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MULTISTAGE OILFIELD DESIGN OPTIMIZATION UNDER

[0001]

[0002]

[0003]

UNCERTAINTY

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims benefit under 35 U.S.C. § 119(e) of U.S.
Provisional Application No. 61/924063 filed on January 6, 2014, U.S.
Provisional Application No. 62/069187 filed on October 27, 2014, U.S.
Provisional Application No. 62/069194 filed on October 27, 2014, U.S.
Provisional Application No. 62/069189 filed on October 27, 2014, and U.S.
Provisional Application No. 62/069178 filed on October 27, 2014, which are all

incorporated herein by reference in their entirety.

BACKGROUND

Operations, such as geophysical surveying, drilling, logging, well
completion, and production, are performed to locate and gather valuable
downhole fluids from subterranean formations. A technique for extracting fluids
1s to induce fractures in the reservoir, thereby causing such fluids to be pulled to
the surface. Such induced fractures may propagate through the subsurface
formations. Various control variables define the location, geometry, number of

the fractures, and, subsequently, the amount of hydrocarbon recovery.

SUMMARY

This summary is provided to introduce a selection of concepts that are
further described below in the detailed description. This summary is not
intended to identify key or essential features of the claimed subject matter, nor is
it intended to be used as an aid in limiting the scope of the claimed subject

matter.
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[0004]

[0005]

[0006]

[0007]
[0008]

[0009]

[0010]

[0011]

[0012]

In general, in one aspect, embodiments relate to a method, system, and
computer readable medium for managing oilfield operations under uncertainty.
Managing oilfield operations include obtaining a subsurface model including a
fracture design model having a fracture property with an uncertain value. A set
of representative values that represent uncertainty in the fracture property is
obtained and used to solve an oilfield optimization problem with a control
variable to obtain a solution. The solution includes an optimal value for the
control variable. Based on the solution, an oilfield design is generated and

stored.

Other aspects of the invention will be apparent from the following

description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

FIGs. 1 and 2 show schematic diagrams in accordance with one or more

embodiments.
FIGs. 3-5 show flowcharts in accordance with one or more embodiments.
FIGs. 6-10 show an example in accordance with one or more embodiments.

FIG. 11 show schematic diagrams in accordance with one or more

embodiments.
FIGs. 12-15 show flowcharts in accordance with one or more embodiments.

FI1Gs. 16-20, 21.1, 21.2, 21.3., 21.4, 21.5, and 22 show an example in

accordance with one or more embodiments.

FIG. 23 shows a computing system in accordance with one or more

embodiments.
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[0013]

[0014]

[0015]

[0016]

DETAILED DESCRIPTION

Specific embodiments will now be described in detail with reference to the
accompanying figures. Like elements in the various figures are denoted by like

reference numerals for consistency.

In the following detailed description of embodiments, numerous specific
details are set forth in order to provide a more thorough understanding of the
claims. However, it will be apparent to one of ordinary skill in the art that the
claims may be practiced without these specific details. In other instances, well-
known features have not been described in detail to avoid unnecessarily

complicating the description.

Throughout the application, ordinal numbers (e.g., first, second, third, etc.)
may be used as an adjective for an element (i.e., any noun in the application).
The use of ordinal numbers is not to imply or create any particular ordering of
the elements nor to limit any element to being a single element unless expressly
disclosed, such as by the use of the terms "before", "after", "single", and other
such terminology. Rather, the use of ordinal numbers is to distinguish between
the elements. By way of an example, a first element is distinct from a second
element, and the first element may encompass more than one element and

succeed (or precede) the second element in an ordering of elements.

In general, embodiments are directed to performing oilfield optimization in
the presence of uncertainty. In particular, when a subsurface model 1s generated,
one or more model parameters in the subsurface model may be established by
estimation. In other words, multiple possible values may be in conformance with
the data collected at the oilfield. Such model parameters may be referred to as
model parameter with uncertain values. One or more embodiments obtain a set
of representative values for the model parameter having uncertain values, and

solve an oilfield optimization problem with a control variable using the a set of
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[0017]

[0018]

representative values for the model parameter to obtain a solution. The solution
includes optimal value for the control variable. Based on the solution, an oilfield

design may be generated and stored.

FIG. 1 depicts a schematic view, partially in cross section, of a field (100)
in which one or more embodiments may be implemented. In one or more
embodiments, the field may be an oilfield. In other embodiments, the field may
be a different type of field. In one or more embodiments, one or more of the
modules and elements shown in FIG. 1 may be omitted, repeated, and/or
substituted. Accordingly, embodiments should not be considered limited to the

specific arrangements of modules shown in FIG. 1.

As shown in FIG. 1, the subterranean formation (104) may include several
geological structures (106-1 through 106-4) of which FIG. 1 provides an
example. As shown, the formation may include a sandstone layer (106-1), a
limestone layer (106-2), a shale layer (106-3), and a sand layer (106-4). A fault
line (107) may extend through the formation. In one or more embodiments,
various oilfield equipment may be used in the oilfield. In general, oilfield
equipment includes any physical hardware equipment used in the detection
and/or extraction of hydrocarbons. For example, the oilfield equipment may
include survey tools and/or data acquisition tools, have sensors that are adapted
to measure the formation, and detect the characteristics of the geological
structures of the formation. Further, as shown in FIG. 1, the wellsite system
(110) is associated with a rig (101), a wellbore (103), and other wellsite
equipment and is configured to perform wellbore operations, such as logging,
drilling, fracturing, production, or other applicable operations. The wellbore
(103) may also be referred to as a borehole. Generally, survey operations and
wellbore operations are referred to as field operations of the field (100). These

field operations may be performed as directed by the surface unit (112).
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[0019]

[0020]

[0021]

In one or more embodiments, the wellsite system may include functionality
to perform hydraulic fracturing operations. Hydraulic fracturing, or fracturing, is
a set of stimulation operations that uses fluid pressure to enhance well
production, such as an oil and gas well, above natural production rates. Fluid
pressure is applied to the rock to overcome the in situ earth stresses and strength
of the rocks, causing the rock to part. Solid materials are then mixed with the
fluid and pumped into the induced fracture to prevent closing of the fracture after
the fluid pressure is removed. The stimulation operations create a large surface
area over the adjacent rock matrix through which hydrocarbons can flow and a
pathway for those hydrocarbons to reach the well. The result is that the rate of
flow 1s greatly increased compared to an un-stimulated well in the same

reservoir.

The physical dimensions of the fracture or fractures, and the fracture’s
confinement to the intended rock strata from which hydrocarbons will be
produced, are governed, in part, by geological structures of the subterranean
formation as well as the various configurable elements of the stimulation
operations. For example, the properties of the rock, Earth stresses in the
reservoir and bounding layers, and the pressure that is applied to the rock
formations during a hydraulic fracturing treatment, and the volumes of materials

used may affect the fractures. The physical dimensions may also vary with time.

The wellsite system (110) may include specialized equipment that mixes
the fluid used for fracturing, adds proppant to the fluid, elevates the pressure of
the fluid to a level that causes the fracture to open, and delivers the high pressure
fluid to the well. The distance that the fracture propagates from the well is
dependent upon the total volume of fluid and proppant that is pumped and the
rate that they are injected. The fracture properties and reservoir properties may,
in part, dictate flow rate and ultimate recovery of hydrocarbons from the well.

The fracture properties are properties of the fracture, such as, for example,

5
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[0022]

[0023]

[0024]

length, width, height, conductivity, tortuosity, effective porosity, effective
permeability, inflow performance, closure, and other properties. The reservoir
properties are properties of the reservoir and may include, for example, in situ

fracture, permeability, porosity, inflow properties, skin, and other properties.

As discussed above, the amount of hydrocarbons produced and the fracture
geometry are affected by the configurable elements of the stimulation operations.
Configurable elements are the portions of the stimulation operations that may be
defined and controlled by human or machinery, and are not part of the natural
formations. For example, configurable elements may include number and
location wells, number and location of stages within each well, and number of
fractures induced within each stage amongst others. Configurable elements may
also include amount of proppant pumped into the well, the pumping pressure,
composition of fluid, distance between wells, types of drilling equipment, and

other aspects of the oilfield operations.

At least some of the configurable elements may be represented as control
variables. In other words, the values of the control variables are the values for
implementing the configurable elements. In one or more embodiments, the
values of the control variables may be defined based on a solution of an
optimization problem. In other words, the solution of the optimization problem
defines the optimal value for the control variables, and, subsequently, the values

tor the configurable elements.

In one or more embodiments, the surface unit (112) is operatively coupled
to a field management tool (116) and/or the wellsite system (110). In particular,
the surface unit (112) is configured to communicate with the field management
tool (116) and/or the wellsite system (110) to send commands to the field
management tool (116) and/or the wellsite system (110) and to receive data

therefrom. For example, the wellsite system (110) may be adapted for measuring
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[0025]

[0026]

[0027]

downhole properties using logging-while-drilling (“LWD”) tools to obtain well
logs and for obtaining core samples. In one or more embodiments, the surface
unit (112) may be located at the wellsite system (110) and/or remote locations.
The surface unit (112) may be provided with computer facilities for receiving,
storing, processing, and/or analyzing data from the field management tool (116),
the wellsite system (110), or other part of the field (100). The surface unit (112)
may also be provided with or functionally for actuating mechanisms at the field
(100). The surface unit (112) may then send command signals to the field (100)
in response to data received, for example, to control and/or optimize various field

operations described above.

In one or more embodiments, the surface unit (112) is communicatively
coupled to the field management tool (116). Generally, the field management
tool (116) is configured to analyze, model, control, optimize, or perform other
management tasks of the aforementioned field operations based on the data
provided from the surface unit (112). Although the surface unit (112) is shown
as separate from the field management tool (116) in FIG. 1, in other examples,
the surface unit (112) and the field management tool (116) may also be

combined.

The surface unit (112) and field management tool (116) may be connected
to multiple wells. In particular, the configuration shown in FIG. 1 may be

present at multiple wells throughout a field.

FIG. 2 shows a schematic diagram of the field management tool (200) in
accordance with one or more embodiments. As shown in FIG. 2, the field
management tool (200) includes a data repository (202), an equipment controller
(204), an oilfield design tool (206), at least one solver (208), and an oilfield

simulator (210). Each of these components is described below.
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[0028]

[0029]

[0030]

In one or more embodiments, the data repository (202) is any type of
storage unit and/or device (e.g., a file system, database, collection of tables, or
any other storage mechanism) for storing data. Further, the data repository (202)
may include multiple different storage units and/or devices. The multiple
different storage units and/or devices may or may not be of the same type or
located at the same physical site. The data repository (202) includes
functionality to store oilfield data (212), an oilfield design (214), and an
optimization problem (220) having an objective function (222) and constraints

(224).

In one or more embodiments, the oilfield data (212) includes statically
defined oilfield data (226) and sets of representative values (228). In general, the
oilfield data, including the statically defined oilfield data (226) and sets of
representative values (228), include raw, preprocessed (e.g., for validation), and
processed data describing an oilfield. Oilfield data may include data received by
the surface unit and representing characteristics of the subterranean formation.
In one or more embodiments, oilfield data may be gathered by the various data
acquisition tools that are in the oilfield. Oilfield data may include microseismic
data, logs, data gathered from core samples, and production data. Oilfield data
may include information related to porosity, saturation, permeability, natural
fractures, stress magnitude and orientations, elastic properties, produced
hydrocarbons, etc. during a drilling, fracturing, logging, or production operation
of the wellbore at the wellsite system. Oilfield data may include data gathered at
the wellsite in which the simulation operations are being performed and/or data
gathered at other wellsites. Oilfield data may also include an oilfield model, a

reservoir model, or other model of the field.

Statically defined oilfield data (226) is oilfield data that is deemed static. In
other words, the values may be deemed constantly defined for the purposes of

solving the optimization problem. The statically defined oilfield data (226) may

8
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[0031]

[0032]

change as new data is received, such as new measurement values from one or
more sensors are received. The statically defined oilfield data (226) may also
change based on configuration. For example, a user may configure the field
management tool (200) to set some oilfield data as statically defined for various

executions of solving the optimization problem.

Sets of representative values (228) are information about model parameters
that have an uncertain value. Specifically, because information about the
subsurface of the Earth may not be perfectly known, but rather is inferred based
on factors, such as similar oilfields, sensor data, assumptions about some of the
properties of underlying formations, such information may be subject to
uncertainty. In other words, the values of the model parameters are not well
defined. A set of representative values is a collection of possible values for a
model parameter having an uncertain value. In other words, a set of
representative values are two or more values that capture underlying variation in
the model parameter. In particular, each model parameter having an uncertain
value may have an associated set of representative values. In one or more
embodiments of the invention, the set of representative values may be a sampling
from a probability density function, Monte Carlo method, design of experiment
methods (e.g., Latin hypercubes), experts, or other source, or combination of
sources. A probability density function relates a value with a probability that the
model parameter is the value. In one or more embodiments of the invention, the
model parameters that have uncertain values may include fracture properties,

reservoir properties, other properties, and a combination thereof.

Continuing with FIG. 2, an oilfield design (214) is a field plan for
performing oilfield operations in accordance with one or more embodiments.
For example, the oilfield design may include values for each of the configurable
elements of the field, such as the location and parameters for the fracturing

operations, parameters for oilfield equipment and other configurable elements.

9
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[0034]

[0035]

In one or more embodiments, an optimization problem (220) is a problem
of finding the best solution (i.e., most optimal solution) from the feasible
solutions. In other words, a solution is a particular value for each control
variable representing a configurable element of the oilfield. The optimization
problem (220) for the oilfield is a problem to find the most optimal values for the
control variables. The optimization problem (220) includes an objective function
(222) and constraints (224). The objective function (222) is a utility function or
loss function in an oilfield optimization problem. In one or more embodiments,
the objective function may be defined as maximizing the net present value (NPV)
over a defined period of time. Other objective functions may be used without
departing from the scope of the claims. For example, the objective function may
be to maximize gross revenue, minimize costs, maximize hydrocarbon
production, or achieve another objective. Constraints (224) are limits on the
possible feasible configurations. In other words, the constraints (224) limit
which configurations are feasible configurations. For example, a constraint may
be a minimum distance between wells, a maximum number of stages, a

maximum amount of fluid, and other limits on the design.

Continuing with the field management tool (200), the equipment controller
(204) includes functionality to send control signals to the oilfield equipment at
the oilfield. Specifically, the equipment controller may include functionality to
receive an oilfield design (214) and transmit signals to the oilfield equipment to

perform oilfield operations in accordance with the oilfield design.

The oilfield design tool (206) includes functionality to generate an oilfield
design (214) based on configurable elements of the oilfield in accordance with
one or more embodiments. In particular, the oilfield design tool (206) includes
functionality to obtain the configurable elements of the oilfield, generate a binary
variable array based on at least some of the configurable elements, transform the

binary variable array into integer variables, and issue a call to a solver to obtain a

10
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[0036]

[0037]

[0038]

[0039]

solution. The oilfield design tool may include a user interface to interface with a
user to create the oilfield design. For example, the oilfield design tool may
include functionality to receive input data from the user and present metrics and

an optimal solution to the user.

The solver (208) includes functionality to solve the optimization problem
(220) 1n accordance with one or more embodiments. For example, the solver
(208) may be a downhill simplex method, an Augmented Lagrangian method, a
gradient-based mixed integer nonlinear problem solver, a derivative-free
evolutionary heuristic solver, a genetic algorithm designed to handle mixed-

integer variables, or any other suitable solver for the given problem.

The oilfield simulator (210) includes functionality to simulate the oilfield
given a set of configurations and models. In particular, the oilfield simulator
(210) includes functionality to simulate the fracture geometry and determine the
resulting flow of hydrocarbons provided a defined configuration of configurable

elements.

While FIGs. 1 and 2 shows a configuration of components, other
configurations may be used without departing from the scope of the invention.
For example, various components may be combined to create a single
component. As another example, the functionality performed by a single

component may be performed by two or more components.

FIGs. 3-5 show flowcharts in accordance with one or more embodiments.
While the various blocks in these flowcharts are presented and described
sequentially, one of ordinary skill will appreciate that at least some of the blocks
may be executed in different orders, may be combined or omitted, and at least
some of the blocks may be executed in parallel. Furthermore, the blocks may be
performed actively or passively. For example, some blocks may be performed

using polling or be interrupt-driven in accordance with one or more

11
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[0041]

embodiments. By way of an example, determination blocks may not require a
processor to process an instruction unless an interrupt is received to signify that a
condition exists in accordance with one or more embodiments. As another
example, determination blocks may be performed by performing a test, such as
checking a data value to test whether the value is consistent with the tested

condition in accordance with one or more embodiments.

In Block 301, oilfield data is obtained in accordance with one or more
embodiments. The obtaining of oilfield data may be performed by directly or
indirectly from oilfield equipment. For example, sensors located in the oilfield
may measure oilfield data and transmit the data to the field management tool.
For example, exploratory vertical wells and horizontal wells may be drilled. The
exploratory vertical wells and horizontal wells may be used to establish property
distributions and information about vertical layering of formations. Core
samples, logs, and fluid samples may be obtained and analyzed. For example,
core samples may be taken and analyzed to identify porosity, permeability,
composition, and other physical properties of the subsurface region. Sensors
may be used to gather pressure, volumetric flow data, and production
information. Perforation and hydraulic fracturing at various depths may be used
to measure microseismic data, the near-well stress field and the potential of
fractures to permeate the reservoir layers identified from core samples.
Additional data may be gathered from other oilfields, before, concurrently, or
after the gathering of the oilfield data from the oilfield being analyzed. The
gathered oilfield data may include raw and/or preprocessed data. The gathering
of data may be performed during exploration, production, and completion phases
of the oilfield. For example, production data from the initial test wells is also

gathered for use in history-matching the reservoir simulation model.

In Block 303, a subsurface model is generated in accordance with one or

more embodiments. In particular, from the oilfield data a model is generated that

12
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[0042]

[0043]

estimates the subsurface formations. In some embodiments, the subsurface
model includes a fracture design model that represents one or more subsurface
fractures. Geoscientists and reservoir engineers may use the oilfield data
obtained in Block 301 to construct at least one expected geological model or a set
of geo-statistically reasonable models. Various techniques may be used to
generate a model. For example, history matching of the reservoir simulation
model may be used. The model(s) may represent the property distributions of

physical properties at the oilfield.

In Block 305, a set of representative values i1s obtained for each model
parameter having an uncertain value in accordance with one or more
embodiments. In generating the oilfield model, some model parameters of the
subsurface may be deemed uncertain. Which model parameters are set as
uncertain and which model parameters are deemed static may be determined
based on the degree of uncertainty of the model parameters. In such
embodiments, the field management tool may set the model parameters as either
static or uncertain. In one or more embodiments, a user may define which model
parameters are static and which model parameters are uncertain. Obtaining the
representative values for the model parameters having uncertain values may be
performed by generating probability density functions and sampling from the
probability density function, performing Monte Carlo method, designing of
experiment methods such a Latin Hypercubes, soliciting experts. FIG. 5 shows a
flowchart for performing Blocks 301-305 using microseismic data to obtain set

of representative values for fracture properties.

Continuing with FIG. 3, in Block 307, the oilfield optimization problem
with control variables is solved using sets of representative values and subsurface
model to obtain a solution in accordance with one or more embodiments.

Solving the oilfield optimization problem is discussed below with reference to

FIG. 4.
13
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In Block 309, an oilfield design is generated based on the solution in
accordance with one or more embodiments. The oilfield design may be the raw
solution. In other embodiments, the oilfield design may be a translation of the
solution into a specification for oilfield equipment. For example, if the control
variables are defined at a cell level of the subsurface model, obtaining the oilfield
design may include translating the values at the particular cells to a definition of
locations in which drilling operations or simulation operations are to occur. For
example, rather than describing each cell and whether each cell contains a
fracture, the oilfield design may specify the measured depths along the trajectory
of the wellbore that indicates the location of the fracture in the solution. In such
a scenario, a mapping function may be accessed to determine which cells in the
model correspond to the trajectory of the wellbore in order to obtain the oilfield
design. Other techniques for obtaining the oilfield design may be used without

departing from the scope.

In Block 311, the oilfield design is stored in accordance with one or more
embodiments. In particular, the oilfield design may be stored, in whole or in
part, temporarily or permanently, on a physical storage device, such as in the data

repository or in cache.

In Block 313, an oilfield operation is performed using the oilfield design in
accordance with one or more embodiments. In one or more embodiments, the
equipment controller may send a control signal to the oilfield equipment located
at the oilfield. The control signal may include the oilfield design or actions to
perform based on the oilfield design. In response, the oilfield equipment may
perform the operations specified by the oilfield design by physically drilling
wells or performing the various stimulation operations. The oilfield operations
may or may not be performed with human interaction, such as to control or

watch the equipment.
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In one or more embodiments, at various stages of the method, the oilfield
design tool may interact with the user through the user interface to obtain the
solution, obtain the oilfield design and control the oilfield equipment. For
example, the oilfield design tool may present metrics regarding solving the
optimization problem, the solution, the oilfield design, other information, or any
combination thereof, and the user may submit commands to control the
optimization and the oilfield design. For example, the user may decide that the
current solution is the most optimal solution given the number of iterations
performed, set a maximum number of iterations (e.g., by defining the maximum
number of iterations, specifying a maximum execution time, or performing any

other such action), and approve or disapprove of the oilfield design.

FIG. 4 shows a flowchart for solving an oilfield design problem in
accordance with one or more embodiments. In Block 401, a risk aversion
coefficient is selected in accordance with one or more embodiments. One or
more embodiments iterate through multiple risk aversion coefficients. In
general, the risk aversion coefticient is a scaling factor that defines the amount of

risk in the selection of a particular set of control variable values.

In Block 403, a set of control variable values are defined in accordance
with one or more embodiments. As discussed above, the set of control variables
define values for the physical configurable elements of the oilfield, and are
defined based on the requirements for the oilfield design. For example, if the
oilfield design is for an initial plan of the oilfield, the configurable elements may
include position and direction of boreholes. In contrast, if the oilfield design is
for performing fracturing operations on a reservoir with existing wells, the
configurable elements may include locations of stages, number of fractures per
stage, fluid properties, etc. By way of an example, a user using the oilfield
design tool may specify which elements of the oilfield design are configurable.

In some embodiments, possible control variables are specified by the oilfield
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design tool for any oilfield design. The possible control variables may be
presented to the user who selects from the possible control variables or types of
control variables. Prior to selection, a portion of the control variables that are
inapplicable may be removed. In some embodiments, the types of control
variables, such as control variables defining the number and location of stages in
any given well in the pad, the number of wells in a pad, the aerial spacing
between wells, and the number of fractures per stage in each well and the

fracture’s optimal half-length(s), are identitied.

In one or more embodiments, the set of control variable values initially
defines a starting configuration for the system. The starting configuration may
be a default configuration, an estimated configuration based on historical
information associated with the oilfield or another oilfield, a configuration
proposed by a user, another selected configuration, or a combination thereof.
Through optimization, the set of control variables values may be refined to an

optimized control variable value.

In Block 405, the sets of representative values are sampled to obtain a
model parameter sample in accordance with one or more embodiments. In
particular, a value is obtained for each model parameter having an uncertain
value. The value may be a randomly selected value, a value selected based on
the probability of the value, selected in conformance with a particular order, or

another method of selection.

In Block 407, a simulation 1s performed with control variable values and
model parameters samples to obtain an objective function value in accordance
with one or more embodiments. In one or more embodiments, the simulation is
run using the subsurface model, based on the model parameters having the values
in the model parameter sample, and the control variables having the

corresponding values. The result of the simulation is a particular realization
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value of the simulation-based function in an optimization problem. In other
words, a realization is a particular set of values of the parameters deemed to be
uncertain in the model. The value of a particular realization is the value of the
simulation-based merit function of interest (e.g., NPV, etc.). For example, the result
may be the geometry of the fracture, the expected hydrocarbon, net present value

of the expected hydrocarbon produced, or another measure.

In Block 409, a determination is made whether an additional model
parameters sample exists in accordance with one or more embodiments. One or
more embodiments may iterate through each model parameter sample. In other
embodiments, the field management tool may stop processing once a
representative set of model parameter samples are deemed processed (e.g.,
desired realizations have been evaluated). In such embodiments, rather than
performing the simulation with each variation of model parameter sample, the
simulation is performed until a threshold number of samples are processed. If a
determination is made that additional model parameter samples exist, then the
flow may repeat with block 405 of sampling the sets of representative values in

accordance with one or more embodiments.

In Block 411, the mean and variance of the realization values are calculated
for the model parameter samples and the set of control variable values in
accordance with one or more embodiments. In one or more embodiments, the
mean provides an expected value for the objective function given the set of
control variable values specified in Block 403. The variance provides a degree
of variability between the objective function values. Thus, the variance indicates

the degree of variability over the realization values.

In Block 413, a determination is made whether the stipulated objective
function is optimal. Whether the stipulated objective function is optimal may be

dependent on the type of objective function. In other words, if the objective
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function is a cost function, then the solution is optimal when a minimal value is
reached. If the objective function is a utility function, then the solution is
optimal when the maximal value is obtained. In some embodiments, the field
management tool may limit a number of iterations to determine optimal value
and wait for convergence (e.g., when subsequent iterations are within a threshold
difference from each other). In such a scenario, the optimal value may be the

optimal identified value.

The optimal value may also accounts for the variance. In general, a smaller
variance is better as a smaller variance indicates a greater degree of reliability
that the actual value is the same or similar to the mean. In some cases, a first set
of control variable values may have a better mean, but a greater variance than a
second set of control variable values. In the example, the field management tool
may be configured with a function based on the mean, variance, and risk
aversion coetficient to score the various solutions. The risk aversion coefticient
provides a factor to apply the variance when selecting an optimal mean and
variance. In one or more embodiments of the invention, the function may be, for
example, Fy(X) = p-yo, where X is the set of control variable values, p is the
mean calculated in Block 411 for the set of control variable values, y is the risk
aversion coefficient, and o 1s the standard deviation or square root of the variance
calculated in Block 411 for the set of control variable values. Other functions
may be used to incorporate the variance with the mean in determining an optimal

set of control variable values without departing from the scope of the claims.

In Block 415, a new set of control variable values are selected in
accordance with one or more embodiments. The selection of new set of control
variable values is established by the optimization method employed. For
example, a derivative-free simplex method will perturb the incumbent polytope
to provide a new test condition. A gradient-based method will attempt a line

search along a descent direction. For approximation-based schemes, any solver
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can be applied on the analytical closed-form representation and the best solution
established is often used as the new candidate set of control variable values. The
flow may repeat with Block 405 for the new set of control variable values in

accordance with one or more embodiments.

Returning to Block 417, if the objective function value has been optimized,
the mean and variance of the objective function values are stored in accordance
with one or more embodiments. In particular, the mean and variance may be
stored, in whole or in part, temporarily or permanently, on a physical storage
device, such as in the data repository or in cache. The mean and variance may be
stored with the corresponding set of control variable values. Although not shown
in FIG. 4, the mean and variance may be stored regardless for each design
configuration evaluated. Such information may be used to help establish the
efficient frontier (a plot of reward as defined by the mean versus the risk as
defined by the standard deviation or square root of the variance). In other words,
the efficient frontier is a plot of the mean versus standard deviation (of the

underlying realizations) over all samples tested (in the control space X).

In Block 419, a determination is made whether an additional risk aversion
coefficient is selected in accordance with one or more embodiments of the
invention. If an additional risk aversion coefficient exists, the method may
repeat with the next risk aversion coefficient in accordance with one or more

embodiments.

In Block 421, set of control variable values corresponding to the desired
solution on the efficient frontier is selected in accordance with one or more
embodiments. As shown above, each risk aversion coefficient has a
corresponding optimal mean and variance that each corresponds to a set of
control variable values. In other words, the desired solution is the optimal

objective function value based on an acceptable level of risk and is on the
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efficient frontier. The set of control variable values corresponding to the desired
solution is selected. In other words, the desired solution may be deemed to
include the set of control variable values. The field management tool may be
configured with a selection function based on the value of Fy(X) and the risk

aversion coefticient of each of the optimal values selected in Block 417.

Although not presented above, various techniques may be used to optimize
the control variables given a model parameter sample. Any of such techniques
may be applied to the present application to perform Blocks 403, 407, 413, and
415. In some embodiments, at least a portion of the control variables may be
binary variables. In such a scenario, Blocks 403, 407, 413, and 415 may be
performed as described below with reference to FIGs. 11-22. In the technique
shown in FIGs. 11-22, the binary variables are treated as continuous variables for
the purposes of the optimization. The value of the mean may be used to select

the new set of control variable values.

FIG. 5 shows a flowchart for using microseismic data to gather sets of
representative values for fracture properties. In the following discussion, the
hydraulic fracture geometry from the passive microseismic data recorded during
the hydraulic fracturing is estimated. The estimation may be based on the fact
that the locations of the microseismic events that generate the microseismic data
are unknown. However, based on estimated sets of representative values that
represent uncertainty in seismic velocity, the sets of representative values for
fracture properties that is created by the hydraulic fracturing process may be
estimated in a two-phase process. In the first phase, the sets of representative
values associated with the locations of the detected microseismic events are
estimated. In the second phase, the degree to which the reduction of uncertainties
in the anisotropic velocity model propagates into the sets of representative values

associated with the estimated fracture properties is quantified.
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In Block 501, microseismic event data is obtained in accordance with one
or more embodiments. After perforation shots, high-pressure fluid may pumped
into the formation to fracture the reservoir rocks and thereby increase the flow
conductivity towards the producing wells. During the hydraulic fracturing of the
reservoir, downhole monitoring sensors that are used to monitor the perforation
shots are also used to record the microseismic waveforms each time that a

microseismic event is detected.

In Block 503, a set of representative values is obtained that represent
uncertainty in a seismic velocity model in accordance with one or more
embodiments. The set of representative values for the velocity model may be a
provided distribution and may be generated based on information about
subsurface formations, such as rock type, permeability, and other information.
The information about subsurface formation may be generated using core

samples and other data acquisition techniques.

In Block 505, sets of representative values for locations of microseismic
events are obtained using a set of representative values for the velocity model
and microseismic event data. In particular, the measurements that may be used
to infer the locations of the microseismic events include the difference between
the direct P- and Sv-wave arrival times, and of the azimuths at which the direct
P-wave and direct Sv-wave arrive at the monitoring receivers. For each
monitoring receiver, the azimuths for the P- and Sv-waves are estimated from the

3-C sensor waveforms.

For example, consider the scenario in which the set of representative values
are obtained using probability density functions. Random sampling of the
probability density functions associated with the anisotropic velocity model may
be performed to obtain several realizations estimating the location of the

microseismic event. Consider Vy as a random sample of the velocity model. For
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the velocity model, the difference between arrival times and azimuth

measurements may be inverted by quantifying the posterior probability

distribution, p,y (x; =x) = p(x, = x| V,,T,), that any location x=(x,y,z)e R® of

the search area can explain the observed data as being the location, x;, at which

the k" detected microseismic event is originated (k =1,K N,). For each of the N,

events, the set of N, realizations of the location of that K" event by randomly

sampling from Piv, 1s computed.

As discussed above, each microseismic event is processed to compute a set
of realizations. Once the detected events are processed, for the velocity model

sample, V,, the two-dimensional set of realizations may be obtained using the

following equation:

k=1{ n=1 =1\ k=1

EjEL(jxk,n,Vl] = G[ﬁxk,n,Vl ] (1)

The right side of Equation 1 expresses the fact that each of the N,
realizations includes a probable set of microseismic event locations. In other
words, for the given n™ realization, the epicenter of the microseismic event cloud
and the orientation of the microseismic event cloud may be estimated using the

probability distribution functions.

In Block 507, the sets of representative values that represent uncertainty in
the fracture properties are obtained using sets of representative values for the
velocity model, sets of representative values for location of microseismic events,
and microseismic event data. In other words, given the sets of representative
values associated with the anisotropic velocity model, the sets of representative
values related to the fracture width, length, height, and the fracture’s estimated

stimulated volume may be estimated. The following is a discussion of
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generating sets of representative values for at least some of the fracture

properties.

Let 7 be the ensemble of N, random samples of the anisotropic velocity
model. To account for probable N, anisotropic velocity model samples, the
probability distribution of a fracture property, D, such as the fracture width,
length, height, or stimulated volume, may be estimated from the set of N,*N,

realizations using Eq. 2:

{Dz,n } - UG{DM [ijlxk,n,Vl H (Eq. 2)

I1=1n=1

One or more embodiments estimate the fracture properties from
microseismic data by performing the following. One or more embodiments may
constrain the estimation of the anisotropic velocity model by the secondary-
source Sv-wave arrivals observed on the perforation shot data leading to a much
smaller variance of the velocity model distribution. Further, for any probable
velocity model, the uncertainties in the event locations are computed and
displayed, but the uncertainties probability distributions are sampled to produce
N, realizations of probable microseismic clouds from which the probability
distributions of any geometry property of the cloud can be computed.
Additionally, the final probability distributions of the geometry properties of the
hydraulic fracture are obtained from the set of N,*N, realizations after

accounting for probable models of the velocity and event location distributions.

FIGs. 6-10 show examples in accordance with one or more embodiments.
The example shown in FIGs. 6-9 are for explanatory purposes and not intended

to limit the scope of the invention.

FIG. 6 shows a graph (600) of seismic data gathered by three different
receiver groups (e.g., receiver group A (602), receiver group B (604), and

receiver group C (606)) for the same microseismic event. Each receiver group
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includes a set of receivers (e.g., receivers 1-11 in FIG. 6) that are located at a
specified location in the oilfield. The circles on the graphs mark the travel times
of the p-waves, which are temporally the first circle in each line, and the sv-

waves, which are temporally the second circle.

As discussed above, using the microseismic data and a velocity model, such
as shown in FIG. 6, probability distribution functions for locations of the
microseismic events may be obtained. FIG. 7 shows an example set of charts
(700) of two realizations of the microseismic event clouds that estimated for a
given velocity model. Although two realizations are shown, virtually any
number of realizations may be implemented and used in analysis. In the example
set of charts (700), the vertical axis represents depth, and the remaining axes are
North and East. As shown in FIG. 7, by having the multiple realizations, the
uncertainty in the velocity model propagates to an uncertainty in the locations of
the microseismic events. The grayscale shading in FIG. 7 of a location in a chart
indicates the probability that the corresponding location is sampled given the

probability distribution of the event location.

In the example, N,~66 is given, while N,=150 and N,=300 are selected.
Based on N.~66, N,=150, and N,=300, a set of 45,000 realizations exist from
which the histograms of the fracture width, length, height, and estimated
stimulated volume may be computed. The correlations existing between the
width and length, the width and height, and between the length and height may
also be computed, and account for the uncertainties in the velocity distributions
as well as for the uncertainties (for a given velocity) in the estimated
microseismic event locations. The correlations may be used for reservoir
production forecasting by constraining the history matching of the production

data with the reservoir and fracture properties.
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FIG. 8 shows example graphs of probability distribution functions
generated considering p-wave only when determining the velocity probability
distribution, and p-wave and sv-wave when determining the velocity probability
distribution that is then used for fracture properties. The graphs of fracture
properties include fracture width (802), fracture length (804), fracture height
(806), and expected fracture volume (808). Fracture width refers to the width of
the microseismic event cloud. The fracture geometry distributions obtained
when using Sv-waves tend to have a Gaussian distribution, which reflects the
shapes of the velocity distributions. As shown in FIG. 8, the uncertainties
associated with the fracture geometry may be reduced when combining P- and
Sv-wave arrivals to estimate the anisotropic velocity model distributions as

opposed to just using P-wave.

The covariance matrices associated with the estimated fracture width,

length and height for the two velocity distributions may be written as:

0.3271 0.3463 0.4769 0.2947 0.0719 0.0976
,[ 0.3463  0.4432  0.5624 0.0719 0.3572 0.1010

Cov, =10~ , Cov,gs, =107 .
0.4769 0.5624 0.8574 0.0976 0.1010 0.6117

The associated correlation matrices can be written as:

1.0000 0.9097 0.9007 1.0000 0.2217 0.2298
0.9097 1.0000 0.9124 0.2217 1.0000 0.2161

or, = , OFpgsy = .
7109007 09124 1.0000 pas 0.2298 0.2161 1.0000

As shown by the two sets of matrices above, the use of secondary-source
Sv-waves reduces the covariance values and the correlation between the width
and length, the width and height, and the height and length of the stimulated

fracture.
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Table 1 below provides mean and standard deviation values of the
estimated width, length, height, and stimulated volume of the fracture as seen by
the cloud of microseismic events. The two velocity probability distributions
considered and correspond to using P-wave and using both direct P-wave and

secondary-source Sv-wave respectively to estimate the velocity models.

Width Length Height Volume
(m) (m) (m) (10°m’® =GL)
P-only: Mean 67.275 57.110 78.322 0.5004
Deviation 18.104 21.0561 29.310 0.5077
P & Sv: Mean 62.450 64.130 90.441 0.2812
Deviation 5.404 5.966 7.808 0.0576
Table 1

While the mean values of the fracture width, length and height vary
relatively by 7.17 %, -12.30 %, and -15.47 % as shown, respectively for the two
velocity distributions being compared, the mean value of the estimated volume
differs by 43.80%. In the example, a volume estimate of 0.5004 may be obtained
when not using Sv-waves compared to an estimate volume of 0.2812. The
smaller estimated volume may be more accurate since as the smaller estimated
volume honors the travel times of both direct P-wave and secondary-source Sv-
wave arrivals observed on the perforation microseismic data. Moreover, the
variance of the stimulated volume distribution may be reduced by more than a
factor of 75 when using the secondary-source Sv-waves for estimating the
anisotropic velocity distribution in some embodiments. In one or more
embodiments, probability distributions for the fracture width, length and height

are considered.

In one or more embodiments, multi-stage fracture design may be improved
while accounting for uncertainties over an ensemble of history-matched reservoir

models, which are inputs to the improvement process. For example, the number
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of wells to be assigned per pad can be increased. In one possible aspect, the
possible number of wells per pad can range from a minimum of 1 to a maximum
of 10 wells, or a minimum of 2 to a maximum of 5 wells. These numbers can

increase or decrease in other aspects.

For instance, the fracture half-length may be used as an input parameter in
the multi-staging design improvement process. Information from a geological
stress map may be used to assign particular fracture geometries along a well. In
the absence of such data, in accordance with one or more embodiments, a
specific half-length may be selected for investigation or, as presented here, the
fracture half-length may be treated as an uncertain parameter in the design
process. In addition, in the absence of prior information on the expected fracture
length, the fracture length may be considered known (deterministic case with no
uncertainty) and/or that the uncertainty is represented by a probability
distribution of some form. In the latter case, improvement under uncertainty may
be performed with a number of realizations for each equal probable fracture
geometry in evaluation of an objective function accounting for the uncertainty in

the fracture halt-length.

As an example of optimization under uncertainty, simulation models
ranging from 2 to 5 wells over a pad model of a field may be considered for NPV
maximization using a uniform spacing of a given number of stages (with 3
fractures per stage), over all wells with three possible fracture lengths: namely
75, 125 and 175 feet. Assuming a uniform distribution of the fracture half-
length, each objective function evaluation may include 3 realizations, one for

each fracture design of interest.

FIG. 9 shows an example graph (900) showing a possible variation of a

composite objective function (902) with the desired risk aversion factor (i.e.,
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confidence factor (904)) for a given number of wells in accordance with various

implementations of multi-stage fracture design.

FIG. 10 shows an example graph (1000) plotting the mean value (1002)
versus the standard deviation (i.e., sigma (1004)). The Efficient Frontier is
shown as line (1006) that demarcates the outer convex hull over known samples.
The graph shows how the selection of the number of wells in a sector may vary
depending on the risk tolerance of the decision maker. In the example shown in
FIG. 10, the line marks low risk (2-wells, blue diamond) to higher risk (5-wells,
purple circle). The peak condition (4-wells, green triangle) indicates the most

desirable solution.

In one or more embodiments, when the risk aversion factor is low (such as,
for example, at zero), one objective may be equivalent to the mean value of the
realizations. In addition, when the risk aversion factor is high, the objective may
be equivalent to the mean value minus some multiple of the standard deviation of
the realizations. Thus, the expected outcome may be high when the risk aversion
factor is zero (e.g., a 50% likelihood in some implementations), while the
expected value may be low at higher values of the risk aversion values, but with

increasing certitude.

In one possible implementation, the uncertainty-based improvement
procedure can be applied to a number of cases (wells in a sector), with a number
of uncertain model parameters, each with a given probability distribution. In
addition, microseismic data analysis may be used to provide distributions of
fracture properties, including for example, the fracture type (including

asymmetric cases) and fracture dimensions (e.g., height, length and width).

By way of another example, fracture geometry distributions from
microseismic analysis may be used to establish single fracture models. The

microseismic analysis may sometimes underestimate fracture halt-lengths. That
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is, the lengths predicated may not be corroborated by other physical data sources.
Regardless, the microseismic measurements may still be employed to improve
the fracture models developed. Improved distributions may be used in the
improvement framework to establish staging designs given the prevailing

uncertainty in the system.

With reference to earlier example shown in FIGs. 9 and 10, the preceding
case can be modified to account for a non-uniform fracture half-length
distribution potentially obtained from microseismic investigation. Here, the 75,
125 and 175 feet fracture half-length models can be assigned weights of 0.375,
0.5 and 0.125, respectively, in accordance with an anticipated (triangular)

distribution profile.

A change in the underlying fracture geometry distribution can alter the
behavior of the profiles and the resulting efficient frontier. Thus, in or more
embodiments, an accurate estimate of the underlying distributions may be
obtained and used in the forecast improvement stage. Obtaining the accurate
estimates may increase computational cost as each objective function evaluation
may involve the evaluation of a number of realizations (each involving a possible
simulation call). Further, the number of samples taken should be sufficient to
provide an accurate measure of the mean and standard deviation of the outcomes
or realizations due to the model parameters having an uncertain value in the
problem. The samples may be evaluated in parallel during the adaptive proxy-
based improvement procedure for expensive function improvement. Thus, multi-
stage design improvement under uncertainty can be manageable and meaningtul
in an unconventional reservoir system with uncertainty and in the hydraulic

fracture models employed.

As discussed above, performing the optimization portion for the control

variable values that are binary variables may be by transforming the binary
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variables to continuous variables. Below is a discussion of performing the
transformation and optimizing based on the transformation. In FIG. 2 above, the
data repository may also include one or more transformation functions. In one or
more embodiments, a transformation function defines a mapping between design
patterns in binary space and integer values in integer space. In particular, a
design pattern is a defined ordering of binary values whereby the position of each
binary value in the defined ordering corresponds to a particular configurable
element. In one or more embodiments, the transformation function provides a
one to one mapping between design patterns and integer values. In other words,
an integer value maps to a single design pattern and a design pattern maps to a

single integer value in the transformation function.

Various transformation functions may exist. For example, one
transformation function may be a binary transform that maps the binary value to
the corresponding integer value (e.g., “0010” maps to “2”).  Another
transformation function may be a gray code transform. In a gray code transform,
consecutive integer have design patterns that vary by a single bit. Other
transformation functions may exist and be used without departing from the
scope. In one or more embodiments, different transformation functions may
map the same or different lengths of design patterns. For example, one
transformation function may map design patterns having a length of six while

another transformation function maps design patterns having a length of four.

Further, in FIG. 2 above, the oilfield design tool (206) may include
additional functionality to obtain the configurable elements of the oilfield,
generate a binary variable array based on at least some of the configurable
elements, transform the binary variable array into integer variables, and issue a

call to a solver to obtain a solution.
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In one or more embodiments, the oilfield design tool may include
functionality to generate multiple solutions, whereby a solution exists for each of
the various levels of complexity. FIG. 11 shows a hierarchy of configurable
elements (1100) of the oilfield design. By considering the multiple solutions that
allow for a different numbers of control variables to be considered for the oiltield
design. Remaining control variables may be fixed at a predefined value or, in the

case of a symmetric design, based on the values of defined controlled variables.

As shown in FIG. 11, the hierarchy of configurable elements (1100)
includes a least complex level (1102), a second least complex level (1104),
optionally various intermediate levels of complexity, and a most complex level
(1106) of the oilfield design. The complexity level defines the number of control
variables or configurable elements considered for the oilfield design, including
choice of transformation. For example, the least complex level (1102) may be a
univariate system where one type of configurable element is considered in the
optimization problem. The second least complex level may have two or more
types of configurable elements considered. In other words, the lower the
complexity level and higher in the hierarchy, the more abstract the optimization
problem and the greater the number of configurable elements that are managed as
dependent design variables. The greater the complexity, the more configurable

elements that may be adjusted to determine the optimal solution.

In one or more embodiments, by considering the various levels of
complexity, one or more embodiments allow for managing a tradeoff between an
amount of time to generate an optimal solution with the value of the objective
function generated by the optimal solution as well as manage the complexity
level of the solution. In general, the greater the number of configurable elements
considered, the more time may be used to generate an optimal solution and the

more complex the optimal solution may be to implement in practice.
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may be used without departing from the scope of the technology. For example,
various components may be combined to create a single component. As another
example, the functionality performed by a single component may be performed

by two or more components.

[00101] FIGs. 12-15 show flowcharts in accordance with one or more embodiments.
While the various blocks in these flowcharts are presented and described
sequentially, one of ordinary skill will appreciate that at least some of the blocks
may be executed in different orders, may be combined or omitted, and at least
some of the blocks may be executed in parallel. Furthermore, the blocks may be
performed actively or passively. For example, some blocks may be performed
using polling or be interrupt-driven in accordance with one or more
embodiments. By way of an example, determination blocks may not require a
processor to process an instruction unless an interrupt is received to signify that a
condition exists in accordance with one or more embodiments. As another
example, determination blocks may be performed by performing a test, such as
checking a data value to test whether the value is consistent with the tested

condition in accordance with one or more embodiments.

[00102] FIG. 12 shows a flowchart for management of an oilfield in accordance
with one or more embodiments. In Block 1201, configurable elements of an
oilfield design are identified in accordance with one or more embodiments. The
configurable elements are defined based on the requirements for the oilfield
design. For example, if the oilfield design is for an initial plan of the oilfield, the
configurable elements may include position and direction of boreholes. In
contrast, if the oilfield design is for performing fracturing operations on a
reservoir with existing wells, the configurable elements may include locations of
stages, number of fractures per stage, fluid properties, etc. By way of an

example, a user using the oilfield design tool may specify which elements of the
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oilfield design are configurable. In some embodiments, possible configurable
elements are specified by the oilfield design tool for any oilfield design. The
possible configurable elements may be presented to the user who selects from the
possible configurable elements or types of configurable elements. Prior to
selection, a portion of the configurable elements that are inapplicable may be
removed. In some embodiments, the types of configurable elements, such as
fractures, stages, well sites, are identified. Based on the identified types of
configurable elements, the configurable elements may be identified that may
have the types, such as cells which may or may not have fractures, stages, and

wellsites.

[00103] In Block 1203, a binary variable array describing the configurable elements
that have two possible values is obtained in accordance with one or more
embodiments. Each configurable element that has two possible values is
represented as a binary variable. In other words, a binary variable in the binary
variable array is a type of control variable that may have one of two values. In
one or more embodiments, the configurable elements that may be represented
using a binary variable are ordered into a binary variable array. The term array
as used throughout this application refers to any data structure that may be used

to directly or indirectly associate a value with a binary variable.

[00104] In Block 1205, a starting configuration for the binary variable array is
selected in accordance with one or more embodiments. In one or more
embodiments, the starting configuration has a defined value for each of the
configurable elements. By way of an example, some of the configurable
elements may be defined to have a value of zero, while other configurable
elements may be defined to have a value of one in the starting configuration.
The starting configuration may be a default configuration, an estimated

configuration based on historical information associated with the oilfield or
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another oilfield, a configuration proposed by a wuser, another selected

configuration, or a combination thereof.

[00105] In Block 1207, the binary variable array is partitioned into subgroups in
accordance with one or more embodiments. In one or more embodiments, the
partitioning separates portions of the binary variable array into distinct
subgroups, whereby each binary variable is in a single subgroup. The ordering
of binary variables in the binary variable array may be maintained when
partitioning the binary variable array. Further, the partitions may be the same
size or a heterogeneous number of sizes. In one or more embodiments, the size
of each subgroup is selected to reduce the number of binary variables in the
subgroup that are manipulated by the sub-groupings, while ensuring that the
number of resulting designs are not too low or too high to prevent the integer
variable mapped to the subgroup to be treated continuously during the

optimization procedure.

[00106] In Block 1209, a subgroup of the binary variable array is obtained in
accordance with one or more embodiments. One or more embodiments process
each subgroup of the binary variable array. The processing may be performed in

serial, in order, in parallel, and/or in a random or other order.

[00107] In Block 1211, a transformation function is selected for the subgroup in
accordance with one or more embodiments. The transformation function may be
selected based on properties of the transformation function. For example, a Gray
code has a Hamming distance of one, meaning that one bit value changes
between two adjacent design patterns. In one or more embodiments, the same or
different transformation functions may be selected for each subgroup. For
example, a binary transformation function may be selected for one subgroup and

a Gray Code transformation may be selected for another subgroup. Further, as
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discussed below in reference to FIG. 15, multiple transformation functions may

be selected for each subgroup.

[00108] Continuing with FIG. 12, in Block 1213, the transformation function is
applied to the subgroup of the starting configuration to obtain an integer value in
accordance with one or more embodiments. In one or more embodiments, the
portion of the starting configuration selected in Block 1205 that corresponds to
the current subgroup is mapped through the transformation function to the
integer value. Thus, the integer value corresponding to the starting configuration

for the subgroup is obtained.

[00109] In Block 1215, a determination is made whether another unprocessed
subgroup exists. If another unprocessed subgroup exists, then the next subgroup

1s processed.

[00110] In Block 1217, an integer array is obtained from the integer value for each
subgroup in accordance with one or more embodiments. As discussed above, the
use of the term array may refer to any data structure for associating the integer
value with the corresponding subgroup.  In other words, a data structure is
populated with the corresponding integer values. The population of the data
structure may be performed at the same time as obtaining the integer values for

each subgroup.

[00111] In Block 1219, an objective function is defined in accordance with one or
more embodiments. In one or more embodiments, the objective function is
defined on the binary values. If the objective function is net present value,
defining the objective function may be performed based on a predefined formula
or template and the results of a simulation to determine the number of
hydrocarbons. For example, equipment to drill wells and perform stimulation
operations may have a predefined cost that is defined on per unit (e.g., well,

stage, and/or other) basis. The predefined formula may account for such costs.

35



WO 2015/103582 PCT/US2015/010242

Similarly, the simulation may provide the expected hydrocarbons produced,
which has an expected gross profit. Thus, the objective function may be defined
that accounts for the various costs and the expected gross profit. Various
techniques may be performed to define an objective function that are dependent

on the type of objective function.

[00112] In Block 1221, using the integer array and the objective function, the
optimization problem is solved by treating the integer variables as continuous
variables to obtain a solution. In other words, variables in the optimization
problem are treated as continuous variables to solve the optimization problem.
In some embodiments, the optimization problem may be solved using additional
variables representing configurable elements that have more than two possible
values. Solving the optimization problem is discussed below and in reference to

FIG. 13.

[00113] In some embodiments, the result of solving the optimization problem is a
solution that provides an integer value for each integer variable in the integer
array. In such embodiments, a transformation function is applied to each integer
variable to obtain the corresponding design pattern in Block 1223. In other
words, for each subgroup, the selected transformation function for the subgroup
in Block 1211 is applied to the integer value for the subgroup in the solution to

obtain the corresponding design pattern that maps to the integer value.

[00114] In other embodiments, the solution may be the design pattern for each
subgroup. In such embodiments, no transformation function is applied at this

stage as the design pattern is already obtained.

[00115] The set of design patterns for the subgroups provides a value for each
binary variable, and subsequently for each configurable element of the oilfield
design. Accordingly, in Block 1225, an oilfield design is obtained from the

design patterns in accordance with one or more embodiments. The oilfield design
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may be the group of design patterns. In other embodiments, the oilfield design
may be a translation of the design patterns into a specification for oilfield
equipment. For example, if the configurable elements are defined at the cell
level, obtaining the oilfield design may include translating the values at the
particular cells to a definition of locations in which drilling operations or
simulation operations are to occur. For example, rather than describing each cell
and whether each cell has a fracture, the oilfield design may specify the
measured depths along the trajectory of the wellbore that have a fracture in the
solution. In such a scenario, a mapping function may be accessed to determine
which cells in the model correspond to the trajectory of the wellbore in order to
obtain the oilfield design. Other techniques for obtaining the oilfield design may

be used without departing from the scope.

[00116] In one or more embodiments, an oilfield operation is performed using the
oilfield design in Block 1227. In one or more embodiments, the equipment
controller may send a control signal to the oilfield equipment located at the
oilfield. The control signal may include the oilfield design or actions to perform
based on the oilfield design. In response, the oilfield equipment may perform the
operations specified by the oilfield design by physically drilling wells or
performing the various stimulation operations. The oilfield operations may or
may not be performed with human interaction, such as to control or watch the

equipment.

[00117] In one or more embodiments, at various stages of the method, the oilfield
design tool may interact with the user through the user interface to obtain the
solution, obtain the oilfield design and control the oilfield equipment. For
example, the oilfield design tool may present metrics regarding solving the
optimization problem, the solution, the oilfield design, other information, or any
combination thereof and the user may submit commands to control the

optimization and the oilfield design. For example, the user may decide that the
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current solution is the most optimal solution given the number of iterations
performed, set a maximum number of iterations (e.g., by defining the maximum
number of iterations, specifying a maximum execution time, or performing any

other such action), and approve or disapprove of the oilfield design.

[00118] Turning to FIG. 13, FIG. 13 shows a flowchart for solving the optimization
problem in accordance with one or more embodiments. In Block 1301, oilfield
data describing the oilfield and samples for the objective function are obtained.
As discussed above, the oilfield data may be obtained using data acquisition tools
in the oilfield data. In particular, sensors located in the oilfield may detect
various physical properties of the oilfield and transmit information describing the
detected physical properties to the field management tool. In some
embodiments, rather than or in addition to obtaining the oilfield data using data
acquisition tools, oilfield data may be obtained from a data repository. Further,
the oilfield data that is obtained may include or be used to generate a model of
the oilfield, including a reservoir model. In one or more embodiments, the
samples correspond to a set of possible configurations for the oilfield design. An
initial set of samples may be defined by a user or generated by the field

management tool.

[00119] In Block 1303, a proposed configuration is generated over continuous space
using an optimization scheme. In other words, the integer variables in the
samples are treated as continuous variables when applying the optimization
scheme, which may be a direct or approximation-based optimization scheme.
One or more of the samples may be a starting configuration selected in FIG. 12.
From the samples, a proxy model may be constructed that represents an
approximate model of available configurations. For example, the proxy model
may be constructed using a neural network or radial basis function proxy
scheme. In a proxy-based optimization scheme an initial collection of samples

(design configurations along with their associated objective values) are used to
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construct an approximation model. The samples can be specified randomly, with
uniform sampling, design of experiments, Latin hypercube sampling or some
other heuristic scheme, but they are integer feasible. The approximation method
may include neural networks, kriging, radial basis function or some other
method. It serves to provide an analytical representation of the problem of
interest. The approximation model is optimized in place of the expensive
simulation-based process over continuous space. The proposed solution is then
evaluated (with rounding to ensure integrality requirements where desired) by
calling the actual simulation model. If the convergence is not met, the new
sample is added to the data set and the process repeats. Such proxy (or surrogate)
based methods are well established for managing expensive simulation-based

optimization problems.

[00120] In Block 1305, the proposed configuration is converted to binary space
based on the transform function applied to each subgroup. In one or more
embodiments, each subgroup has a corresponding continuous variable in the
proposed configuration. Additional continuous variables may exist in the
proposed configuration that represent configurable elements having possible
continuous values and/or integer values. The continuous variables that represent
configurations having integer values and subgroups are converted into integer
variables, such as by rounding (e.g., rounding up, down, or to the closest integer).
For integer values representing subgroups, the integer values are transformed
according to the transformation function selected for the subgroup into a design
pattern for the subgroup. Thus, the result of Block 1305 may be a proposed
configuration having binary values, integer values, continuous values, or any

combination thereof.

[00121] In Block 1307, the simulation engine may evaluate the proposed
configuration resulting from Block 1305 using the objective function and the

oilfield data to obtain a value of the objective function. For example, simulations
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may be performed on the oilfield using the oilfield data to determine the amount
of hydrocarbons extracted based on the configuration. Data describing the cost
of the configuration and the economic benefit of the amount of hydrocarbons
produced may be used to calculate the value of the objective function. Because
various different objective functions may be defined, the technique for
calculating the value of the objective function may vary depending on the
objective function and are included herein without departing from the scope of

the claims.

[00122] In Block 1309, a determination is made whether embodiments converge on
a value in accordance with one or more embodiments. In one or more
embodiments, the values of previous values of the objective function from
previous iterations may be compared to determine whether convergence of the

values exist.

[00123] If convergence does not exist, then another iteration is performed.
Specifically, the next iteration is performed by selecting a subsequent
configuration in Block 1311 and repeating the process starting with Block 1303
using the various identified samples. In one or more embodiments, the selection
of the subsequent configuration may be performed in integer space rather than
binary space. The selection of new design candidates is established by the
optimization method employed. For example, a derivative-free simplex method
will perturb the incumbent polytope to provide a new test condition. A gradient-
based method will attempt a line search along a descent direction. For
approximation-based schemes, any solver can be applied on the analytical
closed-form representation and the best solution established is often used as the
new candidate solution. Note that any number of new candidate solutions could
be tested at each iteration depending on the algorithm and computational cost

involved.
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[00124] If convergence exists, then the solution is set as the configuration
corresponding to the optimal value in Block 1313. In other words, if the
objective function is a cost function, then the solution is the configuration
corresponding to the minimal value. If the objective function i1s a utility
function, then the solution is the configuration corresponding to the maximal
value. In some embodiments, limits may be placed on the number of iterations.

In such a scenario, the optimal value may be the optimal identified value.

[00125] As discussed above with reference to FIG. 11, different solutions may have
different levels of complexity to implement. For example, the greater the
number of configurable elements that may be independently configured, the
more difficult the oilfield design is to implement and the more time may be
required to identify the optimal solution. One or more embodiments may be used
to manage the tradeoff between complexity and optimal value by solving the
optimization problem for each of various levels of complexity. FIG. 14 shows a
flowchart for generating and selecting a solution that accounts for various levels

of complexity.

[00126] In Block 1401, a hierarchy of the various levels of complexity of the
configurable elements is defined. The hierarchy may be defined using user
interaction. For example, a user may specify, for each level of complexity,
which configurable elements are static and which configurable elements may
change. In other embodiments, the field management tool may automatically
define the hierarchy, such as by assuming a uniform configuration throughout the

oilfield to a less uniform configuration, to an asymmetric configuration.

[00127] In Block 1403, a first level of complexity is selected in the hierarchy in
accordance with one or more embodiments. In one or more embodiments, the
least complex level may be initially selected. However, any level of complexity

may be initially selected without departing from the scope.
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[00128] In Block 1405, the optimization problem is solved given a maximum
number of iterations to obtain a value for the objective function. Solving the
optimization problem for the level of complexity may be performed by
performing Blocks 1201-1221 of FIG. 12 for the level of complexity. In other
words, the binary variable array i1s defined based on the level of complexity as to
what variables have a constant value or an equal value to other variables, or
indeed, are specified as dependent variables. Further, in one or more
embodiments, the solution may be limited by a number of iterations. By limiting
the number of iterations, one or more embodiments may balance the achievement

of an optimal solution with the limits of time to determine the optimal solution.

[00129] In Block 1409, a determination is made whether to continue in accordance
with one or more embodiments. In some embodiments, rather than performing
each level of the hierarchy, the field management tool may stop. For example, if
the optimal value of the objective function for several levels of the hierarchy
converges, a determination may be made that any additional benefit gained by a
more complex solution may be outweighed by the complexity to implement the
solution. In other embodiments, engineer requirements on the oilfield design or
the maximum amount of time may result in a determination to stop at the current
level of the hierarchy. If a determination is made to continue, then in Block
1411, the next complexity level of the hierarchy is obtained and the optimization

problem is solved for the next complex level of the hierarchy.

[00130] If a determination is made not to continue, a solution is selected from the
complexity levels of the hierarchy tested, based at least in part, on the value of
the objective function. In other words, the optimal solution corresponding to a
level in the hierarchy tested is selected. Selecting the optimal solution may be
performed according to the optimal values. Additional factors, such as the
complexity level to implement the solution may also factor into which level of

the hierarchy is selected. For example, if the amount of gain between a non-
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uniform configuration and a uniform configuration is negligible, then a uniform
configuration may be selected based on being easier to implement. By way of
another example, if a non-uniform configuration has a vastly increased optimal
value over the uniform configuration, then the non-uniform configuration may be
selected. Omne or more embodiments may implement the selected solution by

performing Blocks 423-427 for the selected solution.

[00131] Returning to Block 1303 of FIG. 13, in order to determine a proposed
configuration, multiple samples may be used. In some embodiments, a local
optimal value may be generated that is not reflective of the global optimal value.
In some embodiments, the time to determine the optimal value may be
substantial. One or more embodiments may, in parallel, solve the optimization
problem by applying different transformation functions to the same subgroup.
By applying different transformation functions, a time to determine the optimal
value may be reduced and the system may not settle on a local optimal value in

some embodiments.

[00132] FIG. 15 shows a flowchart for using different transformation functions that
are applied to the same subgroup. The processing for different transformations
functions in FIG. 15 may be performed in parallel by multiple threads, multiple

computing processors and/or processor cores.

[00133] In one or more embodiments, the Blocks shown in FIG. 15 may be
performed instead of FIG. 13 in terms of solving the optimization problem. Prior
to performing the various operations of FIG. 15, Blocks 1201-1207 may be
performed. Further, Blocks 1209-1219 may be performed multiple times, one
time for each set of one or more transformation functions applied to the various
subgroups. In other words, Blocks 1209-1219 may be performed once for a first
set of one or more transformation functions to apply to the subgroups.

Concurrently or consecutively, Blocks 1209-1219 may be performed again for a
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second set of one or more transformation functions to apply to the subgroups.
The process may repeat for the number of times that a set of one or more

transformation functions is applied to the subgroups.

[00134] Returning to FIG. 15, in Block 1501, sample configurations are obtained
for each set of transformation functions. In one or more embodiments, obtaining
the sample configurations for a set of one or more transformation functions may
be performed independently of obtaining sample configurations for other
transformation functions. Further, obtaining the sample configurations for a
particular set of transformation functions may be performed as discussed above

with reference to Block 1301.

[00135] In Block 1503, separately and for each set of transformation functions, a
proposed configuration is obtained in continuous space using the sample
configurations. In one or more embodiments, obtaining the proposed
configuration for a set of one or more transformation functions may be
performed independently of obtaining the proposed configuration for other
transformation functions. Further, obtaining the sample proposed configuration
for a particular set of transformation functions may be performed as discussed

above with reference to Block 1303.

[00136] In Block 1505, each proposed configuration is converted to binary space
based on the corresponding transformation.  Converting the proposed
configuration may be performed independently for each transformation function

and may be performed as discussed above with reference to Block 1305.

[00137] In Block 1507, the proposed configurations are evaluated in binary space
using the objective function to obtain values of the objective function. Block
1507 may be performed as discussed above with reference to Block 1307 and
may be performed independently for each set of one or more transformation

functions.
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[00138] In Block 1509, a determination is made whether the values converge in
accordance with one or more embodiments. In particular, a determination is
made whether the values obtained by the different transformation functions
converge both with respect to each other, as well as with respect to prior

iterations in the course of solving the optimization problem.

[00139] If a convergence does not exist, then, for each set of one or more
transformation functions, a subsequent configuration is selected based on the
values of the objective function and proposed configurations of each
transformation in Block 1511. In one or more embodiments, the proposed
configurations are cross-pollinated across sets of transformation functions. In
particular, the proposed configuration used by one set of transformation
functions is used as a sample in the other set of transformation functions for the
next iteration. To use a proposed configuration for a first set of transformation
functions as a sample for a second set of transformation functions, the following
operations may be performed. The proposed configuration is transformed into
binary space using the first set of transformation functions. In other words, the
design patterns for the proposed configurations are obtained. Next, the design
patterns are mapped according to the second set of transformation functions into
integer space. Thus, the result is the proposed configuration from the first set of
transformation functions being mapped to the corresponding values of the second
set of transformation functions. Each set of transformation functions may then
create additional samples and generate a new proposed configuration starting

with Block 1503.

[00140] Although FIGs. 12-15 are shown and described separately, various portions
of FIGs. 12-15 may be combined. For example, performing the processing
according to the hierarchy as shown in FIG. 14 may be combined with the cross-

pollination between the sets of transformation functions in FIG. 15. In such a
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scenario, for one or more levels of the hierarchy, multiple sets of transformation

functions may be processed.

[00141] FIGs. 16-22 show examples in accordance with one or more embodiments.
The following example 1s for explanatory purposes and not intended to limit the

scope.

[00142] FIG. 16 shows an example simulation model (1600) of a horizontal well
(1602) with thirty stages (shown as boxes in FIG. 16). Each stage corresponds to
a section of the wellbore in which a collection of fracturing operations are to be
performed. Two of the stages are shown in the expanded view (1604). As
shown in FIG. 16, each of the two stages in the expanded view (1604) has three
fractures. Fractures may be defined in the simulation model using a local grid
refinement (LGR) procedure. The LGR procedure increases resolution over a
specific volume in the simulation grid by increasing the number of cells in the
simulation grid over a defined volume. Thus, the static properties of the grid cells
within the defined volume may be adjusted according to need, while also
ensuring the stability of the numerical simulation with the property changes
introduced. The properties of the cells in an LGR block are updated according to
the fracture model developed for each representative fracture length. The
properties can be introduced in a number of ways, either directly into the primary
simulation model data file or they may be included as separate associated LGR
definition files (e.g., LGRDEF) that define data pertaining to the LGR, such as
those concerning the wellbore, grid indices, the skin factor, permeability,
porosity, water saturation, net-to-gross ratio, pore volume, pressure, and other

properties to introduce representative fractures into the simulation model.

[00143] In the simulation model, a fracture may be defined at fixed locations along
any well in the grid. The LGR mechanism may be used to define a higher

conductivity in the neighboring cells at a particular location in a well to account
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for the higher connection to the rock matrix with the consequence of increasing
the fluid production at that point. Thus, each LGR block may represent a simple
planar fracture according to the properties adopted (i.e., LGRDEF). Also, a
single fracture may appear in a single block of some predefined width (e.g., fifty
ft.) to represent the physical distance resulting between fractures during the
stimulation operations. As the number of possible locations for fractures is

discrete, a simulation based on a binary optimization problem arises.

[00144] The multi-staging fracture design problem may include establishing the
number and location of stages along each well in a sector. In one or more
embodiments, the number of wells, the fracture half-length, and the number of

fractures per stage, may be given a priori for each case investigated.

[00145] The binary optimization problem is directed to specifying of individual
fractures. In the binary optimization problem, a value of either 0 or 1 is
established for each variable (y;) such that the objective function of interest F(Y)
1s maximized, where Y represents the vector of binary variables that indicate the

placement (or otherwise) of a fracture in a given position in the model.

[00146] The total number of possible solutions for the unconstrained problem is 2",
where n is the dimensionality of the binary system, thereby creating an NP-hard
problem. The solution space may be reduced somewhat with the constraint
describing the fixed number of fractures per stage; however, the problem
complexity remains. Additional complexity is introduced by the fact that each
objective function evaluation may involve a computationally demanding (i.e.,
time consuming) simulation evaluation. The complexity associated with binary
optimization may be addressed using the various disclosures herein, while an
adaptive proxy optimization scheme may be employed to manage the expensive

simulation-based optimization problem.
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[00147] One or more embodiments described herein are devised as a way to manage
the complexity associated with expensive simulation-based binary optimization
problems. The method aims to transform the binary problem into a continuous

problem of lower dimensionality.

[00148] FIG. 17 shows an example of the binary optimization problem schema in
accordance with one or more embodiments. As shown in FIG. 17, a binary
variable array (1700) may be defined as a row of n cells (labelled
c1(1702)...¢c,(1704)). Each cell corresponds to a particular location in a wellbore
and a particular control variable, such as a fracture or a state. As shown in FIG.
17, each cell may include a value of 0 or 1, and, thereby defines a starting

configuration.

[00149] One or more embodiments described herein partition the binary variable
array into a number of partitions. FIG. 18 shows an example of the binary
variable array (1800) as partitioned into multiple partitions. Although FIG. 18
shows the binary variable array being partitioned into equal sizes, the partitions
may be heterogeneous sizes. Each sub-group of binary variables b may be

manipulated collectively using a transformation function.

[00150] FIG. 19 shows a table (1900) of two example transformation functions. In
particular, FIG. 19 shows a binary transformation function (1902) and a gray
transformation function (1904). As shown in FIG. 19, each transformation
functions map a design pattern v; in binary space to an integer value (e.g., index)
in accordance with one or more embodiments. In other words, a design pattern
of “0100” using the binary transformation function maps to the integer value of
four and to the integer value of seven using the gray transformation function.
The corresponding integer values may be treated as continuous when generating

a proposed solution to solve the optimization problem.
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[00151] Thus, consider the scenario in which two transformation functions are
applied to the same partition to solve the binary optimization problem, such as
using the technique discussed above with reference to FIG. 15. If the result of
the performing the first optimization scheme is a proposed configuration of 9
using the binary transformation function, then 9 is mapped back to “1001”
using the binary transformation function. The pattern “1001” 1is then mapped in
the gray transformation function to give an integer value 14. Thus, in the
example, the integer value of 14 may be used (together with its associated
objective value) as a sample when applying the optimization scheme for the gray
transformation function as discussed in Block 1303 of FIG. 13, and vice versa,

for the solution established using the gray transformation procedure.

[00152] As discussed above, one or more embodiments may be applied in a
hierarchical manner to efficiently manage the multi-stage fracture design
optimization problem depending on the geo-mechanical complexity of the
simulation model. FIG. 20 shows an example of a complexity hierarchy (2000)
in accordance with one or more embodiments. The key (2002) may be used to
interpret the variables shown in FIG. 20. As shown in FIG. 20, the highest level
of abstraction (2004) is a uniform distribution (UD) of stages over N wells with a
single variable. The optimal uniform distribution (OUD) (2006) refines the
process with one variable assigned to each well. The abstracted optimal uniform
distribution (AOUD) (2008) further refines the process by partitioning the wells
into m blocks each, while retaining a uniform distribution. A more general
abstraction, with p blocks in each well (where p > m), permits any transform to
be adopted using the AOD scheme (2010). The original binary optimization
problem (BOP) (2020) of dimensionality n is described at the lowest level.

[00153] The hierarchical approach may reduce the computational complexity when

the prevailing heterogeneity is low, both horizontally and laterally, along the
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wells, while also permitting a solution when the heterogeneity is high. However,
given that the model complexity may not be known a priori, optimization may

commence downwards from the least complex level to the most complex level.

[00154] FIGs. 21.1-21.5 are examples showing three example wellbores configured
according to a result of the complexity level of the complexity hierarchy shown
in the example of FIG. 20. In FIGs. 21.1-21.5, horizontal lines are wells and
vertical lines are fractures. FIG. 21.1 shows an example uniform distribution
(2102) in accordance with one or more embodiments. For FIG. 21.1, consider a
reservoir model in which the in situ reservoir properties are homogeneous. In
such a scenario, one design configuration may be applied to the wells as there is
no horizontal (sector wide) or lateral (along the well) variation. For the
optimization problem, a single variable x may be specified with the constraint x
= xj, for j = 1 : : :N (where N is the number of wells). The transformation
function (T) is based on the uniform distribution of a given number of fractures
that meet the fractures per stage (nfps) requirement. Here, the index corresponds
to the number of stages and is bound [1, X . j ], where the maximum number of
stages (Xmax j ) 1S given by nc / nfps, where nc is the number of cells in the well.
Evidently, Xmax j 13 @ fully fractured well, while lower index values describe
uniform distributions of lower density according to the mapping scheme

employed.

[00155] FIG. 21.2 show an example of the optimal uniform distribution (2104). In
the example, consider a model in which substantial horizontal heterogeneity
exists, but little or no lateral heterogeneity. In this case, an optimal uniform
distribution may be made with one variable assigned to each well, with a

uniformly distributed transformation model as described with respect to FIG.

21.1.
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[00156] FIG. 21.3 shows an example of the abstracted optimal uniform distribution
(AOUD) (2106). For the example, consider a model in which substantial
horizontal and lateral variation exists. In such a scenario, a greater number of
blocks may be defined for the j-th well by suitably selecting b; (the partition size)
The optimization problem is defined as for OUD, but with nv > N (where N

indicates the number of wells and nv is the number of effective variables.).

[00157] FIG. 21.4 shows an example of an abstracted optimal distribution (AOD)
(2108) in accordance with one or more embodiments. A uniformly distributed
transformation may not be sufficient for a model that is substantially
heterogeneous. In such a scenario, a non-uniform optimal distribution may be
used with a binary transform decimated to meet the fracture per stage
requirement. Greater flexibility may be achieved using the AOD scheme, but at
a cost of increasing the number of variables given the shorter choice of block
length (b;) in each well. The scheme shown in FIG. 21.4 may permit asymmetric

solutions in each partition.

[00158] FIG. 21.5 shows an example of the abstracted optimal distribution (AOD)
(2110) in accordance with one or more embodiments. In the scheme shown in
FIG. 21.5, no constraints are placed on the well. The optimization process is
completely relaxed if the fracture per stage requirement is lifted. In such a
scenario, each variable has a wider index range that permits possible designs as

no patterns are decimated.

[00159] FIG. 22 shows an example graph (2200) of the optimization performance
profiles for each complexity level of the complexity hierarchy in accordance with
one or more embodiments. Table 2 below provides the values corresponding to

the example graph in FIG. 22.
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Design Constraint (3 FPS)
Scheme | Dims | wl | w2 | w3 | w4 | w3 Total fevals | Time(hrs) Eopr
Fracs (MS$)
UD 1 60 60 | 60 | 60 | 60 300 25 16.4 14.9822
OUD 5 60 63 | 57 | 60 | 60 300 56 35.8 14.9273
AOUD | 10 66 63 | 60 | 63 | 63 315 82 47.3 14.9255
AOUD | 15 60 60 | 63 | 60 | 60 303 192 110.1 14.9390
AOD 165 165 | 69 | 60 | 69 | 57 324 339 172.6 12.7863
No Design Constraints
AOD | 165 ]| 68 | 68 | 68 | 59| 75| 338 | 319 | 172.0 |18.5699

Table 2

[00160] In particular, Table 2 and FIG. 22 shows an example of optimizing a 5-well

model with a fracture half-length of 125 ft. The underlying binary system has n =
990 binary variables with nc = 198 cells per well. Results are shown for UD,
OUD, AOUD and AOD schemes. For each scheme, the problem dimensionality,
the number of fractures by well and the total fractures placed are given. The
number of function evaluations and time required to reach the solution NPV are

also given.

[00161] The UD solution results from a univariate optimization process that uses 25

function evaluations. A design comprising 20 uniformly distributed stages (with
60 fractures) over each well is established. The OUD solution entails a 5-variable
problems and identifies the optimal uniform distribution per well. In this
example, the OUD solution is marginally lower than the UD solution, indicating
that there is not substantial heterogeneity in the model. Regardless, the OUD
solution may be further refined with additional partitions assigned per well. The
AOUD problem with 2 or 3 partitions yields problems of 10 and 15 variables,
respectively, in the example. As shown, as the model dimensionality increases,
the number of function evaluations required to reach a solution may also
increase. However, in the present example, the results do not change appreciably

from the UD solution.
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[00162] The AOD scheme permits an even greater flexibility (if warranted) with
smaller partitions. A problem with 165 variables results with a block length of 6
bits and uses over 300 simulation evaluations. Due to the increased complexity
of the problem, a solution of lower value may exist. The lower value may be due
to a limitation of the adaptive procedure that can give rise to local entrapment
when the function is highly multi-modal. A re-start procedure may be employed

to overcome this limitation to some extent.

[00163] Lastly, as shown in the graph, the AOD scheme, again with 165 variables,
is demonstrated without the imposition of the 3 fracture per stage design
requirement. Notably, the relaxed problem yields a higher objective function

value (nearly 24% greater than the best solution established by the UD scheme).

[00164] As discussed above, FIGs. 16-22 are examples. The configurations and

results may vary without departing from the scope of one or more embodiments.

[00165] Embodiments of the invention may be implemented on a computing
system. Any combination of mobile, desktop, server, embedded, or other types
of hardware may be used. For example, as shown in FIG. 23, the computing
system (2300) may include one or more computer processor(s) (2302), associated
memory (2304) (e.g., random access memory (RAM), cache memory, flash
memory, etc.), one or more storage device(s) (2300) (e.g., a hard disk, an optical
drive such as a compact disk (CD) drive or digital versatile disk (DVD) drive, a
flash memory stick, efc.), and numerous other elements and functionalities. The
computer processor(s) (2302) may be an integrated circuit for processing
instructions. For example, the computer processor(s) may be one or more cores,
or micro-cores of a processor. The computing system (2300) may also include
one or more input device(s) (2310), such as a touchscreen, keyboard, mouse,
microphone, touchpad, electronic pen, or any other type of input device. Further,

the computing system (2300) may include one or more output device(s) (2308),
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such as a screen (e.g., a liquid crystal display (LCD), a plasma display,
touchscreen, cathode ray tube (CRT) monitor, projector, or other display device),
a printer, external storage, or any other output device. One or more of the output
device(s) may be the same or different from the input device(s). The computing
system (2300) may be connected to a network (2312) (e.g., a local area network
(LAN), a wide area network (WAN) such as the Internet, mobile network, or any
other type of network) via a network interface connection (not shown). The
input and output device(s) may be locally or remotely (e.g., via the network
(2312)) connected to the computer processor(s) (2302), memory (2304), and
storage device(s) (2306). Many different types of computing systems exist, and

the aforementioned input and output device(s) may take other forms.

[00166] Software instructions in the form of computer readable program code to
perform embodiments of the invention may be stored, in whole or in part,
temporarily or permanently, on a non-transitory computer readable medium such
as a CD, DVD, storage device, a diskette, a tape, flash memory, physical
memory, or any other computer readable storage medium. Specifically, the
software instructions may correspond to computer readable program code that
when executed by a processor(s), is configured to perform embodiments of the

invention.

[00167] Further, one or more elements of the aforementioned computing system
(2300) may be located at a remote location and connected to the other elements
over a network (2312). Further, embodiments of the invention may be
implemented on a distributed system having a plurality of nodes, where each
portion of the invention may be located on a different node within the distributed
system. In one embodiment of the invention, the node corresponds to a distinct
computing device. The node may correspond to a computer processor with
associated physical memory. The node may correspond to a computer processor

or micro-core of a computer processor with shared memory and/or resources.
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[00168] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will
appreciate that other embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the scope of the

invention should be limited by the attached claims.
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CLAIMS

What is claimed is:

1. A method for managing oilfield operations comprising:

obtaining a subsurface model comprising a fracture design model having a fracture
property with an uncertain value;

obtaining a set of representative values that represent uncertainty in the fracture
property;

solving an oilfield optimization problem with a control variable using the set of
representative values of the fracture property to obtain a solution
comprising an optimal value for the control variable;

generating an oilfield design based on the solution; and

storing the oilfield design.

2. The method of claim 1, further comprising:
obtaining a set of representative values for a reservoir property with an uncertain
value,
wherein solving the oilfield optimization problem comprises using the set of

representative values for the reservoir property.

3. The method of claim 1, wherein obtaining the set of representative values for the
fracture property comprises:
obtaining a set of representative values representing uncertainty in a seismic
velocity model;
obtaining microseismic event data;
generating the set of representative values for the fracture property using the set of
representative values for the seismic velocity model and the microseismic

event data.
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4. The method of claim 1, further comprising:

performing an oilfield operation according to the oilfield design.

5. The method of claim 1, further comprising:
obtaining, using a plurality of sensors located in the oilfield, oilfield data,
wherein obtaining the subsurface model comprising generating the subsurface
model using the oilfield data, and
wherein obtaining the set of representative values representing the uncertainty in
the fracture property comprises generating the set of representative values

for the fracture property based on the oilfield data.

6. The method of claim 1, wherein solving the oilfield optimization problem comprises:
for a plurality of model parameter samples, generating a first plurality of objective
function values by, for each of the plurality of model parameter samples:
sampling the set of representative values for the fracture property to obtain
a model parameter sample in the plurality of model parameter
samples, and
executing a fracture forecast model with a first control variable value and
the model parameter sample to obtain a first objective function value
in the first plurality of objective function values;
calculating a first mean of the first plurality of objective function values; and

calculating a first variance of the first plurality of objective function values.

7. The method of claim 6, further comprising:
determining, based on the first mean and the first variance, that the first control
variable value 1s the optimal value for the control variable;
setting the first control variable value in the solution based on the determining that

the first control variable value is the optimal value.
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8. The method of claim 6, further comprising:
determining based on the first mean and the first variance, that the first control
variable value 1s not the optimal value for the control variable;
selecting a second control variable value based on the determining that the first
control variable value is not the optimal value;
for the plurality of model parameter samples, generating a second plurality of
objective function values by, for each of the plurality of model parameter
samples:
sampling the set of representative values for the fracture property to obtain
the model parameter sample in the plurality of model parameter
samples, and
executing the fracture forecast model with the second control variable value
and the model parameter sample to obtain a second objective
function value in the second plurality of objective function values;
calculating a second mean of the second plurality of objective function values;

calculating a second variance of the second plurality of objective function values.

9. The method of claim 8§, further comprising:
determining, based on the second mean and the second variance, that the second
control variable value is the optimal value for the control variable;
setting the second control variable value in the solution based on the determining

that the second control variable value is the optimal value.

10. A system for oilfield management comprising:
a computer processor;
an oilfield design tool that, when executes on the computer processor:
obtains a subsurface model comprising a fracture design model having a

fracture property with an uncertain value,
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obtains a set of representative values that represent uncertainty in the
fracture property,
generates an oilfield design based on a solution; and
a solver that, when executes on the computer processor:
solves an oilfield optimization problem with a control variable using the set
of representative values for the fracture property to obtain the

solution comprising an optimal value for the control variable.

11.The system of claim 10, wherein obtaining the set of representative values for the
fracture property comprises:
obtaining a set of representative values that represent uncertainty in a seismic
velocity model;
obtaining microseismic event data;
generating the set of representative values for the fracture property using the set of
representative values for the seismic velocity model and the microseismic

event data.

12. The system of claim 10, further comprising:
an equipment controller for:
transmitting a control signal to perform an oilfield operation based on the

oilfield design.

13. The system of claim 12, further comprising:
oilfield equipment for:
receiving the control signal; and

performing the oilfield operation.

14. The system of claim 11, further comprising:
a plurality of sensors located at an oilfield for:

obtain oilfield data,
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wherein obtaining the subsurface model comprises generating the subsurface
model using the oilfield data, and
wherein obtaining the set of representative values comprises generating the set of

representative values based on the oilfield data.

15. The system of claim 11, further comprising:
an oilfield simulator that, when executes by the computer processor,:
executes a fracture forecast model with a control variable value and a
model parameter sample to obtain an objective function value in a
plurality of objective function values,
wherein solving the oilfield optimization problem by the solver comprises:
for a plurality of model parameter samples, generating a plurality of
objective function values by, for each of the plurality of model
parameter samples:
sampling the set of representative values for the fracture property to
obtain a model parameter sample in the plurality of model
parameter samples, and
issuing a call to the oilfield simulator with the control variable value
and the model parameter sample; and

calculating a mean of the plurality of objective function values.

16. The system of claim 11, further comprising:

a data repository configured to store a plurality of sets of representative values.

17.A non-transitory computer readable medium for managing oilfield operations
comprising computer readable program code for:
obtaining a subsurface model comprising a fracture design model having an

fracture property with an uncertain value;

60



WO 2015/103582 PCT/US2015/010242

obtaining a set of representative values that represent uncertainty in the fracture
property;

solving an oilfield optimization problem with a control variable using the set of
representative values of the fracture property to obtain a solution
comprising an optimal value for the control variable;

generating an oilfield design based on the solution; and

storing the oilfield design.

18. The non-transitory computer readable medium of claim 17, wherein obtaining the set
of representative values for the fracture property comprises:
obtaining a set of representative values that represent uncertainty in a seismic
velocity model;
obtaining microseismic event data;
generating the set of representative values for the fracture property using the set of
representative values for the seismic velocity model and the microseismic

event data.

19. The non-transitory computer readable medium of claim 17, wherein solving the
oilfield optimization problem comprises:
for a plurality of model parameter samples, generating a first plurality of objective
function values by, for each of the plurality of model parameter samples:
sampling the set of representative values for the fracture property to obtain
a model parameter sample in the plurality of model parameter
samples, and
executing a fracture forecast model with a first control variable value and
the model parameter sample to obtain a first objective function value
in the first plurality of objective function values; and

calculating a first mean of the first plurality of objective function values.
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20. The non-transitory computer readable medium of claim 18, further comprising:

calculating a first variance of the first plurality of objective function values.
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UD=Unifarm Distribution; OUB=0ptimal Uniform Distribution; AQUD=Abstracted Optimal Uniform Distribution;
AOD=Abstracted Optimal Distribution; BOP=Binary Cptimization Problem

FiG, 20
~ 2200

K

»

.

ganad

R pbsy Rty k RSy R Ees BES

ikt e Faoct o - TSP (g}

Evatuatiog Indug

c - NPY vs BEeaduation Dudex

Chptimiation Perfomosnee Pro

rae} and AGED By Na

5, RERHED 18 {redy, AL IGE




PCT/US2015/010242

18/19

WO 2015/103582

)

in

istribution (3
straint}

istribution {No Constra

tribution (3 FPS Constraint)

2110 Abstracted Optimal

2104 Optimal Uniform Distribution

{3 FPS Con
Distribution (3 FPS Constraint)

2108 Abstracted Optimal

2106 Abstracted Optimal Uniform

2102 Uniform D
FPS Constraint)

R wrrripass
" g : ey 3 P
S 4] o, e
neasiyrss. ey s R s BT Y, TP P
j - j : e : e
o : B : Z ‘) e
s A s 455 : ; : 4 o ", | E
G - d "o, i i e ., rrrtyrey. 5, b s
B e 7 B “ "y e . .
. : B s S o N ot st
- B LG - e
%
e s aed s
g i £y =¥
Rrnene preirrt; q ¥ .
L W R u
2 B o e “rrrfrres:
2 : e
e : 2 2
o B N
PIX VIR IYY S EIRRR IV Y SX IS crirebrir, sertedeins S LG
AL ALALGIARS. ARG oxnen, WAL A AAAAEE:
P R vrssrrr gy,
AISSYSISs. P B PErrSrrry.
LL i : il 7 o b o
ey E s sy, ceriperss P
iy i ssillsss el s e
i, SILTT,  AIIIIII s
Ry s e
: pror o .,
o R e
n\\“\\\\\ iy, p222/227%
\MH .\W\MMM ks R
E HIILLIIL, SAIILIISS
PALELIIIS b E
[ s s ; i
TT e ; .
ennipay I i o AR
s rrss. st
o oo s % e ety werifgeet, s

HG. 215



WO 2015/103582 PCT/US2015/010242
19/19

2300

}/ Computing
System

2308
Qutput Device(s)

2304 5300
Memory Computer
Processor(s)
2306
Storage
Device(s)

!

2310
input Device(s)

FiG. 23



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2015/010242

A. CLASSIFICATION OF SUBJECT MATTER
G06Q 10/06(2012.01)i, GO6Q 30/06(2012.01)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)
G06Q 10/06; GO1V 1/30; GO6G 7/48; GOGOF 17/50; E21B 47/00; GO1V 1/28; GO1V 1/36; G06Q 30/06

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: oilfield, design, optimization, fracture, subsurface

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2010-0083082 A1 (JONATHAN INGHAM et al.) 08 April 2010 1-20
See paragraphs [0005],[0061],[0066],[0087], claim 1 and figure 6.
Y US 2008-0289875 A1 (PHILIP M. BURGE et al.) 27 November 2008 1-20
See paragraphs [0019],[0030], [0066]-[0067] and figure 5.
Y US 2010-0027377 A1 (HANNES GEORGES ZUERCHER) 04 February 2010 2
See abstract, paragraphs [0037]-[0049] and claim 6.
A 1,3-20
Y WO 2012-125558 A2 (SCHLUMBERGER TECHNOLOGY CORPORATION et al.) 6-9,15,19-20
20 September 2012
See abstract and claim 28.
A 1-5,10-14,16-18
A M.M. RAHMAN et al., “An integrated model for multiobjective design 1-20
optimization of hydraulic fracturing , Journal of Petroleum Science and
Engineering, 2001, Volume 31, Issue 1, pages 41-62
See abstract and pages 44-49.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search
27 April 2015 (27.04.2015)

Date of mailing of the international search report

27 April 2015 (27.04.2015)

Name and mailing address of the ISA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No. ++82 42 472 7140

Authorized officer

Jang, Gijeong

Telephone No. +82-42-481-8364

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/010242

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2010-0088082 Al 08/04/2010 CA 2680719 Al 06/04/2010
MX 2009010537 A 18/05/2010

US 2008-0289875 Al 27/11/2008 CA 2578760 Al 09/03/2006
EP 1789651 Al 30/05/2007
EP 2474706 A2 11/07/2012
US 08099266 B2 17/01/2012
WO 2006-024865 Al 09/03/2006

US 2010-0027377 Al 04/02/2010 None

WO 2012-125558 A2 20/09/2012 US 2014-0076543 Al 20/03/2014
WO 2012-125558 A3 27/12/2012

Form PCT/ISA/210 (patent family annex) (January 2015)




	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 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - wo-search-report
	Page 85 - wo-search-report

