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SYSTEM AND METHOD FOR SELECTING A DRILLING PATH
BASED ON COST

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a Patent Cooperation Treaty Application of
5  U.S. Patent Application No. 14/067,390, filed October 30, 2013, and entitled

SYSTEM AND METHOD FOR DEFINING A DRILLING PATH BASED

ON COST (Atty. Dkt. No. HADT-31671), which claims benefit from U.S.

Provisional Application No. 61/839,731, filed June 26, 2013, and entitled

SYSTEM AND METHOD FOR SELECTING A DRILLING PATH BASED
10 ON COST (Atty. Dkt. No. HADT-31806).

TECHNICAL FIELD

[0002] The following disclosure relates to directional and conventional

drilling,
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BACKGROUND

[0003] Drilling a borehole for the extraction of minerals has become an
increasingly complicated operation due to the increased depth and complexity
of many boreholes, including the complexity added by directional drilling.
5 Dirilling is an expensive operation and errors in drilling add to the cost and, in
some cases, drilling errors may permanently lower the output of a well for
years into the future. Current technologies and methods do not adequately
address the complicated nature of drilling. Accordingly, what is needed are a

system and method to improve drilling operations.

10
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] For a more complete understanding, reference is now made to the
following description taken in conjunction with the accompanying Drawings

in which:

5 [0005] FIG. 1 illustrates one embodiment of an environment within

which various aspects of the present disclosure may be implemented;

[0006] FIG. 2A illustrates one embodiment of a drilling system that may

be used within the environment of FIG. 1;

[0007] FIG. 2B illustrates one embodiment of a computer system that
10  may be used within the environment of FIG. 2A;

[0008] FIG. 3 illustrates a flow chart of one embodiment of a method
that may be used to select one of a plurality of convergence paths based on

cost;

[0009] FIG. 4 illustrates a flow chart of one embodiment of a method
15 that may be used with the method of FIG. 3 to identify the cost of a

convergence path;

[0010] FIG. 5A illustrates a flow chart of one embodiment of a method
that may be used with the method of FIG. 4 to identify the offset cost of a

convergence path;

20  [0011] FIGS. 5B-5D illustrate embodiments of a two dimensional

diagram of a cost curve;
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[0012] FIG. 6 illustrates a flow chart of one embodiment of a method
that may be used with the method of FIG. 4 to identify the curvature cost of a

convergence path; and

[0013] FIGS. 7 and 8 illustrate flow charts of different embodiments of a
5 method that may be used with the method of FIG. 4 to identify the time cost of

a convergence path.
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DETAILED DESCRIPTION

[0014] Referring now to the drawings, wherein like reference numbers
are used herein to designate like elements throughout, the various views and
embodiments of a system and method for selecting a drilling path based on
S5 cost are illustrated and described, and other possible embodiments are
described. The figures are not necessarily drawn to scale, and in some
instances the drawings have been exaggerated and/or simplified in places for
illustrative purposes only. One of ordinary skill in the art will appreciate the
many possible applications and variations based on the following examples of

10 possible embodiments.

[0015] Referring to FIG. 1, one embodiment of an environment 100 is
illustrated with a formation 102. A borchole is to be drilled or is being drilled
within the formation 102 and there is a target path 104 for the borehole.
Calculating paths for a borehole in a formation is a complex and often difficult
15  tounderstand process that frequently uses a combination of known factors and
estimates. Whether calculating the path prior to the beginning of drilling or
attempting to return to a desired path when drilling has gone off course, there
are an infinite number of paths from which to choose. Each of these paths has
an associated financial cost that is difficult to identify due to the number of
20  factors involved. However, the financial cost of a path is important to the
business of drilling and needs to be taken into account. Accordingly, by
normalizing drilling variables into a monetary unit (e.g., United States dollars)
as described in the present disclosure, multiple path options can be evaluated
in terms of financial cost and the path that best satisfies one or more defined

25  cost parameters can be selected.

[0016] In the present example, the target path 104 represents an optimal
path that has zero cost and provides maximum value. In other words,

following the target path 104 has no penalty as there is no “better” way to drill
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through the formation 102 than along the target path 104. It is understood that
“better” is a relative term that may be based on various selected factors,
imperfect data and/or conclusions, and/or available equipment, and so may not

be the actual best possible path if other factors were selected, additional

5 information was known, and/or if other equipment was available. In terms of
cost, the target path 104 has zero cost because there is no penalty for being on
target. In other words, while there is a drilling cost associated with the target
path 104 because the target path 104 cannot be drilled for free, the target path

104 is assigned zero cost in the present example because the cost of the target

10 path 104 is the baseline cost and only paths that stray from the target path 104
will be assigned cost penalties. The target path 104 may be defined by a well
plan, seismic data, and/or any other information suitable for delineating the

path through the formation 102.

[0017] For purposes of example, paths 108, 110, 112, 114, 116, and 118
15  illustrate possible convergence paths from a point 106 representing a current
or future bottom hole assembly (BHA) location to the target path 104.
Although not discussed in detail herein, the calculation of the convergence
paths themselves may use any of a number of processes. One possible method
for such convergence path calculations is disclosed in U.S. Application Serial
20  Number 13/530,298, filed on June 22, 2012, and entitled SYSTEM AND
METHOD FOR DETERMINING INCREMENTAL PROGRESSION
BETWEEN SURVEY POINTS WHILE DRILLING, which is hereby

incorporated by reference in its entirety.

[0018] As will be discussed below, after the paths 108, 110, 112, 114,
25 116, and 118 are calculated, each path may be assigned a cost and then
evaluated based on that cost relative to the costs of the other paths. For
example, from a distance perspective, path 108 has a greater length than path
116 and much of that length is farther from the target path 104 than the length
of path 110. In contrast, path 110 narrows the distance to the target path 104
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more rapidly. However, path 110 requires more sliding, which takes time and
introduces complexities in steering. These factors and/or others need to be
weighed to determine whether the shorter length of path 110 actually results in
a lower cost. Paths 108 and 116 converge sharply with the target path 104 and
S it appears likely that overshoot will occur unless an unrealistic build rate is
applied. Path 114 may converge sharply, but does not extend far enough to
determine what will happen. Paths 110, 112, and 118 offer more reasonable
convergence angles, although some correction may still need to be made. The
paths 108, 110, 112, 114, 116, and 118 offer various alternatives, each with
10  different curvature, length, offset from the target path 104, and time
considerations that affect the cost of that particular path. To address costs
beyond the point of convergence, each path may also have an extension cost,

which will be discussed in greater detail below.

[0019] By calculating a monetary value (e.g., a value in United States
15  dollars) for a particular segment of a path (e.g., a unit of measure such as a
foot) and adding up all the segments for the path, a cost can be identified for a
particular path. For example, assume that the target path has a value of $1000
per foot based on a PV 10 value (e.g., the present value of estimated future oil
and gas revenues, net of estimated direct expenses, discounted at an annual
20  discount rate of 10%). The target path 104 would be $0 per foot in cost. A
cost for a convergence path can then be calculated for each segment (e.g., foot)
of the convergence path based on the target path’s value, and the total cost of

all the segments is the cost of the convergence path.

[0020] The process of calculating the cost of a path may involve
25  identifying any of a number of different types of cost, such as a distance cost,
a sliding cost, a curvature cost, a time cost, a dogleg cost, a deviation cost,
and/or a launch penalty cost. Some of these costs may be used to calculate
other costs. For example, the launch penalty cost may be used to calculate the

curvature cost.
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[0021] Accordingly, the present disclosure may be used to provide a
relatively easy to understand picture of which path should be selected from
many different possible paths from a cost standpoint. For example, if the
borehole is being drilled and the BHA is off of the target path, a cost
5 comparison may be used to determine the best convergence path in terms of
cost for returning the BHA to the target path when there are an infinite number
of paths from which to choose. As the best convergence path may not be the
shortest or most direct path, using a cost based selection analysis enables

drilling decisions to be based on maximizing value and minimizing cost.

10 [0022] Although FIG. 1 is a two-dimensional drawing, it is understood
that the various paths illustrated in FIG. 1 may be three-dimensional in nature.
Furthermore, it is understood that although various lines are illustrated as
straight lines for purposes of clarity (e.g., the target path 104), such lines need
not be straight. Furthermore, although shown as lines, it is understood that

15 paths may be zones. For example, the target path 104 may be a three

dimensional zone and drilling inside the zone may be assigned zero cost.

[0023] Referring to FIG. 2A, one embodiment of a drilling environment
200 is illustrated that may be used within the environment of FIG. 1.
Although the environment 200 is a drilling environment that is described with
20  a top drive drilling system, it is understood that other embodiments may

include other drilling systems, such as rotary table systems.

[0024] In the present example, the environment 200 includes a derrick
202 on a surface 203. The derrick 202 includes a crown block 204. A
traveling block 206 is coupled to the crown block 204 via a drilling line 208.
25  Inatop drive system (as illustrated), a top drive 210 is coupled to the traveling
block 206 and provides the rotational force needed for drilling. A saver sub
212 may sit between the top drive 210 and a drill pipe 214 that is part of a drill
string 216. The top drive 210 rotates the drill string 216 via the saver sub 212,
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which in turn rotates a drill bit 218 of a BHA 220 in a borehole 222 in the
formation 102. A mud pump 224 may direct a fluid mixture (e.g., mud) 226
from a mud pit or other container 228 into the borehole 222. The mud 226
may flow from the mud pump 224 into a discharge line 230 that is coupled to
5 arotary hose 232 by a standpipe 234. The rotary hose 232 is coupled to the
top drive 210, which includes a passage for the mud 226 to flow into the drill
string 216 and the borehole 222. A rotary table 236 may be fitted with a
master bushing 238 to hold the drill string 216 when the drill string is not

rotating,.

10 [0025] Some or all of a control system 242 may be located at the derrick
202, may be downhole, and/or may be remote from the actual drilling location.
For example, the control system 242 may be a system such as is disclosed in
U.S. Patent No. 8,210,283 entitled SYSTEM AND METHOD FOR
SURFACE STEERABLE DRILLING, filed on December 22, 2011, and
15  issued on July 3, 2012, which is hereby incorporated by reference in its
entirety. Alternatively, the control system 242 may be a standalone system or
may be incorporated into other systems at the derrick 202. The control system

242 may communicate via a wired and/or wireless connection (not shown).

[0026] Referring to FIG. 2B, one embodiment of a computer system 250
20 s illustrated. The computer system 250 is one possible example of a system
component or device such as the control system 242 of Fig. 2A or a separate
system used to perform the various processes described herein. In scenarios
where the computer system 250 is on-site, such as within the environment 100
of Fig. 1, the computer system may be contained in a relatively rugged, shock-
25  resistant case that is hardened for industrial applications and harsh
environments. It is understood that downhole electronics may be mounted in
an adaptive suspension system that uses active dampening as described in

various embodiments herein.
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[0027] The computer system 250 may include a central processing unit
("CPU") 252, a memory unit 254, an input/output ("I/O") device 256, and a
network interface 258. The components 252, 254, 256, and 258 are
interconnected by a transport system (e.g., a bus) 260. A power supply (PS)
5 262 may provide power to components of the computer system 250 via a
power transport system 264 (shown with data transport system 260, although

the power and data transport systems may be separate).

[0028] It is understood that the computer system 250 may be differently
configured and that each of the listed components may actually represent
10  several different components. For example, the CPU 252 may actually
represent a multi-processor or a distributed processing system; the memory
unit 254 may include different levels of cache memory, main memory, hard
disks, and remote storage locations; the I/0 device 256 may include monitors,
keyboards, and the like; and the network interface 258 may include one or
15  more network cards providing one or more wired and/or wireless connections
to a network 266. Therefore, a wide range of flexibility is anticipated in the

configuration of the computer system 250.

[0029] The computer system 250 may use any operating system (or
multiple operating systems), including various versions of operating systems
20  provided by Microsoft (such as WINDOWS), Apple (such as Mac OS X),
UNIX, and LINUX, and may include operating systems specifically developed
for handheld devices, personal computers, and servers depending on the use of
the computer system 250. The operating system, as well as other instructions
(e.g., software instructions for performing the functionality described in
25  previous embodiments) may be stored in the memory unit 254 and executed
by the processor 252. For example, the memory unit 254 may include
instructions for performing the various methods and control functions

disclosed herein.

10
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[0030] The network 266 may be a single network or may represent
multiple networks, including networks of different types. For example, the
network 266 may include one or more cellular links, data packet networks
such as the Internet, local area networks (LANs), and/or wide local area
5 networks (WLAN), and/or Public Switched Telephone Networks (PSTNs).
Accordingly, many different network types and configurations may be used to
couple the computer system 250 to other components of the environment 200

of Fig. 2A and/or to other systems not shown (e.g., remote systems).

[0031] Referring to FIG. 3, one embodiment of a method 300 illustrates
10 aprocess that may be used to select a convergence path from multiple possible
convergence paths when a BHA (e.g., the BHA 220 of FIG. 2A) is off a target
path (e.g., the target path 104 of FIG. 1). In the three dimensional space of a
formation (e.g., the formation 102 of FIG. 1), there may be an infinite number
of possible convergence paths. The method 300 may be used to identify
15  multiple possible convergence paths, narrow the identified paths to a single

“best” path based on cost, and select that path as the path to be used.

[0032] It is understood that “best” is a relative term that may be based on
one or more parameters, and so may not be the best path if other parameters
are selected. In the present example, the best path is the lowest cost path in
20  terms of a monetary unit, but it is understood that the best path may be
otherwise defined. For example, in some embodiments, the best path may be
the second to lowest cost path or may be the lowest cost path based on a
particular cost parameter (e.g., time cost). Accordingly, while the best path is
the path with the lowest overall cost for purposes of example, other best paths

25  may exist and may be selected based on the particular needs for a path.

[0033] In step 302, drilling plan information is obtained for convergence
solution calculations if it has not already been obtained. The drilling plan

information may be a well plan, seismic data, and/or any other information

11
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that defines the target path 104 that the BHA 220 is to follow. Current BHA
information such as location, trajectory, ROP, and other information may also
be obtained so that a convergence plan can be calculated to realign the BHA
with the target path 104. Other information, such as drift information, may be
5 obtained if not included in the drilling plan information for use in sliding

and/or rotation calculations.

[0034] In step 304, multiple geometric paths are calculated. The number
of geometric paths that are calculated may depend on factors such as available
processing power and/or the number and/or values of selected parameters (e.g.,
10  parameters may be selected to constrain the number of geometric paths). For
example, parameters may limit the minimum and/or maximum length of a path,
the maximum allowable dogleg severity, the direction, the inclination, and/or
other path variables. The total number of paths may be limited by selecting
appropriate parameters and parameter values. For purposes of example,
15 500,000 paths may be calculated, but it is understood that fewer or more (e.g.,

one million or more) paths may be calculated in other embodiments.

[0035] In step 306, the geometric paths are pruned to remove illogical
options. For example, while geometrically possible, some paths may go in the
wrong direction at some point and yet still converge. These paths can be
20  eliminated as they are not likely to be the lowest cost solution. In some
embodiments, step 306 may be handled as parameters used in step 304 (e.g.,
parameters may be selected that remove the possibility of calculating paths
that go in the wrong direction). The pruning of step 306 reduces the number
of paths for which later calculations are needed. This may speed up

25  calculations, thereby providing a performance benefit.

[0036] In step 308, the paths remaining after the pruning of step 306 are
passed through a rule set and paths violating the rules are removed from

consideration. For example, one or more rules may define a threshold for

12
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maximum allowable dogleg severity. Any paths that have doglegs above the
threshold may be discarded. One or more other rules may define a threshold
for a maximum allowable curvature for the entire path and any paths having
an overall curvature above the threshold may be discarded. The rule set may
5  be used to provide a relatively fine level of control and/or may be used to test

different outcomes without having to redo the pruning of step 306.

[0037] It is understood that the method 300 may handle steps 304, 306,
and 308 in different ways depending on how the method 300 is implemented,
and that steps 304, 306, and/or 308 may overlap or be combined in some
10  embodiments. For example, as described previously, parameters may be used
in step 304 to constrain the identification of the geometric convergence paths.
Accordingly, the pruning of step 306 and rule set application of step 308 may
vary depending on the functionality provided by step 304. Generally, steps
306 and/or 308 provide the ability to refine the selection process for deciding

15  which geometric convergence paths are to be passed on for cost analysis.

[0038] In step 310, a cost may be identified for each path remaining after
step 308. As will be described later in greater detail, the cost of a path may be
dependent on various factors such as an offset cost that penalizes a path based
on distance from the target path, a curvature cost that penalizes a path for the
20 path’s curvature (which has an impact on friction), and/or a time cost that
penalizes a path based on the amount of time the path will take. For purposes
of example, all three of these costs are used to calculate the total cost for a
path, but it is understood that fewer factors may be used in some embodiments,

and that more factors may be used in other embodiments.

25 [0039] In step 312, the paths are compared based on cost and, in step
314, the path that best meets one or more defined cost parameters is selected.
For example, the lowest cost path may be selected. In step 316, the selected

path is output. Although not shown in FIG. 3, the output may be used to

13
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provide drilling instructions for directing the BHA back to the target path. For
example, the output may be used with the control system described in
previously incorporated U.S. Patent No. 8,210,283 (SYSTEM AND
METHOD FOR SURFACE STEERABLE DRILLING) to provide or

5 otherwise form the basis for drilling instructions.

[0040] It is understood that various steps may be added or removed from
FIG. 3. For example, in some embodiments, the method 300 may import
previously calculated geometric convergence paths (removing the need for
steps 302 and 304). In other embodiments, those imported paths may have

10  already been pruned (removing the need for step 306) and/or passed through
the rule set (removing the need for step 308).

[0041] Referring to FIG. 4, one embodiment of a method 400 illustrates
a process that may be used to identify the cost of multiple convergence paths
and then select one of the paths. In the present example, the cost of a path is
15 based on the offset cost, the curvature cost, and the time cost as described

above.

[0042] In step 402, the cost for a convergence path is identified. More
specifically, the offset cost is identified in step 404, the curvature cost is
identified in step 406, and the time cost is identified in step 408. It is

20  understood that identifying the offset cost, the curvature cost, and the time cost
may involve two or more calculations for each cost. For example, the offset
cost, the curvature cost, and/or the time cost may be identified from both an
azimuth perspective and a true vertical depth (TVD) perspective. These two
dimensional costs may then be added together to identify a single offset cost.

25 In other embodiments, three dimensional calculations may be used to
determine the offset cost. Examples of steps 404, 406, and 408 are described
in greater detail below. In step 410, the outputs of steps 404, 406, and 408 are
combined to identify the total cost for the path.

14
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[0043] In step 412, a determination may be made as to whether the cost
of another path is to be identified. If the cost of another path is to be identified,
the method 400 returns to step 402 and calculates the cost of the next path. If
no path remains for which the cost is to be calculated, the method 400

5 continues to step 414, where the paths are normalized.

[0044] Normalization may be performed because the paths may not be
the same length due to factors such as differences in the timing and length of
rotation and sliding segments. The present embodiment may use rotate/slide
pairs for purposes of calculations, although each pair may have a zero factor
10  where there is either zero rotation or zero sliding. This means that two
rotations or two slides may be chained together directly if the intervening
segment is zero. The present embodiment may have minimum and maximum
path lengths defined for the geometric search engine and a path may not stop
on convergence. It is understood that convergence does not necessarily mean

15  that the path actually merges with the target path 104.

[0045] Not stopping on convergence means that the path may continue
after convergence, which extends the length of the path. This extension has a
cost that may be calculated separately from the path cost and may be used in
comparing paths to identify the least cost path. For example, referring to FIG.
20 1, each path 108, 110, 112, 114, 116, and 118 is extended past the planned
convergence path. As discussed previously, paths 108 and 118 converge
sharply (e.g., aggressively) with the target path 104, while paths 110, 112, and
118 offer more reasonable (e.g., less aggressive) convergence angles, although
some correction may still need to be made. Accordingly, by extending the
25  paths past convergence, paths with higher backend loaded costs may be
identified. For example, path 108 may need a significant amount of correction
to deal with the amount of overshoot caused by the aggressive convergence

angle, while path 118 needs much less correction. By calculating the

15
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extension cost as well as the path cost, a more complete cost picture can be

formed.

[0046] A path may be defined in terms of vertical zones, build zones,
and lateral zones, with each zone having its own set of rules. For example, a
5 build zone may have a maximum allowed curvature of fourteen degrees, while
a lateral zone may have a maximum allowed curvature of four degrees. Due
to geological factors such as drift, drilling a path as a straight line may not
actually result in a straight line because rotational drilling has a tendency to
curve due to drift. When formulating and reviewing plans, the geological drift
10  may be accounted for by drilling somewhat off course relative to a straight
line path and/or by planning corrective slides. Drifting may impose a cost
when it causes undesirable deviations from the plan and may also require a
cost for any corrections needed to account for the drift. Furthermore, a path
may use geological drift (if present in the formation) to account for sliding
15 time and other corrective measures (e.g., may allow the drift to correct the
course instead of performing a slide). However, if the amount of drift results
in a course correction that is too slow and/or occurs over too great a distance,

the drift correction may not occur fast enough to negate the offset cost.

[0047] Accordingly, to balance these and other factors, the paths may
20 use empirical geo-drift, ROP, and build rates (e.g., motor yields) to calculate
convergence. Due to the many different factors present in a path (e.g., amount
of progress made by a path), paths of different lengths (e.g., a three hundred
foot path versus a four hundred foot path) may be normalized prior to
comparison. For example, one path may be more expensive than another path,
25  but the more expensive path may have made an additional fifty feet of
progress compared to the cheaper path. This additional fifty feet of progress
has positive value in terms of cost that is not taken into account if the paths are

not normalized. This is illustrated in FIG. 1 with respect to paths 108 and 118,
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for example, with path 108 converging at a point farther down the target path
104 than the point at which path 118 converges.

[0048] In the present example, the normalization process is performed
by normalizing all paths against the longest path as follows: (cost of path
5 being normalized/length of path being normalized) * length of longest path.
For example, if the longest path is four hundred feet long and the path being
normalized is two hundred feet long and costs $75,000, the normalization
would result in (($75,000/200)*400 = $150,000). The total cost of the two
hundred foot path used for comparison purposes would be $150,000, instead
10 of the actual $75,000 cost. The four hundred foot plan will more expensive if
its cost is greater than $150,000, and less expensive if its cost is less than
$150,000. Accordingly, a cost of $125,000 for the four hundred foot path
would make the four hundred foot path more expensive than the two hundred
foot path prior to normalization, but less expensive after normalization is

15  performed.

[0049] In step 416, following normalization, the path best meeting the
cost parameter(s) is identified. For example, the lowest cost path may be
identified. In step 418, the identified path is output. It is understood that steps
416 and 418 may be similar or identical to steps 316 and 318 of FIG. 3, but are
20  included for purposes of better illustrating the overall process of FIG. 4.
However, a path will generally be selected a single time (e.g., in one of steps
316 or 416) and output a single time (e.g., in one of steps 318 or 418), and so
such duplicate steps may be omitted in an actual implementation of FIG. 3 and
FIG. 4. For example, if steps 316 and 318 are implemented, step 416 may be
25  omitted and step 418 may be used to output the normalized paths to step 316

for selection.

[0050] Referring to FIG. 5A, one embodiment of a method 500
illustrates a process that may be used as step 404 of FIG. 4 to identify the
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offset cost of a convergence path. It is understood that this is only an example

of step 404 and other methods may be used.

[0051] In step 502, the length of a path segment is identified. For
purposes of example, a segment is one foot in length, but it is understood that
5 asegment may be defined in many different ways. For example, a segment
may be defined as a distance (e.g., inches, centimeters, yards, or meters) or
may be defined using one or more other measurement criteria (e.g., a length of
pipe or a fraction of that length). In step 504, the path is divided into segments
of the identified length. For example, a four hundred foot path would be

10  divided into four hundred segments that are each one foot in length.

[0052] In step 506, a single path segment is identified for cost
calculation purposes. The present step identifies which one of the segments is
to have its cost calculated in this iteration of the method 500. In step 508, the
segment’s distance from the target path is identified. In step 510, the
15 segment’s location on a cost curve is calculated based on distance. As
described previously, this location identifies the penalty that is to be applied to
the segment, with the penalty generally increasing the farther the location is

from the target path.

[0053] With additional reference to FIGS. 5B-D, various embodiments
20 of a cost curve 530 are illustrated using two-dimensional diagrams. The cost
curve 530 may show costs, including non-linear and/or non-symmetrical costs,
against an axis 532 representing true vertical depth (TVD) and an axis 534
representing azimuth. As shown, the diagrams 530 may provide a region 536
of potential non-linear path costs surrounded by a boundary 538 that
25  represents an outer limit of the non-linear costs. It is understood that costs
may increase outside the boundary 538, but may be linear or non-linear.

Without such cost increases outside the boundary, a potential solution that
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passes the boundary would incur no additional cost and there would be no cost

pressure to return the solution to the region 536.

[0054] The region 536 may include colored and/or otherwise
differentiated areas to indicate costs. For example, green (the center portion of
5 the region 536 indicated by horizontal lines) yellow (the intermediate portion
of the region 536 indicated by “+” signs), and red (the outer portion of the
region 536 indicated by vertical lines) may be used to indicate arcas of
desirable, borderline, and undesirable costs, respectively. Shading or other
indicia may be used to indicate graduated costs, such as going from a lighter
10 red to a darker red. In addition, it is understood that the colors may not be
separated by a clear line, but may fade into one another. For example, green
may fade into yellow to indicate that costs are increasing, rather than having

an abrupt transition from green to yellow.

[0055] In the present embodiment, the cost curve 530 may be
15  manipulated along one or both axes 532 and 534 by modifying the location of
lines 540 and 542. One or both of the lines 540 and 542 may be non-linear
and/or non-symmetrical. Manipulation of the lines 540 and 542 may affect the
region 536 (e.g., may shift the costs and therefore the coloration of the region)

and/or the boundary 538 (e.g., may shift maximum costs limits).

20 [0056] For example, line 540 may be manipulated by moving points 544
and/or 546, which may be moved relative to a cost axis 548 and a distance axis
550. The points 544 and/or 546 represent the maximum cost penalty within
the boundary 538. For purposes of illustration, the point 544 may be moved to
a position 552 (FIG. 5D) and the point 546 may be moved to a position 554
25  (FIG. 5C). A portion of the line 540 is currently at position 556 and may be

moved, for example, to a position 558 or a position 560.
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[0057] Similarly, line 542 may be manipulated by moving points 562
and/or 564, which may be moved relative to a cost axis 566 and a distance axis
568. The points 544 and/or 546 represent the maximum cost penalty within
the boundary 538. For purposes of illustration, the point 562 may be moved to
5 aposition 570 and the point 564 may be moved to a position 572. A portion
of the line 542 is currently at position 574 and may be moved, for example, to

a position 576 or a position 578.

[0058] In some embodiments, the cost curve 530 may be provided as a
graphical tool that enables a user to manipulate the lines 540 and 542 for
10  spatial cost assessment when determining a convergence solution. For
example, a computer system (e.g., the computer system 250 of FIG. 2B) may
execute one or more of the methods described herein based on the actions of a
geologist who is manipulating the lines 540 and 542 via a graphical user
interface. Accordingly, the geologist or other user may “drive” the BHA
15 along a desirable path as the diagram 530 may be viewed from the perspective
of the drill bit/BHA looking forward into the formation from a cost
perspective. The computer system may then create a convergence plan based
on how the drill bittBHA 1is driven. This allows the geologist to interact

visually with the described methods to create a convergence plan.

20 [0059] In some embodiments, areas (not shown) of extreme or even
infinite cost may be defined within the region 536 to prevent solutions from
entering those areas. For example, a property line that marks a drilling limit
may be given an extreme or infinite cost with the cost rising sharply as the
property line is approached. In another example, an old well may be avoided

25 by marking it as an area of extreme or infinite cost, thereby using cost as an
anti-collision measure. Accordingly, the behavior of solutions can be affected
by defining geographic zones as areas of extreme or infinite cost and/or by

controlling the rate at which the costs increase as those zones are approached.
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[0060] Referring again to FIG. 5A, in step 512, the segment’s cost is
calculated based on the cost assigned to the segment’s location on the cost
curve. Continuing the previous example of the target path 104 having a value
of $1000 per foot, if the segment is at the $600 mark on the cost curve, the
5  offset cost is $400 (i.e., $1000 - $400 = $600) if the cost curve is defined in
terms of value. If the cost curve is defined in terms of cost, the mark would
indicate the $400 cost (e.g., the mark identifies the cost rather than the value).
In step 514, the segment’s cost is added to the path’s cost (e.g., current

segment cost + current path cost = new path cost).

10  [0061] In step 516, a determination may be made as to whether the cost
of another segment of the path is to be determined. If the cost of another
segment is to be identified, the method 500 returns to step 506 and begins
calculating the next segment’s cost. If there are no other segments for which
cost is to be identified, the method 500 continues to step 518. In step 518, the

15  path cost is output.

[0062] With additional reference to FIG. 6, one embodiment of a method
600 illustrates a process that may be used as step 406 of FIG. 4 to identify the
curvature cost of a convergence path. It is understood that this is only an
example of step 406 and other methods may be used. The curvature cost
20  addresses the costs associated with curves in the path. Such costs include
reaming, casing requirements, the impact of friction on later well segments,
and similar costs. The curvature cost may be viewed as a mixture of friction

impact, steerage issues, and launch penalty.

[0063] The launch penalty can be in a relative zone or an absolute zone
25  and addresses system stability. The absolute zone launch penalty addresses
drilling above a certain angle (e.g., ninety-eight degrees). This is a common
problem when drilling a horizontal well because moving above that angle

makes it very difficult to get the well to come back down to the desired path
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because there is less weight pulling the BHA down (e.g., gravity is not aiding
the course correction as much). Once this tipping point angle is reached, the

BHA tends to move aggressively away from the plan (e.g., launches).

[0064] The relative zone launch penalty addresses the impact of geo-
5 drift and drilling at an offset from a planned angle. When not staying on bed
dip (e.g., when crossing the grain), off course movement may be accelerated.
Due to this, drilling against the grain of the formation tends to create an

unstable system.

[0065] The launch penalty creates an exponential cost curve as the
10  tipping point angle is approached and passed or when cross grain drilling is
needed (particularly for an extended period of time) because of the difficulty
in correcting the associated problems. Accordingly, the present process
applies a launch penalty for approaching angles or drilling patterns where this
aggressive movement may begin. Because the launch penalty is an
15 exponential cost curve that penalizes paths that approach undesirable
situations, the cost increases exponentially the closer the path gets to the

absolute or relative zones.

[0066] In step 602, rotation/sliding segments of the path may be
identified. This may include identifying the lengths and locations of the
20  rotation segments and the lengths, locations, and build rates of the sliding
segments. Launch penalty costs may be applied based on build rate

information. In step 604, the overall curvature of the path is identified.

[0067] In step 606, the peak curvature of the path is identified. The peak
curvature is identified using a defined window (e.g., a window spanning a
25  defined number of feet) to identify dogleg severity. As this window is moved
along the path, the peak curvature is located and generally occurs when the

entire window contains a slide or when the window overlaps multiple slides.
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It is understood that the distance defined for the window may greatly impact
the identified peak curvature. For example, assume there is a five degree
curve that occurs within ten feet and there is not another curve within one
hundred feet. Using a sliding window spanning one hundred feet will result in
5 adogleg severity of 5°/100 ft. Using a sliding window spanning ten feet will
result in a dogleg severity of 5°/10 ft, which appears to be a much more severe
dogleg even though it is actually the same one. The peak curvature, which
may be less than the threshold for dogleg severity as applied by the rules in
step 308 of FIG. 3, may be identified to determine cost because the greater the

10  peak curvature, the greater the impact on later portions of the path.

[0068] For this reason, the locations of curvature may also be identified.
For example, a curve early in the well will affect the remainder of the well,
while a curve near the end of the well will have far less impact on the path as a
well. Accordingly, a curve early in the well may more drastically affect the
15  cost of the remainder of the well and so may be assigned a higher cost than a
curve near the end of the well. As described above, how the sample size is
defined (e.g., the distance spanned by the window), may have a significant

impact on how a curve is evaluated.

[0069] In step 608, a curvature cost for the path is identified based on
20  the overall (e.g., average) curvature, peak curvature, and location(s) of

curvature. In step 610, the curvature cost is output.

[0070] Referring to FIG. 7, one embodiment of a method 700 illustrates
a process that may be used as step 408 of FIG. 4 to identify the time cost of a
convergence path. It is understood that this is only an example of step 408 and

25  other methods may be used.

[0071] In step 702, rotation/sliding segments of the path may be
identified. This may include identifying the length of the rotation segments
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and the length and build rate of the sliding segments. In some embodiments,
this may use information from step 602 of FIG. 6 or information from this step
of the method 700 may be used with the method 600 of FIG. 6. In step 704, a
time for each segment may be identified. For example, there is an ROP for
5 sliding and an ROP for rotating, and one or both of these ROPs may change
over time. In addition, there may be a setup time needed to prepare for a slide,
which may include the time needed to orient the toolface and account for
reactional torque in preparation for the slide. Accordingly, the total time may
be calculated as ((ROP for slide * slide distance) + (ROP for rotation *

10 rotation distance) + setup time for slide).

[0072] Empirical ROP information may be used to provide current time
data. Generally, sliding segments will have higher time costs than rotation
segments of the same length and the ROP and/or time may change depending
on the bit’s location in the well. There is a ratio of slide ROP versus rotation
15 ROP and this ratio may change over the course of the well. For example, in
the vertical portion of the well, the slide/rotation ROP may be a 4:1 ratio,
while at the end of the lateral it may be a 20:1 ratio. This is empirically
calculated in real time or near real time so that the cost penalty threshold may
be continuously updated. Accordingly, the penalty for sliding at the end of the
20 well may be different than the penalty for sliding at the beginning of the well
and the method 700 may take this into account using the empirically

calculated ROP.

[0073] In step 706, the total time for the path may be identified. This
may include adding together the times calculated in step 704 or may include
25  other calculations. In step 708, a time cost is calculated for the path based on
the cost of the rig per unit time (e.g., total path time * rig cost per unit time =
path cost). Rig time may include some or all costs associated with the rig,
including labor costs, operating costs (e.g., fuel), material costs (e.g., pipe),

and/or other costs. For example, assume that a slide segment has a setup time
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of ten minutes and a slide time of forty minutes, and the rig has a time cost of
$75,000 per day. The segment cost would be fifty minutes times the rig cost
per minute (e.g., 50 minutes * ($75,000/1440 minutes) = $2604.17). This
could further be divided into cost per foot and/or otherwise converted for
5 additional comparisons and/or calculations. In step 710, the time cost is

output.

[0074] Referring to FIG. 8, one embodiment of a method 800 illustrates
another process that may be used as step 408 of FIG. 4 to identify the time
cost of a convergence path. It is understood that this is only an example of
10 step 408 and other methods may be used. As shown in FIG. 8, cost may be
calculated per segment in step 806 and the segment costs may be added to
identify the total path cost in step 808. As the steps are similar or identical to
those of FIG. 7 with the exception of steps 806 and 808, FIG. 8 is not

described in additional detail herein.

15 [0075] It will be appreciated by those skilled in the art having the benefit
of this disclosure that this system and method for selecting a drilling path
based on cost provides an improved process for comparing drilling paths on a
cost basis and selecting the drilling path that best satisfies one or more cost
parameters. It should be understood that the drawings and detailed description

20  herein are to be regarded in an illustrative rather than a restrictive manner, and
are not intended to be limiting to the particular forms and examples disclosed.
On the contrary, included are any further modifications, changes,
rearrangements, substitutions, alternatives, design choices, and embodiments
apparent to those of ordinary skill in the art, without departing from the spirit

25  and scope hereof, as defined by the following claims. Thus, it is intended that
the following claims be interpreted to embrace all such further modifications,
changes, rearrangements, substitutions, alternatives, design choices, and

embodiments.
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WHAT IS CLAIMED IS:
1. A method for selecting one of a plurality of convergence paths based
on cost comprising:
identifying, by a computer system, a plurality of geometric
5 convergence paths, wherein each of the geometric convergence paths
provides a convergence solution from a defined bottom hole assembly
(BHA) location to a target path;
calculating, by the computer system, a total monetary
cost for each of the geometric convergence paths, wherein calculating
10 the total monetary cost includes identifying an offset cost based on a
distance of the geometric convergence path from the target path,
identifying a curvature cost based on an amount of curvature of the
geometric convergence path, and identifying a time cost based on an
estimated amount of time needed to drill the geometric convergence
15 path;
comparing, by the computer system, the total monetary costs of
the geometric convergence paths to one another;
selecting, by the computer system, one of the geometric
convergence paths based on the total monetary cost of that geometric
20 convergence path relative to the total monetary costs of the other
geometric convergence paths; and
outputting, by the computer system, the selected geometric

convergence path.

25 2. The method of claim 1 wherein identifying the offset cost for one of
the geometric convergence paths includes:
dividing the geometric convergence path into a plurality of path
segments;
identifying a distance of each path segment from the target

30 path;
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for each path segment, identifying a segment cost based on a
distance of the path segment from the target path, wherein the target
path is assigned a zero cost and the segment cost of the path segment
increases the farther the path segment is from the target path; and

5 combining the cost of the path segments to calculate the offset

cost of the geometric convergence path.

3. The method of claim 2 wherein identifying the segment cost includes
identifying the path segment’s location on a cost curve based on the distance
10 of the path segment from the target path and wherein the cost curve includes

non-linear and non-symmetrical costs.

4, The method of claim 2 wherein dividing the geometric convergence
path into the plurality of path segments is based on a predefined unit of length
15
5. The method of claim 1 wherein identifying the curvature cost for one
of the geometric convergence paths includes:
identifying a peak curvature of the geometric convergence path;
identifying an overall curvature of the geometric convergence
20 path; and
identifying the curvature cost based on the peak curvature and

the overall curvature.

6. The method of claim 5 further comprising identifying a location of

25 cach curve of the geometric convergence path that is above a curvature
threshold, wherein a cost of each curve above the curvature threshold is based
on a severity of the curve and a length of the geometric convergence path
remaining after that curve, and wherein the cost of each curve is part of the
curvature cost.

30
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7. The method of claim 6 wherein a launch penalty is assessed if the

severity of a curve exceeds a defined angle.

8. The method of claim 7 wherein the launch penalty is defined as an

5 exponential cost curve.

9. The method of claim 6 wherein a launch penalty is assessed if an offset

relative to a planned angle exceeds a defined threshold.

10 10. The method of claim 1 wherein identifying the time cost for one of the
geometric convergence paths includes:
identifying each rotating segment and each sliding segment of
the geometric convergence path;
identifying an estimated amount of time needed to complete
15 each of the rotating and sliding segments;
identifying a total time for the geometric convergence path by
combining the assigned amounts of time; and
identifying a time cost for the total time, wherein the cost of a
drilling rig per unit time is applied to the total time to determine the

20 time cost.

11. The method of claim 1 wherein identifying the time cost for one of the
geometric convergence paths includes:
identifying each rotating segment and each sliding segment of
25 the geometric convergence path;
identifying an estimated amount of time needed to complete
cach of the rotating and sliding segments;
identifying a segment time cost for each of the rotating and
sliding segments by applying a cost of a drilling rig per unit time to

30 cach amount of time; and
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identifying a total time cost for the geometric convergence path

by combining the segment time costs.

12. The method of claim 1 further comprising passing the geometric
5 convergence paths through a set of defined rules to filter out geometric

convergence paths that violate the set of defined rules.

13. The method of claim 1 further comprising normalizing the geometric
convergence paths prior to comparing the total monetary costs of the

10  geometric convergence paths to one another.

14. The method of claim 13 wherein normalizing the geometric
convergence paths includes, for each path except the geometric convergence
path that is the longest, calculating a result by dividing the total monetary cost
15  of the geometric convergence path being normalized by a length of the
geometric convergence path being normalized, and multiplying the result by

the length of the longest geometric convergence path.

15. The method of claim 1 wherein each of the offset cost, curvature cost,
20 and time cost is calculated from both an azimuth perspective and a true

vertical depth perspective that are combined to calculate a single cost.

16. The method of claim 1 wherein calculating the total monetary cost for
at least one of the geometric convergence paths further includes calculating an
25  extension cost for an extension path, wherein the extension path begins where
the geometric convergence path converges with the target path and corrects

any overshoot of the target path by the geometric convergence path.

17. The method of claim 1 further comprising creating, by the computer

30  system, a drilling plan based on the selected geometric convergence path.
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18. The method of claim 17 further comprising drilling, by a drilling rig,
using the drilling plan.

19. A method for calculating a total monetary cost for a geometric
convergence path that provides a convergence solution from a defined bottom
hole assembly (BHA) location to a target path, the method comprising:
calculating, by a computer system, an offset cost for the
geometric convergence path by dividing the geometric convergence
path into a plurality of path segments, identifying a distance of each
path segment from the target path, identifying a segment cost for each
path segment based on a distance of the path segment from the target
path, and combining the cost of the path segments to calculate the
offset cost of the geometric convergence path;
calculating, by the computer system, a curvature cost for the
geometric convergence path by identifying a peak curvature of the
geometric convergence path, identifying an overall curvature of the
geometric convergence path, and identifying the curvature cost based
on the peak curvature and the overall curvature;
calculating, by the computer system, a time cost for the
geometric convergence path by identifying each rotating segment and
each sliding segment of the geometric convergence path, identifying an
estimated amount of time needed to complete each of the rotating and
sliding segments, and identifying the time cost as the aggregated
estimated amounts of time multiplied by a cost of a drilling rig per unit
time; and

outputting the total monetary cost.
20. The method of claim 19 further comprising:

comparing the total monetary cost to a plurality of total

monetary costs for a plurality of other geometric convergence paths to
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identify which of the geometric convergence paths has a total monetary
cost that best satisfies a defined parameter; and

outputting the identified geometric convergence path.

5 21 The method of claim 20 further comprising using the identified

geometric convergence path to drill at least a portion of a borehole.

22. The method of claim 19 wherein calculating the curvature cost further
includes identifying at least one curve that is in a launch penalty zone and
10 applying a cost to the curve based on an exponential cost curve defined for the

launch penalty zone.

23. The method of claim 19 wherein calculating the total monetary cost for
the geometric convergence path further includes calculating an extension cost
15  for an extension path, wherein the extension path begins where the geometric

convergence path ends.

24. A system comprising:
a processor;

20 a memory coupled to the processor and configured to store a
plurality of instructions executable by the processor, the instructions
including instructions for:

identifying a plurality of geometric convergence paths, wherein
cach of the geometric convergence paths provides a convergence

25 solution from a defined bottom hole assembly (BHA) location to a
target path;

calculating a total monetary cost for each of the geometric
convergence paths, wherein calculating the total monetary cost
includes identifying an offset cost based on a distance of the geometric

30 convergence path from the target path, identifying a curvature cost

based on an amount of curvature of the geometric convergence path,
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and identifying a time cost based on an amount of time needed to drill
the geometric convergence path;

comparing the total monetary costs of the geometric
convergence paths to one another;

selecting one of the geometric convergence paths based on the
total monetary cost of that geometric convergence path relative to the
total monetary costs of the other geometric convergence paths; and

outputting the selected geometric convergence path.

25. The system of claim 24 further comprising a network interface

configured to couple the processor to at least one drilling rig control system.

26. The system of claim 25 further comprising instructions for creating a
set of drilling parameters for the drilling rig control system based on the

selected geometric convergence path.

27. The system of claim 24 wherein the instructions for identifying the
offset cost for one of the geometric convergence paths include:
dividing the geometric convergence path into a plurality of path
segments;
identifying a distance of each path segment from the target
path;
for each path segment, identifying a segment cost based on a
distance of the path segment from the target path, wherein the target
path is assigned a zero cost and the segment cost of the path segment
increases the farther the path segment is from the target path; and
combining the cost of the path segments to calculate the offset

cost of the geometric convergence path.

28. The system of claim 24 wherein the instructions for identifying the

curvature cost for one of the geometric convergence paths include:
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identifying a peak curvature of the geometric convergence path;

identifying an overall curvature of the geometric convergence
path; and

identifying the curvature cost based on the peak curvature and

5 the overall curvature.

29. The system of claim 24 wherein the instructions for identifying the
time cost for one of the geometric convergence paths include:
identifying each rotating segment and each sliding segment of
10 the geometric convergence path;
identifying an estimated amount of time needed to complete
each of the rotating and sliding segments;
and identifying the time cost as the aggregated estimated

amounts of time multiplied by a cost of a drilling rig per unit time.

15
30. The method of claim 24 wherein calculating the total monetary cost for
at least one of the geometric convergence paths further includes calculating an
extension cost for an extension path, wherein the extension path begins where
the geometric convergence path ends.

20

33



WO 2014/210025

FiG. 1

102
“

RN,
IV .

R

N
\{i\\

RS

N

N

o,
\/
R

Y/
A
N

\¢
N
S

K

&
7
2

VIRRG

3

RR?

%

\%

o
4

f;’;”
GRL
7

>
"\‘ ,.v"’
7

T NN
NN,
NI
NSNS
N LYY
NS

i1

PCT/US2014/043900

OIS I

104
3;:{/



WO 2014/210025 PCT/US2014/043900

2711

200
N




WO 2014/210025

PCT/US2014/043900

3/11
250
% FIG.2B
COMPUTER SYSTEM
252 262 254
5 3 /
CPU PS MEMORY

HO 260,264 | NETWORK

/ INTERFACE
256 N
258

(' NETWORK )

266



WO 2014/210025

4/11

300 FIG. 3

PCT/US2014/043900

OBTAIN DRILLING PLAN AND CURRENT

302~ BHA INFORMATION NEEDED EOR
CONVERGENCE CALCULATIONS
304~ DENTIEY GEOMETRIC CONVERGENCE PATHS
¥
306 PRUNE GEOMETRIC PATHS TO
REMOVE (LLOGICAL OPTIONS
308~ PASS REMAINING PATHS THROUGH RULE
SET TO REMOVE PATHS VIOLATING RULES
310" \DENTIFY COST FOR REMAINING PATHS
¥
312~ COMPARE PATHS BASED ON COST
314~ SELECT PATH MEETING COST PARAMETER(S)
316~ OUTPUT SELECTED PATH

¥

( END }



WO 2014/210025 PCT/US2014/043900

5781

FiG. 4
400

N G

¥

DENTIFY CONVERGENCE PATH HOST

404 406 408
N N /
DENTIFY IDENTIFY IDENTIFY
QFFSET COST CURVATURE COST TiME COST

¥ ¥

IDENTIFY TOTAL COST FOR PATH

‘
410

¥

IDENTIFY VES

< COST FOR ANOTHER >
. PATH? o~

412

414 -] NORMALIZE PATHS

!

IDENTIFY PATH BEST MEETING
416" COST PARAMETER(S)

¥
418" QUTPUT IDENTIFIED PATH




WO 2014/210025

&/
500 o
N FIG. 5A
S02 0 InENTIEY PATH SEGMENT LENGTH
¥
S04 ~0 pviDE PATH INTO SEGMENTS
§°
906 ~. IDENTIFY PATH SEGMENT
508 ~ IDENTIFY DISTANGE OF
SEGMENT FROM TARGET PATH
¥
510 ~| IDENTIFY SEGMENT'S LOCATION ON
COST CURVE BASED ON DISTANCE
515 | IDENTIFY SEGMENT COST BASED
| ON COST ASSIGNED TO SEGMENTS
LOCATION ON COST CURVE
¥
514~ ApD SEGMENT COST TO PATH COST
T DENTIEY ™S
< COSTFORANOTHER >
. SEGMENT? .~
518~ OUTPUT PATH COST

PCT/US2014/043900



PCT/US2014/043900

WO 2014/210025

7711

0G5~
gvs

)
1503

FONYLSI

&
996 89
| /

T
x

ey

ANV 1510

QAL

-ZES

0gs 148



PCT/US2014/043900

WO 2014/210025

8711

065~
8YS

-

1803

FONYLSI

996 898
[,

¥

FONVISI

08 "DId 4509

+ 4 HJ. * FREE
+ by + + 7
++++ i

X

HLAWIZY N




PCT/US2014/043900

WO 2014/210025

911

894

ﬂ\, 8g8¢g

FONVLSI
as "Did 4509

AN

2R

wmmﬂ@
_ Novet
{

gLy

065~

8YS

_f++b+++++++++bﬁ.“+

&G

Al

285

M ) +i++++Lm++hr++ I b Sl A S NP A A +%+HM h+ ++
$ ot by oty
1800 * M o
S i
JONYLSIT S et
SO A
&+ A g
TR - et 1,
T L
¥ ggg-
.
T =
HLAWIZY N




WO 2014/210025 PCT/US2014/043900

16/11

600
602~ IDENTIFY ROTATION/SLIDING SEGMENTS OF PATH
¥
604~ DENTIFY OVERALL CURVATURE OF PATH
606~ IDENTIFY PEAK CURVATURE OF PATH

IDENTIFY CURVATURE COST BASED ON
808~  OVERALL CURVATURE, PEAK CURVATURE,
AND LOCATION(S) OF CURVATURE

¥
810~ OUTPUT CURVATURE COST




WO 2014/210025

700
702~ IDENTIFY ROTATION/SLIDING
SEGMENTS OF PATH
¥
704 1" \DENTIFY TIME FOR EACH SEGMENT
¥
7080 |DENTIFY TOTAL TIME FOR PATH
708~  IDENTIFY TIME COST FOR PATH
BASED ON COST OF RIG TIME
¥
710~ QUTPUT TIME COST
¥
( END )
%\i FIG. 8
802~ IDENTIFY ROTATION/SLIDING
SEGMENTS OF PATH
804 ~0" \nENTIFY TIME FOR EACH SEGMENT
808 ~| IDENTIFY TIME COST FOR EACH
SEGMENT BASED ON COST OF RIG TIME
¥
BOB~.  IDENTIFY TOTAL COST FOR PATH
810 QUTPUT TIME COST

PCT/US2014/043900



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2014/043900

A. CLASSIFICATION OF SUBJECT MATTER
E21B 47/02(2006.01)i, GOSB 19/02(2006.01)i, E21B 44/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 47/02; E21B 7/10; GO6F 19/00; E21B 25/16; E21B 43/30; GO1V 1/40; E21B 7/06;, GO5B 19/02; E21B 44/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords:convergence, cost, path, monetary, offset, time, curvature, bottom hole assembly, BHA

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 8210283 B1 (BENSON et al.) 03 July 2012 1-30
See paragraphs [0106]-[0110],[0171], claims 1,3,4,25, and figure 8A.

A US 2012-0285701 Al (CHENG et al.) 15 November 2012 1-30
See paragraphs [0035]-[0039], claims 1,6-8,10, and figures 4-6.

A US 2004-0083058 A1 (RAVI et al.) 29 April 2004 1-30
See paragraphs [0024]-[0039] and figure 1.

A US 2009-0090555 Al (BOONE et al.) 09 April 2009 1-30
See abstract, claim 1, and figures 1,bA.

A US 2003-0024738 Al (SCHUH, FRANK J.) 06 February 2003 1-30
See abstract, claims 1-6, and figures 1,9.

|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
22 October 2014 (22.10.2014) 22 October 2014 (22.10.2014)
Name and mailing address of the [ISA/KR Authorized officer

International Application Division

+ Korean Intellectual Property Office

g

X 189 Cheongsa-to, Seo-gu, Daejeon Metropolitan City, 302-701, LEE, Chang Ho
Republic of Korea

Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-8398
Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/043900
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 8210283 Bl 03/07/2012 AU 2012-355718 Al 17/07/2014
US 2013-161097 Al 27/06/2013
US 8794353 B2 05/08/2014
WO 2013-095974 A2 27/06/2013
WO 2013-095974 A3 20/03/2014
WO 2013-095974 A3 27/06/2013
US 2012-0285701 Al 15/11/2012 AU 2010-345083 Al 23/08/2012
CA 2781868 Al 11/08/2011
EP 2531694 Al 12/12/2012
WO 2011-096964 Al 11/08/2011
US 2004-0083058 Al 29/04/2004 AR 038446 Al 12/01/2005
AU 2003-214369 Al 09/09/2003
AU 2003-214369 B2 25/01/2007
BR 0307785 A 07/12/2004
BR 0307785 Bl 30/07/2013
CA 2475523 Al 28/08/2003
CA 2475523 C 18/01/2011
DE 60321662 D1 31/07/2008
EP 1476637 Al 17/11/2004
EP 1476637 Bl 18/06/2008
MX PAO4008127 A 26/11/2004
NO 20043826 A 13/09/2004
NO 334795 Bl 26/05/2014
NZ 535274 A 24/02/2006
US 2003-0163257 Al 28/08/2003
US 2005-0241829 Al 03/11/2005
US 6697738 B2 24/02/2004
US 6922637 B2 26/07/2005
US 7133778 B2 07/11/2006
WO 03-071094 Al 28/08/2003
US 2009-0090555 Al 09/04/2009 US 2014-151121 Al 05/06/2014
US 8672055 B2 18/03/2014
US 2003-0024738 Al 06/02/2003 AR 033455 Al 17/12/2003
AT 497082 T 15/02/2011
AU 2002-251884 B2 31/05/2007
AU 2002-251884 C1 05/02/2009
AU 2002-251884 C1 31/05/2007
BR 0210913 A 08/06/2004
BR 0210913 B1 05/02/2013
CA 2448134 Al 12/12/2002
CA 2448134 C 08/09/2009
CN 1511217 A 07/07/2004
CN 1511217 CO 14/02/2007
DE 60239056 D1 10/03/2011
EP 1390601 A2 25/02/2004

Form PCT/ISA/210 (patent family annex) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/043900
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 1390601 A4 31/08/2005
EP 1390601 B1 26/01/2011
HK 1066580 Al 03/08/2007
MX PAO3010654 A 07/03/2005
NO 20035308 DO 28/11/2003
US 6523623 Bl 25/02/2003
WO 02 099241 Bl 21/05/2004
WO 02-099241 A2 12/12/2002
WO 02-099241 A3 06/03/2003

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - wo-search-report
	Page 48 - wo-search-report
	Page 49 - wo-search-report

