72) Inventors: XUE, Yuzhen; 19130 Sprinters Drive, Hum-
E21B 7/06 (2006.01) E21B 44/00 (2006.01) ble, Texas 77346 (US). DYKSTRA, Jason D.; 2610 Ran-
E21B 41/00 (2006.01) dal Lake Lane, Spring, Texas 77388 (US).

(21) International Application Number: (74) Agent: PARKER, Greg H. et al.; Parker Justiss, P.C.,

PCT/US2016/065789 14241 Dallas Parkway, Suite 620, Dallas, Texas 75254
(US).

(22) International Filing Date:

09 December 2016 (09.12.2016)  (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(26) Publication Language: English CA,CH,CL,CN,CO, CR,CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, M@,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

(25) Filing Language: English

(71) Applicant: HALLIBURTON ENERGY SERVICES,
INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous-
ton, Texas 77032-3219 (US).

(54) Title: DIRECTIONAL DRILLING WITH STOCHASTIC PATH OPTIMIZATION OF OPERATING PARAMETERS

( START ) Fig. 4
OBTAIN AVAILABLE DRILLING DATA
AND EXPECTED DATA v N
402 é,‘ \SUFFiCiENT CHANGE DETECTED?
IDENTIFY DRILLING DYN. MODEL 446 t
FOR EACH EXPECTED FORMATION MONITOR FOR CHANGES
404 é AFFECTING COST FUNCTION
CHARACTERIZE OPERATIONAL 424
UNCERTAINTIES FOR EACH FORMTN DRILL USING OPTIMIZED VALUES
406 ‘ 497 At
CHARACTERIZE ENVIRONMENTAL STORE & DISELAY OPTIMIZED
UNDERTAINTIES FOR EACH FORMTN PARAMETER VALUES
408 * 490 ?
SPECIFY DESIGN PARAMTR RANGES FIND PARAMS MINIMIZING COST
& CONSTRAINTS AS DISTRIBUTIONS AVERAGED OVER UNCERTAINTY
410 ! 18 ¥
BASED ON PROPERTIES OF SAMPLE COST FUNCTION |
INTEREST, DEFINE COST FUNCTION 418 ]
412 i

GET SAMPLE SIZES FOR PARAMETER & UNCERTAINTY DISTRIBUTIONS ’

414

(57) Abstract: A disclosed drilling method includes: obtaining a formation model representing formation properties to be encountered
by a drilling assembly being steered towards a target; identifying at least one path-dependent drilling dynamics model for predicting the
drilling assembly's response to one or more operating parameters; characterizing uncertainties associated with said formation model and
said at least one drilling dynamics model, said characterizing yielding a probability density function for each uncertainty; representing
an acceptable range for each of said one or more operating parameters as a probability density function; employing the probability
density functions to determine random samples of said uncertainties and of said one or more operating parameters; applying a cost
function to the random samples to determine an expected cost as a function said one or more operating parameters; and displaying the
randomly sampled operating parameters having a minimum expected cost as optimized operating parameters.

[Continued on next page]



CA 03040864 2019-04-16

WO 2018/106254 A1 {100V OO0 000 O rr

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to the identity of the inventor (Rule 4.17(i))

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

Published:
—  with international search report (Art. 21(3))




10

15

20

25

30

CA 03040864 2019-04-16

WO 2018/106254 PCT/US2016/065789

DIRECTIONAL DRILLING WITH
STOCHASTIC PATH OPTIMIZATION OF OPERATING PARAMETERS

BACKGROUND

Directional drilling is the process of steering a drill string, and hence the borehole. It
can be achieved with a variety of drill string steering mechanisms, e.g.,, whipstocks, mud
motors with bent-housings, jetting bits, adjustable gauge stabilizers, and rotary steering
systems (RSS). Each of these mechanisms employs side force, bit tilt angle, or some
combination thereof, to steer the drill string’s forward and rotary motion. They may be used to
avoid obstacles and reach desired targets, both of which may take various forms. For example,
a target may be specified in terms of an entry point to a formation, together with a desired entry
vector. Both the entry point and vector may be specified as ranges or accompanied by
acceptable tolerances. Some boreholes may even be associated with a series of such entry
points and vectors.

Drillers generally employ careful trajectory planning not only to ensure that targets are
reached and obstacles avoided, but also to limit curvature and tortuosity of the borehole. Such
limits are needed to prevent the drill string and other tubulars from getting stuck, to avoid
excessive friction, and to minimize casing wear.

Trajectory planning is generally subject to information uncertainty from a number of
sources. For example, the drill string continuously encounters formations whose precise
properties are often not known in advance, but which affect the operation of the bit, or more
precisely, affect the operating parameter ranges that induce bit whirl, stick-slip, vibration, and
other undesirable behaviors, as well as affecting the relationship between those parameters and
the ROP. The drilling dynamics model used to predict such behaviors might be mismatched
with the physical drill string assembly. The formation heterogeneity may also be uncertain, as
well as the precise positions of the formation boundaries and any detected formation anomalies.
The operating parameters themselves may not be precisely known (e.g., rotations per minute
(RPM), torque, hook load, weight on bit (WOB), downhole pressure, drilling fluid flow rate),
whether due to inaccuracies in the control mechanisms or sensor noise. The steering
mechanism may suffer from bit walk or other steering inaccuracies.

It is in this context of uncertainty that drillers must operate as they seek to reach their
targets quickly and efficiently. Achieving this goal requires consideration of a surprising range

of factors including rate of penetration (ROP), likelihood of equipment damage and
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commensurate non-productive time (NPT) spent on repairs, and other sources of NPT
including tripping the bottomhole assembly (BHA), replacing worn bits, performing survey
measurements, and recalibrating drilling subsystems. Drillers lack sufficient guidance for

optimizing their operating parameters in the face of such complexity and uncertainty.

BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, there are disclosed herein directional drilling systems and methods
employing stochastic path optimization of the operating parameters for drilling. In the
drawings:

Fig. 1 is a schematic diagram of an illustrative well drilling environment. .

Fig. 2 is a function-block diagram of a logging while drilling (LWD) system.

Figs. 3A-3D schematically illustrate various forms of drilling operation uncertainty.

Fig. 4 is a flow diagram of an illustrative directional drilling method.

It should be understood, however, that the specific embodiments given in the drawings
and detailed description thereto do not limit the disclosure. On the contrary, they provide the
foundation for one of ordinary skill to discemn the alternative forms, equivalents, and
modifications that are encompassed together with one or more of the given embodiments in

the scope of the appended claims.

DETAILED DESCRIPTION

To provide context and facilitate understanding of the present disclosure, Fig. 1 shows
an illustrative drilling environment, in which a drilling platform 102 supports a derrick 104
having a traveling block 106 for raising and lowering a drill string 108. A top-drive motor 110
supports and turns the drill string 108 as it is lowered into the borehole 112. The drill string’s
rotation, alone or in combination with the operation of a downhole motor, drives the drill bit 114
to extend the borehole. The drill bit 114 is one component of a bottomhole assembly (BHA) 116
that may further include a rotary steering system (RSS) 118 and stabilizer 120 (or some other
form of steering assembly) along with drill collars and logging instruments. A pump 122
circulates drilling fluid through a feed pipe to the top drive 110, downhole through the interior
of drill string 8, through orifices in the drill bit 114, back to the surface via the annulus around
the drll string 108, and into a retention pit 124. The drilling fluid transports cuttings from the
borehole 112 into the retention pit 124 and aids in maintaining the integrity of the borehole. An

upper portion of the borehole 112 is stabilized with a casing string 113 and the lower portion
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being drilled is open (uncased) borehole.

The drill collars in the BHA 116 are typically thick-walled steel pipe sections that provide
weight and rigidity for the drilling process. The thick walls are also convenient sites for installing
logging instruments that measure downhole conditions, various drilling parameters, and
characteristics of the formations penetrated by the borehole. Among the drilling parameters
typically monitored downhole are measurements of weight on bit (WOB), downhole pressure,
and vibration or acceleration. Further downhole measurements may include torque and bending
moments at the bit and at other selected locations along the BHA.

The BHA 116 typically further includes a navigation tool having instruments for
measuring tool orientation (e.g., multi-component magnetometers and accelerometers) and a
control sub with a telemetry transmitter and receiver. The control sub coordinates the operation
of the various logging instruments, steering mechanisms, and drilling motors, in accordance with
commands received from the surface, and provides a stream of telemetry data to the surface as
needed to communicate relevant measurements and status information. A corresponding
telemetry receiver and transmitter module is located on or near the drilling platform 102 to
complete the telemetry link. The most popular telemetry technique modulates the flow of drilling
fluid to create pressure pulses that propagate along the drill string (“mud-pulse telemetry or
MPT”), but other known telemetry techniques are suitable. Much of the data obtained by the
control sub may be stored in memory for later retrieval, e.g., when the BHA 116 physically
returns to the surface.

A surface interface 126 serves as a hub for communicating via the telemetry link and for
communicating with the various sensors and control mechanisms on the platform 102. A data
processing system (shown in Fig. 1 as a tablet computer 128) communicates with the surface
interface 126 via a wired or wireless link 130, collecting and processing measurement data to
generate logs and other visual representations of the acquired data and the derived models to
facilitate analysis by a user. In at least some embodiments, the user may further employ the data
processing system to send commands downhole to control the steering mechanism and/or to
adjust the surface operating parameters. Representative surface operating parameters include:
hook load, torque, rotations per minute (RPM), and rate of penetration (ROP).

The data processing system may take many suitable forms, including one or more of: an
embedded processor, a desktop computer, a laptop computer, a central processing facility, and a
virtual computer in the cloud. In each case, software on a non-transitory information storage

medium may configure the processing system to carry out the desired processing, modeling, and
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display generation.

To assist the driller with steering the borehole along a desired trajectory, the BHA 116
may acquire various types of measurement data including multi-component measurements of the
earth’s magnetic field and gravitational field at each of a series of survey points (or “stations”)
along the length of the borehole. The survey points are typically those positions where the
navigation tool is at rest, e.g., where drilling has been halted to add lengths of drill pipe to the
drill string. The gravitational and magnetic field measurements reveal the slope (“inclination”)
and compass direction (“azimuth”) of the borehole at each survey point. When combined with
the length of the borehole between survey points (as measureable from the length added to the
drill string), these measurements enable the location of each survey point to be determined using
known techniques such as, e.g., the tangential method, the balanced tangential method, the equal
angle method, the cylindrical radius of curvature method, or the minimum radius of curvature
method, to model intermediate trajectories between survey points. When combined together,
these intermediate trajectories form an overall borehole trajectory that may be, for example,
compared with a desired trajectory or used to estimate relative positions of any desired targets
and known obstacles.

Also among the various types of measurement data that may be acquired by the BHA
116 are caliper measurements, i.e, measurements of the borehole’s diameter, optionally
including the borehole’s cross-sectional shape and orientation, as a function of position along the
borehole. Such measurements may be combined with the trajectory information to model fluid
flows, hole cleaning,‘frictional forces on the drill string, and stuck pipe probabilities.

Fig. 2 is a function-block diagram of an illustrative directional drilling system. One or
more downhole tool controllers 202 collect measurements from a set of downhole sensors 204,
preferably but not necessarily including navigational sensors, drilling parameter sensors, and
formation parameter sensors, to be digitized and stored, with optional downhole processing to
compress the data, improve the signal to noise ratio, and/or to derive parameters of interest
from the measurements.

A telemetry system 208 conveys at least some of the measurements or derived
parameters to a processing system 210 at the surface, the uphole system 210 collecting,
recording, and processing measurements from sensors 212 on and around the rig in addition to
the telemetry information from downhole. Processing system 210 generates a display on
interactive user interface 214 of the relevant information, e.g., measurement logs, borehole

trajectory, and recommended drilling parameters to optimize a trajectory subject to target
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tolerances, limits on tortuosity, and information uncertainty. The processing system 210 may
further accept user inputs and commands and operate in response to such inputs to, e.g., control
the operating parameters of the surface rig and transmit commands via telemetry system 208
to the tool controllers 202. Such commands may alter the settings of the steering mechanism
206.

The software that executes on processing systems 128 and/or 210, addresses the

information uncertainty that is typically encountered in the drilling process. Prior to the
borehole’s completion there are many unknowns, including the environmental uncertainties
(e.g., formation properties and boundary locations) and operational uncertainties (e.g., optimal
values of operating parameters). If taking a deterministic approach (e.g., wherein the model is
presumed accurate, and a fixed schedule is presumed for all events), drillers may follow
trajectories having undue risk for high tortuosity, stuck pipe, poor formation contact, and
rework. )
Fig. 3A illustrates a first type of operational uncertainty in the form of a map of
behavior vs. RPM and WOB. Marked on the axes are the maximum design WOB 302 and the
maximum design RPM 304, defining a WOB parameter range 306 and RPM parameter range
308. Within this range, the processing system has modeled the drilling operation to determine
the likelihood of undesiréble stick-slip behavior. Due to uncertainties in properties of the
formation rock and in how well the drill string model matches the actual drill string, the regions
are associated with probabilities derived from a probability distribution po. Region 310
represents the “good” region, where probability of stick-slip behavior is very low, e.g., less
than 10%. Regions 312, 314, and 316 represent regions of increasing probability, with region
316 being the highest probability, e.g., higher than 90%. These regions are expected to vary
for different formation properties, different inclinations, different degrees of bit wear, and with
different degrees of model mismatch as additional information is obtained and the model is
refined.

Fig. 3B illustrates a second type of operational uncertainty known as “bit walk”. Fig.
3B shows a straight “ideal” borehole 320 that the driller seeks to extend along a straight
trajectory from end point 322. Even under such idealized circumstances, the actual trajectory
324 may wander off track due to imbalances in the bit-rock interaction forces. The rate at which
this occurs exhibits a degree of uncertainty that is often represented by a Gaussian probability

distribution pi1, which can be defined in terms of a mean and variance, which may vary with

the operating parameters. The mean and variance can be derived by statistical methods, e.g.
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hypothesis test.

Fig. 3C illustrates a first type of environmental uncertainty. A borehole 330 has been
drilled to a point 331 within a formation bed 332 adjacent to a reservoir 334. The driller seeks
to extend the borehole along a trajectory below and paraliel to the reservoir boundary. However,
because the borehole 330 has not yet reached the boundary, the precise boundary position
remains uncertain. If the borehole turns too soon (because the driller believes the boundary is
at position 336, while it is actually at position 338), the borehole may miss the reservoir until
corrective action can be taken. The boundary position uncertainty may be represented by a
Gaussian probability distribution ps with a variance that may vary based on how close point
331 is to the boundary.

Fig. 3D illustrates other types of uncertainty. Operating parameter uncertainties 340,
represented as having a probability distribution ps3, arise from causes such as measurement
noise. Inaccuracies in the navigational sensors cause uncertainty in the precise location and
shape of the borehole trajectory 342, represented here as having a probability distribution pa.
The degree and distribution of heterogeneity in the formation may also be treated as
probabilistic distribution ps.

The various uncertainty sources and their probability distributions can be determined
based on historical data and experience, as well as studies of the models for the drilling systems
and formation. It is believed that it is beyond the ability of humans, even well trained ones, to
optimize the drilling path in the presence of such uncertainties.

The software that executes on processing systems 128 and/or 210, addresses this
information uncertainty and recommends operating parameter values that are optimized in real
time. The software employs a novel, automatic stochastic path optimization method to find the
optimal values in the presence of the uncertainty.

The method implemented by the software begins in block 402, where it retrieves the
available historical and real time drilling data (e.g., logs of operating parameters and formation
properties for the current well and any surrounding wells) and expected data (e.g., formation
models and drilling system models to provide estimated responses to programmable inputs).
General empirical data on the drilling system design and behavior may also be gathered and
employed to customize the drilling system model and aid in analyzing sources of uncertainty.

In block 404 the software-configured processing system identifies from the formation
model the estimated formation properties of each bed between the current endpoint of the

borehole and the directional drilling target. Based on these formation properties, an estimated
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inclination of the bottomhole assembly as it encounters each bed, and the anticipated
configuration of the steering mechanism, the processing system determines a drilling dynamics
model for each formation bed. Such models may be derived from first principles, based on
historical data, or derived from some combination of these.

Using these models, the processing system determines probability distributions of the
operational uncertainties, including such uncertainties as bit walk, sensor noise for operational
parameters, and maps of drilling behavior versus operational parameter values. These
uncertainties are defined or expressed as a function of the operational parameters making up
the operational space, and their impact on the system’s behavior using a model-sensitivity
analysis. The model sensitivity analysis characterizes how inaccuracies in the model and inputs
would translate into variations of the behavior map. Thus the operational regions illustrated in
Fig. 3A may shrink and change as such uncertainties are accounted for. The uncertainties for
other performance maps may be similarly analyzed, e.g. a map of ROP versus hook load and
top drive torque.

In block 408, the processing system determines probability distributions for the
environmental uncertainties of each formation bed between the current endpoint of the
borehole and the directional drilling target. Such environmental uncertainties include position
uncertainty of the boundaries, position uncertainty of the trajectory, uncertainty of precise
formation properties (e.g., rock strength) and heterogeneity, and position uncertainty of any
detected formation anomalies. Typically the environmental uncertainties are embedded in the
drilling process and cannot be directly mitigated, though they may be expected to vary with
position and generally decrease as the endpoint approaches the region in question.

In block 410, the processing system determines constraints and ranges of design
parameters, and defines probability distributions to represent these constraints. For example,
the mechanical limits for the hook load and top drive torque are determined and represented
using a uniform probability distribution below those limits (or another customized distribution
that may provide reduced probabilities for parameter values approaching the limits. Other
performance limits (such as a fatigue failure limit) and constraints on path design parameters
may be similarly characterized as probability distributions. For example, customized
probability distributions may be used to keep the toolface adjustment and dogleg severity
within certain ranges to meet path shape requirements.

In block 412, the processing system determines the properties of interest and, based

thereon, defines a cost function to be optimized. The cost function is likely to be adjusted as
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the drilling process progresses. In at least some embodiments, the cost function, J(€,0), is a
weighted sum of various optimization merits. For example, it can include the energy dissipation
ratio, the bit wear, the mud motor wear, the cutting efficiency, the rate of penetration, the
financial cost, a vibration excitation metric, and the quantified path geometry. The cost
function is a function of the vector 0, representing the operational parameter values (such as
hook load and topdrive torque) and the path design parameters (such as toolface and dogleg
severity) that are to be optimized. The cost function further depends on the vector E,
representing the operational and environmental uncertainties acting on the system. The optimal
values of operational and path design parameters, 0%, are those that, in the expectation sense,
optimize the cost function under the previously identified probability distributions p. In
equation form,
8* =minoee{ E?[J(€,0)] }

where EP[e] represents expected value given probability distributions p.

In block 414, the processing system determines a sample size, i.e., number of samples,
to be used for estimating the optimal values 8*. Statistically sufficient sample sizes N and M
for independent sampling of the vectors, € and 0, may be calculated based on the number of
variables, the probability distributions, and the desired precision of the estimate for the optimal
values. (The precision requirement may need to be relaxed if insufficient computational
resources are available.) The sufficiency of the sample sizes may be confirmed through
comparison with previous experiences or through the use of additional sampling to verify
convergence of the estimates.

In block 416, the processing system uses the probability distributions to generate the N
random samples of the uncertainty vector & and the M random samples of the parameter vector
0, and calculates the cost function value for each of the N*M combinations. In block 418, the
processing system combines the cost function values to determine an expected cost function
value for each sample of the parameter vector 0, and thereafter identifies the parameter vector

sample that minimizes the expected cost function. In equation form,

N
Oy, =argmint  J(,0)

kLM
Suitable numerical optimization methods may be employed to reduce the computational
requirements of this calculation.

In block 420, the processing system stores and displays the estimates of optimal
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operating parameter values. In block 422, drilling proceeds using, or at least guided by, the
optimal parameter value estimates. As the drilling proceeds, one or more of the parameter
uncertainties may be reduced, additional uncertainties may be discovered, or other additional
information may become available. The processing system monitors the measurements and
models for such developments and, in block 426, determines whether they affect the cost
function, e.g., by adding terms to the weighted sum, eliminating terms from the weighted sum,
or changing a magnitude of one of the terms by some predetermined fraction of the cost
function’s minimized value. If so, blocks 404-426 may be repeated to re-optimize the operating
parameter value estimates based on the latest information.

The foregoing method implements a randomized algorithm (RA), the Monte Carlo
method, to calculate the optimal operating and path design parameters in the presence of both
operational and environmental uncertainties. It solves a stochastic optimization problem,
resulting in the statistically best path considering the available uncertainty information. If new
information becomes available, then the path is adaptively re-optimized. The disclosed
numerical method approximates the best analytical solution, which may be otherwise infeasible
to solve for the contemplated drilling systems. It explores path design possibilities based on
the samples of operational and environmental uncertainties, and then it employs control
synthesis to select an optimal path design parameter vector which optimizes the statistically
average path.

Accordingly, the embodiments disclosed herein include:

Embodiment A: A drilling method that comprises: obtaining a formation model
representing formation properties to be encountered by a drilling assembly being steered
towards a target; identifying at least one path-dependent drilling dynamics model for predicting
the drilling assembly’s response to one or more operating parameters, characterizing
uncertainties associated with said formation model and said at least one drilling dynamics
model, said characterizing yielding a probability density function for each uncertainty;
representing an acceptable range for each of said one or more operating parameters as a
probability density function; employing the probability density functions to determine random
samples of said uncertainties and of said one or more operating parameters, applying a cost
function to the random samples to determine an expected cost as a function said one or more
operating parameters; and displaying the randomly sampled operating parameters having a
minimum expected cost as optimized operating parameters.

Embodiment B: A drilling system that comprises: a drilling assembly and a processing
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system. The drilling assembly includes: a bottomhole assembly with a drill bit and a steering
assembly; and a drill string that connects the bottomhole assembly to a drilling rig. The
processing system provides optimized values of operating parameters for steering the drilling
assembly to a target, by: obtaining a formation model representing formation properties to be
encountered by the drilling assembly; identifying at least one path-dependent drilling dynamics
model for predicting the drilling assembly’s response to the operating parameters;
characterizing uncertainties associated with said formation model and said at least one drilling
dynamics model, said characterizing yielding a probability density function for each
uncertainty; representing an acceptable range for each of said operating parameters as a
probability density function; employing the probability density functions to determine random
samples of said uncertainties and of said operating parameters; applying a cost function to the
random samples to determine an expected cost as a function said operating parameters; and
displaying the randomly sampled operating parameters having a minimum expected cost as
optimized values for the operating parameters.

Each of the foregoing embodiment may further include any of the following additional
elements alone or in any suitable combination:

A borehole curvature logging system that includes: a drill string having a bottomhole
assembly (BHA) with sensors providing actual deformation and bending moment
measurements as a function of BHA position at spaced-apart intervals on the BHA; a
processing system that retrieves said actual measurements and responsively generates a log of
borehole curvature; and a user interface that displays the borehole curvature log. The
processing system implements a method that generates the log by: providing an estimated
borehole trajectory; deriving predicted deformation and bending moment measurements based
on the estimated borehole trajectory; determining an error between the predicted measurements
and the actual measurements; updating the estimated borehole trajectory to reduce the error;
repeating said deriving, determining, and updating to refine the estimated borehole trajectory;
and converting the estimated borehole trajectory into a borehole curvature log.

Embodiment B: A borehole curvature logging method that comprises: retrieving actual
deformation and bending moment measurements for spaced-apart intervals on a bottomhole
assembly (BHA) as a function of BHA position; obtaining an estimated borehole trajectory;
deriving predicted deformation and bending moment measurements based on the estimated
borehole trajectory; determining an error between the predicted measurements and the actual

measurements; updating the estimated borehole trajectory to reduce the error; repeating said
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deriving, determining, and updating to refine the estimated borehole trajectory; converting the
estimated borehole trajectory into a borehole curvature log for display or storage on a
nontransient information storage medium.

Each of the foregoing embodiment may further include any of the following additional
elements alone or in any suitable combination: 1. The method includes using the optimized
operating parameters to steer the drilling assembly towards the target. 2. said one or more
operating parameters include weight on bit and rotations per minute. 3. said one or more
operating parameters include hook load and top drive torque. 4. said one or more operating
parameters further include toolface orientation and dogleg severity. 5. at least some of said
uncertainties are associated with: position of at least one formation bed boundary; formation
rock hardness; and bit wear. 6. at least some of said uncertainties are associated with: formation
heterogeneity; and position of one or more formation anomalies. 7. at least some of said
uncertainties are associated with: sensor measurements of said one or more operating
parameters; bit walk rate; and accuracy of the at least one path-dependent drilling dynamics
model. 8. the cost function is a weighted sum of optimization merits including one or more of:
energy dissipation ratio, bit wear, mud motor wear, cutting efficiency, rate of penetration,
financial cost, vibration excitation, and quantified path geometry. 9. The method further
includes: monitoring drilling data to refine the formation model and the drilling dynamics
model; and repeating said identifying, characterizing, representing, employing, applying, and
displaying.

Numerous other modifications, equivalents, and alternatives, will become apparent to
those skilled in the art once the above disclosure is fully appreciated. It is intended that the
following claims be interpreted to embrace all such modifications, equivalents, and alternatives

where applicable.
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CLAIMS
WHAT IS CLAIMED IS:
1. A drilling method that comprises:
obtaining a formation model representing formation properties to be encountered by a
drilling assembly being steered towards a target;
identifying at lecast one path-dependent drilling model for predicting the drilling
assembly’s response to one or more operating parameters;
characterizing uncertainties associated with said formation model and said at least one
drilling model, said characterizing yiclding a probability density function for each
uncertainty;
representing a range for cach of said one or more operating parameters as a probability
density function;
steering the drilling assembly towards the target using the probability density functions.
2. The drilling method of claim 1, further comprising:
employing the probability density functions to determine random samples of said
uncertainties and of said one or more operating parameters; and
applying a cost function to the random samples to determine an expected cost as a function
said one or more operating parameters.
3. The drilling method of claim 2, further comprising:
displaying the randomly sampled operating parameters having a minimum expected cost as
optimized operating parameters.
4. The method of claim 3, wherein steering the drilling assembly towards the target using the
probability density functions comprises using the optimized operating parameters to steer the
drilling assembly towards the target.
5. The method of claim 3, wherein said one or more operating parameters include weight on
bit and rotations per minute.
6. The method of claim 3, wherein said one or more operating parameters include hook load
and top drive torque.
7. The method of claim 3, wherein said one or more operating parameters further include
toolface orientation and dogleg severity.
8. The method of claim 1, wherein at Ieast some of said uncertainties are associated with:
position of at least one formation bed boundary;

formation rock hardness; and
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bit wear.
9. The method of claim 1, wherein at Icast some of said uncertainties are associated with:
formation heterogeneity; and
position of one or more formation anomalies.
10. The method of claim 1, wherein at least some of said uncertainties are associated with:
sensor measurements of said one or more operating parameters;
bit walk rate; and
accuracy of the at least one path-dependent drilling model.
11. The method of claim 3, wherein the cost function is a weighted sum of optimization
merits including one or more of: energy dissipation ratio, bit wear, mud motor wear, cutting
efficiency, rate of penetration, financial cost, vibration excitation, and quantified path
geometry.
12. The method of claim 3, further comprising:
monitoring drilling data to refine the formation model and the drilling model; and
repeating said identifying, characterizing, representing, employing, applying, and
displaying.
13. A drilling system that comprises:
a drilling assembly including:
a bottomhole assembly with a drill bit and a steering assembly; and
a drill string that connects the bottomhole assembly to a drilling rig; and
a processing system that provides optimized values of operating parameters for steering the
drilling assembly to a target, by:
obtaining a formation model representing formation properties to be encountered by the
drilling assembly;
identifying at least one path-dependent drilling model for predicting the drilling
assembly’s response to the operating parameters;
characterizing uncertainties associated with said formation model and said at least one
drilling model, said characterizing yielding a probability density function for each
uncertainty; and
representing a range for each of said operating parameters as a probability density function.
14. The drilling system of claim 13, wherein the processing system further provides
optimized values by:

employing the probability density functions to determine random samples of said
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uncertainties and of said operating parameters; and
applying a cost function to the random samples to determine an expected cost as a
function said operating parameters.
15. The drilling system of claim 14, wherein the processing system provides optimized
values by further:
displaying the randomly sampled operating parameters having a minimum expected
cost as optimized values for the operating parameters.
16. The system of claim 13, wherein the drilling assembly uses the optimized values of
operating parameters to steer the drilling assembly towards the target.
17. The system of claim 13, wherein said one or more operating parameters include weight
on bit and rotations per minute.
18. The system of claim 13, wherein said onc or more operating parameters include hook
load and top drive torque.
19. The system of claim 18, wherein said one or more operating parameters further include
toolface orientation and dogleg severity.
20. The system of claim 13, wherein at least some of said uncertainties are associated with:
position of at least one formation bed boundary;
formation rock hardness; and
bit wear.
21. The system of claim 13, wherein at least some of said uncertainties are associated with:
formation heterogeneity; and
position of one or more formation anomalies.
22. The system of claim 13, wherein at least some of said uncertainties are associated with:
sensor measurements of said one or more operating parameters;
bit walk rate; and
accuracy of the at least one path-dependent drilling model.
23. The system of claim 14, wherein the cost function is a weighted sum of optimization
merits including one or more of: energy dissipation ratio, bit wear, mud motor wear, cutting
efficiency, rate of penetration, financial cost, vibration excitation, and quantified path
geometry.
24. The system of claim 15, wherein the processing system further provides the optimized
values by:

monitoring drilling data to refine the formation model and the drilling model; and
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