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ELECTROFACIES DETERMINATION
CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to French Patent Application No. 1562075
filed December 9, 2015, entitled "Electrofacies Determination Using Change
Point Algorithms," with attorney docket number [S15.0994; 09469/313FR1. This
application also claims priority to French Patent Application No. 1562079 filed
December 9, 2015, entitled "Depth Aware Unsupervised Clustering Using
Spectral Clustering," with attorney docket number [1S14.9851; 09469/319FR1.
French Patent Application No. 1562075 and French Patent Application No.
1562079 are hereby incorporated by reference in their entirety.

BACKGROUND

Exploration and production (E&P) of hydrocarbons in a field, such as an oil
field, may be analyzed and modeled based on characteristics of a reservoir, such
as porosity and permeability. The facies refers to a body of rock with specified
characteristics reflecting how the rock was formed. For example, a facies may be
determined based on the appearance and other characteristics of a sedimentary
deposit that are distinguished from contiguous deposits. The description of
appearance and other visible characteristics 1s referred to as the lithology of the
rock, such as color, texture, grain size, or composition of the rock. Different

lithologies 1n the field may correspond to variations of reservoir characteristics.

Well logs such as gamma ray, sonic, or bulk density logs may be analyzed
to determine intervals of similar log measurements referred to as electrofacies

that are related to the facies and lithologies surrounding the wells.
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[0010]

SUMMARY

In general, in one aspect, electrofacies determination relates to a method for
performing a computer operation. The method includes obtaining a well log
comprising a sequence of measurements of a wellbore in a field, and generating
change points in the well log based on the sequence of measurements. Fach of
the change points corresponds to a depth along the wellbore where a probability
distribution of the well log changes. The method further includes generating a
statistic for each of multiple intervals in the well log, where the intervals are
defined by the change points, categorizing the intervals based on the statistic for
each of the intervals to generate categorized intervals, and performing the

operation based on the categorized intervals.

Other aspects will be apparent from the following description and the

appended claims.

BRIEF DESCRIPTION OF DRAWINGS

The appended drawings illustrate several embodiments of electrofacies
determination and are not to be considered limiting in scope. Indeed,

electrofacies determination may admit to other equally effective embodiments.

FIG. 1.1 i1s a schematic view, partially in cross-section, of a field in which

one or more embodiments of electrofacies determination may be implemented.

FIG. 1.2 shows a schematic diagram of a system in accordance with one or

more embodiments.

FIGs. 2.1 and 2.2 show flowcharts in accordance with one or more

embodiments.

FIGS. 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, and 3.7 show an example in accordance

with one or more embodiments.
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[0013]

[0014]

[0015]

FIGs. 4.1 and 4.2 show systems in accordance with one or more

embodiments.

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. However,
it will be apparent to one of ordinary skill in the art that one or more
embodiments 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.

In general, embodiments provide a method and system for determining
electrofacies in a field to facilitate performing a computer operation. In one or
more embodiments, change points in a well log are generated based on the
sequence of measurements in the well log, where each change point corresponds
to a depth along the wellbore where a probability distribution of the well log
changes. Accordingly, the well log is analyzed to generate a statistic for each of a
number of intervals in the well log that are defined by the change points in the
well log. Based on the statistic, similar intervals are clustered and categorized as

an electrofacies.

FIG. 1.1 depicts a schematic view, partially in cross section, of a field (100)
in which one or more embodiments of electrofacies determination may be
implemented. In one or more embodiments, one or more of the modules and

elements shown in FIG. 1.1 may be omitted, repeated, and/or substituted.
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[0017]

Accordingly, embodiments of electrofacies determination should not be

considered limited to the specific arrangements of modules shown in FIG. 1.1.

As shown in FIG. 1.1, the field (100) includes the subterranean formation
(104), data acquisition tools (102-1), (102-2), (102-3), and (102-4), wellsite
system A (114-1), wellsite system B (114-2), wellsite system C (114-3), a
surface unit (112), and an exploration and production (E&P) computer system
(118). The subterranean formation (104) includes several geological structures,
such as a sandstone layer (106-1), a limestone layer (106-2), a shale layer (106-
3), a sand layer (106-4), and a fault line (107). In one or more embodiments, data
acquisition tools (102-1), (102-2), (102-3), and (102-4) are positioned at various
locations along the field (100) for collecting data of the subterranean formation
(104), referred to as survey operations. In particular, the data acquisition tools are
adapted to measure the subterranecan formation (104) and detect the
characteristics of the geological structures of the subterranean formation (104).
For example, data plots (108-1), (108-2), (108-3), and (108-4) are depicted along
the field (100) to demonstrate the data generated by the data acquisition tools.
Specifically, the static data plot (108-1) is a seismic two-way response time.
Static plot (108-2) 1s core sample data measured from a core sample of the
formation (104). Static data plot (108-3) is a logging trace, referred to as a well
log. Production decline curve or graph (108-4) is a dynamic data plot of the fluid
flow rate over time. Other data may also be collected, such as historical data,
analyst user inputs, economic information, and/or other measurement data and

other parameters of interest.

As further shown in FIG. 1.1, each of the wellsite system A (114-1),
wellsite system B (114-2), and wellsite system C (114-3) is associated with a rig,
a wellbore, and other wellsite equipment configured to perform wellbore
operations, such as logging, drilling, fracturing, production, or other applicable
operations. For example, the wellsite system A (114-1) is associated with a rig

4
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(101), a wellbore (103), and drilling equipment to perform drilling operation.
Similarly, the wellsite system B (114-2) and wellsite system C (114-3) are
associated with respective rigs, wellbores, and other wellsite equipment, such as
production equipment and logging equipment, to perform production operations
and logging operations, respectively. Generally, survey operations and wellbore
operations are referred to as field operations of the field (100). In addition, data
acquisition tools and wellsite equipment are referred to as field operation
equipment. The field operations are performed as directed by a surface unit
(112). For example, the field operation equipment may be controlled by a field

operation control signal that is sent from the surface unit (112).

In one or more embodiments, the surface unit (112) is operatively coupled
to the data acquisition tools (102-1), (102-2), (102-3), (102-4), and/or the wellsite
systems. In particular, the surface unit (112) is configured to send commands to
the data acquisition tools (102-1), (102-2), (102-3), (102-4), and/or the wellsite
systems, and to receive data therefrom. In one or more embodiments, surface unit
(112) may be located at the wellsite system A (114-1), wellsite system B (114-2),
wellsite system C (114-3), and/or remote locations. The surface unit (112) may
be provided with computer facilities (e.g, an E&P computer system (118)) for
receiving, storing, processing, and/or analyzing data from the data acquisition
tools (102-1), (102-2), (102-3), (102-4), the wellsite system A (114-1), wellsite
system B (114-2), wellsite system C (114-3), and/or other parts of the field (104).
The surface unit (112) may also be provided with or have functionality 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, stored,
processed, and/or analyzed, 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 E&P computer system (118). In one or more embodiments, the

5
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data received by the surface unit (112) may be sent to the E&P computer system
(118) for further analysis. Generally, the E&P computer system (118) is
configured to analyze, model, control, optimize, or perform management tasks of
the aforementioned field operations based on the data provided from the surface
unit (112). In one or more embodiments, the E&P computer system (118) is
provided with functionality for manipulating and analyzing the data, such as
analyzing well logs to determine electrofacies in the subterranean formation
(104) or performing simulation, planning, and optimization of production
operations of the wellsite system A (114-1), wellsite system B (114-2), and/or
wellsite system C (114-3). In one or more embodiments, the result generated by
the E&P computer system (118) may be displayed for analyst user viewing using
a two dimensional (2D) display, three dimensional (3D) display, or other suitable
displays. Although the surface unit (112) is shown as separate from the E&P
computer system (118) in FIG. 1.1, in other examples, the surface unit (112) and
the E&P computer system (118) may also be combined.

Although FIG. 1.1 shows a field (100) on the land, the field (100) may be
an offshore field. In such a scenario, the subterranean formation may be in the
sea floor. Further, field data may be gathered from the field (100) that is an
offshore field using a variety of offshore techniques for gathering field data.

FIG. 1.2 shows more details of the E&P computer system (118) in which
one or more embodiments of electrofacies determination may be implemented. In
one or more embodiments, one or more of the modules and elements shown in
FIG. 1.2 may be omitted, repeated, and/or substituted. Accordingly,
embodiments of electrofacies determination should not be considered limited to

the specific arrangements of modules shown in FIG. 1.2,

As shown in FIG. 1.2, the E&P computer system (118) includes an E&P
tool (230), a data repository (238) for storing intermediate data and resultant
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outputs of the E&P tool (230), and a field task engine (231) for performing
various tasks of the field operation. In one or more embodiments, the data
repository (238) may include one or more disk drive storage devices, one or more
semiconductor storage devices, other suitable computer data storage devices, or
combinations thereof. In one or more embodiments, content stored in the data
repository (238) may be stored as a data file, a linked list, a data sequence, a
database, a graphical representation, any other suitable data structure, or

combinations thereof.

In one or more embodiments, the intermediate data and resultant outputs of
the E&P tool (230) include the well log (232), change points (233), well log
intervals A (234), electrofacies A (235), affinity indexes (233-1), clusters (233-
2), well log intervals B (234-1), and electrofacies B (235-1). In one or more
embodiments, the well log (232) contains a sequence of measurements of a
wellbore in the field, such as the wellbore (103) in the field (100) depicted in
FIG. 1.1 above. For example, the well log (232) may include a gamma ray log, a
sonic log, a bulk density log, and/or other types of logging results generated by a
data acquisition tool, such as the data acquisition tool (102-3) depicted in FIG.
1.1 above. In one or more embodiments, multiple well logs are aggregated to
form a well log containing multiple types of measurements. For example, each of
the sequence of measurements in the well log (232) may contain a gamma ray
measurement and a bulk density measurement. In this example, each
measurement has a two-dimensional vector value formed by the gamma ray
measurement and bulk density measurement. In one or more embodiments, a
cluster (e.g., among the clusters (233-2)) is a collection of measurements in the

well log (232).

In one or more embodiments, a well log interval (e.g., among the well log
intervals A (234) or well log intervals B (234-1)) is a segment of the sequence of
measurements in the well log where the segment contains consecutive

7
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measurements obtained within a depth range along the wellbore. In particular,
the well log interval corresponds to the depth range where the measurements
within the well log interval are obtained. Throughout the discussion below
depending on the context, the term "interval" may refer to the well log interval or
the depth range corresponding to the well log interval. Well log intervals with
similar measurements are collectively referred to as an electrofacies. In one or
more embodiments, an electrofacies includes well log intervals (e.g., among the
well log intervals A (234) or well log intervals B (234-1)) with measurements
within a pre-determined value range. An electrofacies may include a single well
log interval if the well log interval does not share similar measurements with any
other well log interval. As shown in FIG. 1.2, the well log intervals A (234)
include multiple well log intervals corresponding to multiple electrofacies
referred to as the electrofacies A (235). Similarly, the well log intervals B (234-
1) include multiple well log intervals corresponding to multiple electrofacies

referred to as the electrofacies B (235-1).

In one or more embodiments, each change point of the change points (233)
corresponds to a depth along the wellbore (e.g, wellbore (103)) where a
probability distribution within a section of the well log (232) changes between
consecutive sections. In particular, the probability distribution within a particular
section refers to a statistical distribution that assigns a probability to a possible
outcome of the logging measurement within the section. The probability
distribution throughout the depths of the well log (232) is determined based on
measurement values in the sequence of measurements contained in the well log
(232). An example of a probability distribution change and corresponding change

points is described with reference to FIG. 3.2 below.

In one or more embodiments, an affinity index (e.g., among the affinity
indexes (233-1)) corresponds to a pair of measurements in the sequence of the
measurements of the well log (e.g., well log (232). Specifically, the affinity index

8
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[0029]

for a pair of measurements is based on a similarity measure of the two
measurements and a proximity measure of two corresponding depths of the two
measurements. In particular, the similarity measure represents a level of
similarity between the values of the two measurements while the proximity
measure represents a physical distance between the two corresponding depths.
An example of the similarity measure, proximity measure, and affinity index is

described with reference to FIG. 3.1 below.

In one or more embodiments, the E&P tool (230) includes the input
receiver (221), the change point detector (222), the affinity index generator (222-
1), and the electrofacies generator (223). Each of these components of the E&P
tool (230) is described below.

In one or more embodiments, the input receiver (221) is configured to
obtain well logs (e.g., well log (232)) for analysis by the change point detector
(222), the affinity index generator (222-1), and the electrofacies generator (223).
In one or more embodiments, the input receiver (221) obtains the well log (232)
from the surface unit (112) depicted in FIG. 1.1 above. For example, the input
receiver (221) may obtain well logs from the surface unit (112) intermittently,
periodically, in response to user activation, or triggered by an event.
Accordingly, the intermediate and final results of the change point detector
(222), the affinity index generator (222-1), and the electrofacies generator (223)
may be generated intermittently, periodically, in response to user activation, or

triggered by an event.

In one or more embodiments, the change point detector (222) is configured
to generate a number of change points (e.g., change points (233)) based on the
sequence of measurements contained in the well log (232). In one or more
embodiments, the change point detector (222) generates the change points (233)

using the method described with reference to FIG. 2.1 below. An example of
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generating the change points (233) based on the well log (232) 1s described with
reference to FIGS. 3.1-3.4 below.

In one or more embodiments, the affinity index generator (222-1) is
configured to generate a number of affinity indexes (e.g., affinity indexes (233-
1)) based on the sequence of measurements included in the well log (232). In one
or more embodiments, the affinity index generator (222-1) generates the affinity
indexes (233-1) using the method described with reference to FIG. 2.2 below. An
example of generating the affinity indexes (233-1) based on the well log (232) is
described with reference to FIG. 3.6 below.

In one or more embodiments, the electrofacies generator (223) is
configured to generate a statistic for each of a number of intervals (e.g., well log
intervals A (234)) in the well log (232) that are defined by the change points
(233) in the well log (232). The electrofacies generator (223) is further
configured to categorize the well log intervals A (234) based on the statistic for
each of the well log intervals A (234) to generate a number of categorized
intervals, which are stored in the data repository (238) as the electrofacies A
(235). In one or more embodiments, the electrofacies A (235) is used by the
field task engine (231) to facilitate performing a field operation.

In one or more embodiments, the electrofacies generator (223) generates
the electrofacies A (235) using the method described with reference to FIG. 2.1
below. An example of generating the electrofacies A (235) is described with
reference to FIGS. 3.1-3.4 below.

In one or more embodiments, the electrofacies generator (223) is further
configured to generate, according to a pre-determined clustering algorithm based
on the affinity indexes (233-1) of the well log (232), the clusters (233-2) of the

measurements in the well log (232). In one or more embodiments, the

10
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electrofacies B (235-1) is used by the field task engine (231) to facilitate

performing a field operation.

In one or more embodiments, the electrofacies generator (223) generates
the electrofacies B (235-1) using the method described with reference to FIG. 2.2
below. An example of generating the electrofacies B (235-1) is described with
reference to FIG. 3.6 below.

In one or more embodiments, the E&P computer system (118) includes the
field task engine (231) that is configured to generate a field operation control
signal based at least on a result generated by the E&P tool (230), such as based
on the electrofacies A (235) and/or electrofacies B (235-1). As noted above, the
field operation equipment depicted in FIG. 1.1 may be controlled by the field
operation control signal. For example, the field operation control signal may be
used to control drilling equipment, an actuator, a fluid valve, or other electrical
and/or mechanical devices disposed about the field (100) depicted in FIG. 1.1
above. In particular, the field planning operation, drilling operation, production
operation, etc. may be performed based on the bodies of rocks identified by the

electrofacies A (235) and/or electrofacies B (235-1).

The E&P computer system (118) may include one or more system
computers, such as shown in FIG. 4 below, which may be implemented as a
server or any conventional computing system. However, those skilled in the art,
having benefit of this disclosure, will appreciate that implementations of various
technologies described herein may be practiced in other computer system
configurations, including hypertext transfer protocol (HTTP) servers, hand-held
devices, multiprocessor systems, microprocessor-based or programmable
consumer electronics, network personal computers, minicomputers, mainframe

computers, and the like.

11
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[0039]

While specific components are depicted and/or described for use in the
units and/or modules of the E&P computer system (118) and the E&P tool (230),
a variety of components with various functions may be used to provide the
formatting, processing, utility and coordination functions for the E&P computer
system (118) and the E&P tool (230). The components may have combined
functionalities and may be implemented as software, hardware, firmware, or

combinations thereof.

FIG. 2.1 depicts an example method in accordance with one or more
embodiments. For example, the method depicted in FIG. 2.1 may be practiced
using the E&P computer system (118) described with reference to FIGS. 1.1 and
1.2 above. In one or more embodiments, one or more of the elements shown in
FIG. 2.1 may be omitted, repeated, and/or performed in a different order.
Accordingly, embodiments of electrofacies determination should not be

considered limited to the specific arrangements of elements shown in FIG. 2.1.

In Block 201, a well log 1s obtained. In one or more embodiments, the well
log contains a sequence of measurements of a wellbore in the field. Each
measurement represents a characteristic of surrounding rock at a particular depth
of the wellbore. For example, the sequence of measurements may be generated
by performing a gamma ray logging, a sonic logging, and/or a bulk density
logging of the wellbore. In one or more embodiments, multiple well logs are
aggregated to form a well log containing multiple types of measurements. For
example, a gamma ray measurement and a bulk density measurement may be
aggregated to form a two-dimensional vector value for a measurement in the well
log. An example of a well log is described with reference to FIG. 3.1 below. An
example of a well log containing vector values is described with reference to

FIG. 3.3 below.

12
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In Block 202, a number of change points in the well log 1s generated based
on the sequence of measurements. In one or more embodiments, the sequence of
measurements is analyzed to generate a probability distribution of measurement
values for each of a sequence of contiguous sections of the well log.
Accordingly, each change point corresponds to a depth along the wellbore where
the probability distribution changes. In one or more embodiments, the depth
range of each of the contiguous well log sections is iteratively adjusted to detect
the depth where the probability distribution changes and generate the

corresponding change point.

In one or more embodiments, the sequence of measurements is analyzed
according to a pre-determined change point detection algorithm to generate the
plurality of change points. For example, the pre-determined change point
detection algorithm may include a series of binary segmentations each preformed
on an iteratively segmented portion of the sequence of measurements. In other
words, during each iteration, each of the contiguous well log sections is divided
into two contiguous well log sections with reduced depth ranges. The probability
distributions of the two contiguous well log sections are recalculated until a
difference in the probability distributions between two consecutive well log
sections exceeds a pre-determined threshold. The intervening depth between the
two consecutive well log sections is determined as a change point. In other
words, the probability distribution changes more than the pre-determined
threshold from one side of the change point to the other side of the change point

along the wellbore.

In one or more embodiments, the change points generation 1is

mathematically represented by the equations below.

13
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[0044]

[0045]

[0046]

[0047]

Eq. 1 represents the well log where y; denotes a measurement value, and n
i1s the number of measurement values in the sequence of measurements of the

well log.
Yiim = (‘yla ceey y’n) Eq. 1

Eq. 2 represents m ordered possible positions of change points where Vi
denotes a possible position (i.e., from 1 through n) of change point in the
sequence of measurements. The m change points divide the well log into a

sequence of M+1 segments.
Tlom = (Tl,? L) Tm,) Eq‘ 2

Eq. 3 represents an expression whose numerical quantity is to be minimized
by the change point detection algorithm in order to find the optimal change

points.
i1 oy PN S
L17—1 C (U(Ti»»l"%‘l)iﬂ) + D)" (”” Eq. 3

In particular, Y(ri—i+1):7: is the i segment in the sequence of M+1
segments and corresponding to a position range from 7.; +1 to 75, 3/(m) is a
penalty function to avoid overfitting, and C is a variance function that may be a

likelihood function.

Eq. 4 is an example variance function representing variance of a normal
distribution where x; denotes a measurement at one depth and p is the mean of
the measurements within the interval over which C is calculated. In one or more
embodiments, the probability distribution 1s modeled as a normal distribution,
and the variance function of Eq. 4 represents the variance of the measurement
values from the normal distribution over an interval bounded by two change
points.

1
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In one or more embodiments, the change points generation uses a binary
segmentation approach where minimizing the expression of Eq. 3 is by

iteratively evaluating the inequality of Eq. 5 below.
C(?h:%}‘ + C'Y(y(r»#l}:n) + »6 < C‘Y(yl:n) Eq 5

If the inequality of Eq. 5 is true, the t position is identified as a change
point, and the sequence of the M+1 segments is split at the T position into two
sub-sequences. The method is iterated on each of the two sub-sequences.
Although the above describes one approach for determining change points, other
approaches exist that may be used without departing from the scope of one or

more embodiments.

An example of change points in a well log 1s described with reference to

FIG. 3.2 below.

In Block 203, a sequence of intervals in the wellbore 1s generated where
each interval is bounded by the two consecutive change points along the
wellbore. An example of generating the sequence of intervals in a well log is

described with reference to FIG. 3.2 below.

In Block 204, the sequence of measurements is further analyzed to generate
a statistic for each interval in the well log. Specifically, the statistic of an interval
1s based on the portion of the well log corresponding to the interval. In one or
more embodiments, the statistic includes an average, median, range, maximum,
minimum, and/or other statistical measure of the corresponding portion of the
well log. In one or more embodiments, the average, median, range, maximum,
minimum, and/or other statistical measure are chosen such that the statistics of
the intervals in the well log correlate with the lithologies of rocks surrounding
the wellbore. In other words, the statistic of an interval correlates with a visible

characteristic of a corresponding body of rock penetrated by the wellbore.
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In Block 205, the intervals in the well log are categorized based on the
statistics to generate a number of categorized intervals. Each categorized interval
may include a cluster of intervals having similar statistics. In other words, the
statistics of the intervals in a cluster are within a pre-determined value range. In
addition, the statistics of the intervals in different clusters differ by more than the

pre-determined value range.

In one or more embodiments, the statistics are analyzed using a clustering
algorithm (e.g., the K-means clustering algorithm) to generate the cluster of
intervals. In one or more embodiments, the statistics are analyzed to determine an
optimal cluster number before the optimal number is used as an input to the
clustering algorithm. In one or more embodiments, determining the optimal
cluster number includes calculating a pre-determined index of the statistics as a
function of possible cluster numbers. The cluster number corresponding to a
maximum index value of the function is then selected as the optimal cluster
number. In one or more embodiments, the pre-determined index is selected
heuristically depending on statistical patterns found in the measurements of the
well log. Examples of the pre-determined indexes, such as the KL (Krzanowski
and Lai) index, are described in an journal article "NbClust: An R Package for
Determining the Relevant Number of Clusters in a Data Set," by Charrad M.,
Ghazzali N., Boiteau V., and Niknafs A in Journal of Statistical Software, 61(6),
1-36 (2014). An example of generating the optimal cluster number using the KL
index and applying the clustering algorithm based on the optimal cluster number

1s described with reference to FIGS. 3.3 and 3.4 below.

In one or more embodiments, the well log includes multiple measurement
types and each statistic includes a vector value based on the multiple
measurement types. In such embodiments, the difference between the statistics
of two intervals corresponds to a Cartesian distance between two corresponding
vector values. Each cluster may include a single interval or multiple intervals.
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Multiple intervals in a categorized interval may include disjoint intervals of the
well log. In one or more embodiments, a categorized interval is referred to as an
electrofacies. An example of categorizing the intervals of a well log into multiple

electrofacies 1s described with reference to FIG. 3.3 below.

In Block 206, lithologically distinct layers penetrated by the wellbore are
identified in the field based on the electrofacies that are identified above. In one
or more embodiments, each electrofacies corresponds to a lithologically distinct

layer having distinguishable lithology from adjacent layers.

In Block 207, a computer operation 1s performed based on the electrofacies,
i.e., the categorized intervals in the well log. For example, the computer
operation may be any operation involving the computer, such as presenting,
storing, or other such operation discussed below with reference to FIG. 4.1 and
4.2, sending a control signal to field equipment to perform a field operation,
generating a field development plan on or by a computer, and/or performing the
field operation. During exploration and production of a field, estimation of
porosity and permeability are used for reservoir characterization. The variation of
indicators such as porosity and permeability corresponds to different lithology
used to describe the reservoir behavior. Accordingly, the electrofacie correlates
with lithology of rocks and variation of porosity and permeability. Based on such
correlation, a field development plan may be defined based on the electrofacies
that are identified above. The field development plan may include locations
where exploration wells and/or productions wells are to be drilled. Accordingly,
drilling operations and subsequent production operations may be performed to

extract hydrocarbons according to the field development plan.

In another example, operating parameters of a drilling operation and/or
production operation may be determined and/or adjusted based on the

electrofacies that are identified above. Accordingly, a field operation control
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signal is generated based on the operating parameters and sent from a surface
unit to the field operation equipment for the drilling operation and/or production

operation.

FIG. 2.2 depicts an example method in accordance with one or more
embodiments. For example, the method depicted in FIG. 2.2 may be practiced
using the E&P computer system (118) described with reference to FIGS. 1.1 and
1.2 above. In one or more embodiments, one or more of the elements shown in
FIG. 2.2 may be omitted, repeated, and/or performed in a different order.
Accordingly, embodiments of depth aware unsupervised clustering using spectral
clustering should not be considered limited to the specific arrangements of

elements shown in FIG. 2.2.

In Block 211, a well log 1s obtained. In one or more embodiments, the well
log includes a sequence of measurements of a wellbore in the field. Each
measurement represents a characteristic of surrounding rock at a particular depth
of the wellbore. The well log may be obtained, for example, by the sensors on the
drilling while logging tool on the drill string measuring the characteristics of the
surrounding rock. For example, the sequence of measurements may be generated
by performing a gamma ray logging, a neutron logging, and/or a bulk density
logging of the wellbore. In one or more embodiments, multiple well logs are
aggregated to form a well log including multiple types of measurements. For
example, a gamma ray measurement and a bulk density measurement may be
aggregated to form a two-dimensional vector value for a measurement in the well
log. An example of a well log including vector values is described with reference

to FIGS. 3.6 and 3.7 below.

In Block 212, a similarity measure and a proximity measure are generated
for each pair of measurements in the well log. In particular, the similarity

measure represents how similar two measurements are in the well log. The
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proximity measure represents how close the positions of the two measurements

are in the sequence of measurement of the well log.

In one or more embodiments, the similarity measure is generated based on
a difference, a ratio, or other comparison between the two measurements. In one
or more embodiments, the measurement has a vector value from at least a first
measurement and a second measurement. For example, the first measurement
may be a gamma ray measurement and the second measurement may be a bulk
density measurement. In such embodiments, generating the similarity measure
includes generating a first similarity measure and a second similarity measure
corresponding to the first measurement and the second measurement,
respectively. Specifically, the first similarity measure is based on the first
measurement of each of the two measurements in the pair. For example, the first
similarity measure may represent a level of similarity between two gamma ray
measurements of the pair of measurements. Similarly, the second similarity
measure is based on the second measurement of each of the two measurements in
the pair. For example, the second similarity measure may represent a level of
similarity between two bulk density measurements of the pair of measurements.
Accordingly, the first similarity measure and the second similarity measure are

aggregated to generate the similarity measure of the two measurements.

In one or more embodiments, a vector space of the sequence of
measurements in the well log is identified. Specifically, each measurement in the
well log corresponds to a point in the vector space where the point is defined by a
vector based on the first measurement and the second measurement. For
example, the gamma ray measurement and bulk density measurement may
correspond to two of the dimensions of the vector space. In one or more
embodiments, the similarity measure is generated based on a Euclidean distance

between the two measurements in the vector space. In particular, the Euclidean
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distance corresponds to a length of the line segment connecting two points in the

vector space.

As noted above, the well log includes a sequence of measurements
corresponding to a sequence of depths along the wellbore. In one or more
embodiments, the proximity measure of two measurements in the well log is
generated based on a difference, a ratio, or other comparison between two
corresponding depths of the two measurements or between two corresponding

positions of the two measurements in the sequence of measurements.

In Block 213, affinity indexes are generated corresponding to pairs of
measurements in the well log. Each affinity index represents a level of a pre-
determined relationship between a pair of measurement. For example, the pre-
determined relationship may correspond to a similarity of measurement levels, a
proximity between positions of the measurements, or a combination of both. In
one or more embodiments, an affinity index for a pair of measurements is based
on the aforementioned similarity measure and the aforementioned proximity
measure. In one or more embodiments, the affinity index 1s proportional to the

similarity measure and the proximity measure.

In Block 214, a number of clusters of the measurements in the well log are
generated according to a pre-determined clustering algorithm based on the
affinity indexes. For example, the pre-determined clustering algorithm may
generate the clusters based on the affinity index for any pair of measurements
within a single cluster to exceed a pre-determined threshold. In addition, the pre-
determined clustering algorithm may generate the clusters further based on the
affinity index for any two measurements belonging to different clusters to be less
than the pre-determined threshold. In one or more embodiments, each cluster of
measurements corresponds to rock segments surrounding the wellbore that share

the same lithology.
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In Block 215, a sequence of intervals in the well log is identified based on
the clusters. In particular, each interval corresponds to a number of consecutive
measurements found in a single cluster and corresponds to a segment of the
wellbore. In one or more embodiments, each cluster may correspond to a single
interval or multiple non-overlapping intervals. In one or more embodiments, each
interval is identified as an electrofacies based on the lithology of a cluster to

which the interval belongs.

In Block 216, lithologically distinct layers penetrated by the wellbore are
identified in the field based on the electrofacies that are identified above. In one
or more embodiments, each electrofacies corresponds to a lithologically distinct

layer having a distinguishable lithology from adjacent layers.

In Block 217, a computer operation 1s performed based on the electrofacies,
i.e., the intervals in the well log. For example, the computer operation may be
any operation involving the computer, such as presenting, storing, or other such
operation discussed below with reference to FIG. 4.1 and 4.2, sending a control
signal to field equipment to perform a field operation, generating a field
development plan on or by a computer, and/or performing the field operation.
During exploration and production of a field, estimation of porosity and
permeability are used for reservoir characterization. The variation of indicators
such as porosity and permeability corresponds to different lithology used to
describe the reservoir behavior. Accordingly, the electrofacies correlates with
lithology of rocks and variation of porosity and permeability. Based on such
correlation, a field development plan may be defined based on the electrofacies
that are identified above. The field development plan may include locations
where exploration wells and/or production wells are to be drilled. Accordingly,
drilling operations and subsequent production operations may be performed to

extract hydrocarbons according to the field development plan.
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In another example, operating parameters of a drilling operation and/or
production operation may be determined and/or adjusted based on the
electrofacies that are identified above. Accordingly, a field operation control
signal 1s generated based on the operating parameters and 1s sent from a surface
unit to the field operation equipment for the drilling operation and/or production

operation.

FIGS. 3.1, 3.2, 3.3, 3.4, and 3.5 show an example in accordance with one or
more embodiments. In one or more embodiments, the example shown in these
figures may be practiced using the E&P computer system shown in FIGS. 1.1
and 1.2, and the method described with reference to FIG. 2.1 above. The
following example 1s for example purposes and is not intended to limit the scope

of the claims.

FIG. 3.1 shows a clustering method of identifying electrofacies from a well
log. In particular, the column A (311) shows a well log A (310), which is a
gamma ray (GR) log where the horizontal direction of the well log A (310)
represents GR measurement values (denoted as the wiggly (i.e., curvy) line) and
the vertical direction of the well log A (310) represents depths along the
wellbore. In addition, the column B (312) shows lithology of rocks surrounding
the wellbore that 1s identified, e.g., based on core samples retrieved from the
wellbore. For example, a portion of the well log A (310) corresponds to a depth
range where the identified lithology "Marl" indicates a rock layer referred to as
the facies A (317-1). Similarly, a sequence of adjacent portions the of the well
log A (310) corresponds to a sequence of depth ranges where the identified
lithology sequence "Sand," "Siltstone," "Sand," "Argillaceous Sand," etc.
indicates a sequence of rock layers referred to as the facies B (317-2), facies C

(317-3), facies D (317-4), facies E (317-5), etc.
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In the method described with reference to FIG. 2.1 above, measurement
values in a well log, such as gamma ray, sonic or density logs, are clustered to
identify electrofacies that are correlated with lithology of rocks surrounding the
wellbore. FIGS. 3.2, 3.3, and 3.4 show an example of applying the method of
FIG. 2.1 to the well log A (310) depicted in FIG. 3.1 above. In particular, FIG.
3.2 shows a portion of the well log A (310) (i.e., well log portion A (321)) where
a change point A (323) is detected by processing the GR measurement values
contained in the well log portion A (321). Specifically, the change point A (323)
corresponds to a depth in the well log portion A (321) where the probability
distribution of the GR measurement values changes. At the change point A (323),
the probability distribution changes from the probability distribution A (324) to
the probability distribution B (325). In particular, the probability distribution A
(324) may include GR measurement values approximately between 75 and 100
while the probability distribution B (325) may include GR measurement values
approximately between 25 and 40.

Further, FIG. 3.2 shows another portion of the well log A (310) (i.e., well
log portion B (322)) with a coarser scale and divided into intervals, i.e., the
interval A (320-1), interval B (320-2), interval C (320-3), interval D (320-4),
interval E (320-5), interval F (320-6), interval G (320-7), and interval H (320-8).
As described above, the intervals are defined by consecutive change points. For
example, the interval B (320-2) is bounded and defined by the consecutive
change points (326). In addition, statistics of GR measurement values within
each interval bounded by the change points are generated, such as the statistic A
(327), statistic B (328), and statistic C (329) of the interval B (320-2), interval C
(320-3), and 1interval E (320-5), respectively. In particular, the statistic is denoted
by a straight line superimposing the wiggly line that denotes the GR

measurement values.
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Continuing with the discussion of applying the method of FIG. 2.1 to the
well log A (310), clustering is performed over the statistics of the intervals in the
well log A (310). As shown in FIG. 3.2, the large number of measurements
represented by the wiggly line in the well log portion B (322) 1s reduced to 8
distinct statistics for the 8 intervals. The method of FIG. 2.1 represents the well
log A (310) as a substantially smaller number of statistics over which the
clustering algorithm is applied to identify the electrofacies. In addition, in lieu of
the large number of measurements in the well log, this smaller number of
statistics are analyzed to generate an optimal cluster number as an input to the

clustering algorithm.

FIG. 3.3 shows an example clustered scatter plot of the statistics of the
intervals in the well log A (310). To perform the clustering and generate the
clustered scatter plot, the well log A (310) is extended to further include a
sequence of bulk density (DEN) measurement values. In other words, each
measurement value in the extended well log is a vector value formed by a pair of
a GR measurement value and a DEN measurement value that is obtained for the
same depth. Clustering over the vector values is referred to as vector value
clustering. The clustered scatter plot is a two dimensional plot of the statistics
where the horizontal axis represents GR measurement values, and the vertical
axis represents DEN measurement values. In one scenario, the change points,
intervals defined by the change points, and the statistics of the intervals are based
on the vector values contained in the extended well log. In another scenario, one
set of the change points, intervals, and statistics is based on the GR
measurements and a separate set of the change points, intervals, and statistics is
based on the DEN measurements. These two sets of the change points, intervals,
and statistics are then aggregated for performing the clustering. Generally, these

two sets of the change points and intervals are substantially consistent to each
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other. Minor discrepancies are highlighted by the two ellipses (340) in the
column D (331).

While the well log portion B (322) depicted in FIG. 3.2 includes 8 intervals
having 8 statistics, many more intervals exist throughout the entirety of the well
log A (310). The clustered scatter plot shown in FIG. 3.3 is based on a larger
portion of the well log A (310). Accordingly, the clustered scatter plot contains
many more statistics clustered into the cluster A, cluster B, cluster C, cluster D,
and cluster E that are denoted according to the legend (340). Specifically, each
data point icon in each of the clusters corresponds to a statistic of an interval. For
example, the cluster B includes the statistic A (327) of the interval B (320-2)
depicted in FIG. 3.2. Similarly, the cluster C includes the statistic B (328) of the
interval C (320-3) and the statistic C (329) of the interval E (320-5) depicted in
FIG. 3.2.

While the clustered scatter plot shown in FIG. 3.3 includes 4 clusters
corresponding to a portion of the well log a (310), many more clusters exist
throughout the entirety of the well log A (310). As noted above, prior to
clustering the statistics of intervals of the well log A (310), among which the
collection of data point icons is divided into the cluster A, cluster B, cluster C,
and cluster D, an optimal cluster number is determined based on a pre-
determined index. FIG. 3.4 shows an example plot of the KL index computed
from O to 100 clusters for the statistics of all intervals of the well log A (310).
Specifically, the KL index of the statistics of all intervals of the well log A (310)
1s computed as a function of possible number of clusters ranging from 0 through
100. The computed KL index is than analyzed to identify 13 as the optimal
cluster number (350) for the entirety of the well log A (310). In particular, the
KL index along the vertical axis of the example plot has a maximum value where
the number of index equals 13 on the horizontal axis of the example plot. Using
this optimal cluster number (i.e., 13) as an input to the K-means clustering
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algorithm, the statistics of all intervals of the well log A (310) are divided into 13
clusters. The clustered scatter plot depicted in FIG. 3.3 corresponds to a portion
of the statistics of all intervals of the well log A (310). Accordingly, only 4 of the
total 13 clusters are shown in the portion of the statistics of all intervals of the

well log A (310).

Based on the cluster A, cluster B, cluster C, cluster D, and cluster E, the
intervals of the well log A (310) are categorized into categorized intervals, as

shown in FIG. 3.5 as highlighted segments in the column E (332).

FIG. 3.5 shows the same column A (311) and column B (312) as well as the
additional column D (331) and column E (332). Specifically, the column D (331)
shows the DEN log measurements (i.e., well log B (330)) that extends the well
log A (310) for vector value clustering. The column E (332) shows the
categorized intervals labeled by the corresponding clusters. For example, the
interval A (320-1), interval B (320-2), interval C (320-3), interval D (320-4),
interval E (320-5), and interval F (320-6) are respectively labeled by the cluster
A, cluster B, cluster C, cluster D, cluster B, and cluster E where the respective
intervals belong accordingly to the clustered scatter plot depicted in FIG. 3.3
above. Each of these categorized intervals is identified as an electrofacies that
corresponds to a lithologically distinct rock layer. Specifically, the lithology of
each electrofacies is indicated by the cluster where the electrofacies belongs.
The electrofacies (i.e., categorized intervals) shown in the column E (332) are
consistent with lithology. In other words, the method of FIG. 2.1 provides

lithology consistent electrofacies.

Although the example shown in FIG. 3.5 is based on vector value
clustering, the method of FIG. 2.1 may also be applied to scalar measurement
values (i.e., well log A (310) without being extended by the well log B (330)) to

generate lithology consistent electrofacies.
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FIGS. 3.6 and 3.7 show an example in accordance with one or more
embodiments. In one or more embodiments, the example shown in these figures
may be practiced using the E&P computer system shown in FIGS. 1.1 and 1.2
and the method described with reference to FIG. 2.2 above. The following
example is for example purposes and is not intended to limit the scope of the

claims.

In the method described with reference to FIG. 2.2 above, measurement
values in a well log, such as gamma ray, neutron, or bulk density measurements,
are clustered to identify electrofacies that are correlated with lithology of rocks
surrounding the wellbore. FIGS. 3.6 and 3.7 show an example of applying the
method of FIG. 2.2 to a well log. In particular, FIG. 3.6 shows an example
portion of a well log (i.e., well log portion (300)) that is analyzed to generate two
clusters, i.e., cluster A (300-1) and cluster B (300-2). The well log includes a
sequence of vector measurement values where the three components of each
vector measurement value are identified according to column (521), column
(522), and column (523), corresponding to gamma ray measurement, neutron
measurement, and bulk density measurement, respectively. Specifically, the well
log portion (300) includes seven measurements denoted as row (301), row (302),
row (303), row (304), row (305), row (306), and row (307). Each row
corresponds to a particular depth along the wellbore and includes the three types
of measurements. While the vertical direction of the well log portion (300)
corresponds to the depth along the wellbore, the horizontal direction corresponds
to the measurement value within each of the column (521), column (522), and
column (523). In particular, each measurement is denoted as a short vertical line
segment within a row where the horizontal position of the short vertical line
segment within the row denotes the corresponding measurement value. For
example, the row (307) includes measurement A (521-1), measurement B (522-

1), and measurement C (523-1), which correspond to the gamma ray
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measurement, neutron measurement, and bulk density measurement,
respectively. TABLE 1 shows the normalized numerical values of each

measurement in the well log portion (300).

TABLE 1
GR NEU DEN
{normalized) | (normahized) | {(normalized)
3 4 8
31 A5 7
6 A5 04
63 2 33
3 42 75
33 49 68
&4 22 41
In the example shown in FIG. 3.6, an unsupervised segmentation algorithm,

Spectral Clustering, is used to cluster the measurements of the well log portion
(300). Spectral Clustering takes into consideration the spatial arrangement of the
measurements in the well log portion (300) by building an un-oriented weighted
graph of connected nodes, such as the graph (515). In the graph (515), the nodes
correspond to the measurements while the lengths of edges correspond to affinity
indexes of node pairs. In particular, a shorter length of an edge corresponds to a
larger affinity index or closer relationship between the corresponding pair of
nodes. In contrast, a longer length of an edge corresponds to a smaller affinity
index or more distant relationship between the corresponding pair of nodes. For
example, the nodes (301-1), (302-1), (303-1), (304-1), (305-1), (306-1), and
(307-1) represent the measurements denoted by the row (301), row (302), row
(303), row (304), row (305), row (306), and row (307), respectively.
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Accordingly, the length of the edge A (301-2) corresponds to the affinity index
between the measurements denoted by the row (301) and row (302). Similarly,
the length of the edge B (301-3) corresponds to the affinity index between the
measurements denoted by the row (301) and row (305), and so on and so forth.
The graph (515) 1s then partitioned according to spectral analysis of a Laplacian
matrix of the graph (515). An example mathematical model used for calculating

the affinity indexes and performing the clustering operation is described below.

Given a sequence S = {xi,.., Xa} of n measurements in a well log where x;

represents a vector of multiple dimensions, the similarity measure between two

¥ in the equation below where ¢ is a pre-

<R

measurements x; and xj 1s denoted as °

determined mathematical decay constant.

e I
THT T 42 Eq. 6

In addition, the proximity measure between two measurements x; and x;j is

denoted as < in the equation below where w is a pre-determined mathematical

range constant.

{1 f Gl —ji==w
{-:i . = ¥ ‘ H A Y
! O utherwise Eq. 7
Accordingly, the affinity index between the two measurements x; and x; 1s

defined as 4; in the equation below.

b

A= Aw + By Eq. 8

The affinity indexes for the seven measurements of the well log portion

(300) are listed in TABLE 2 below using a matrix format where 4 is listed in the

i row and j™ column of the affinity matrix 4 € B**® \ith n=7. In particular, S

= {x1, X2, X3, X4, X5, X6, X7} corresponds to the measurements denoted as row
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(301), row (302), row (303), row (304), row (305), row (306), and row (307). As
an example, the length of each edge in the graph (515) is proportional to a
corresponding affinity index. For example, the length of the edge A (301-2) is
inversely proportional to the affinity index A;> (ie., 1) between the pair of
measurements row (301) and row (302). Similarly, the length of the edge B (301-
3) is inversely proportional to the affinity index A5 (i.e., 0.99) between the pair
of measurements row (301) and row (305), and so on and so forth. In TABLE 2,
several matrix elements 4;; (e.g., A13) are set to 0 based on corresponding affinity
indexes having values less than a threshold. The corresponding edges would then
have lengths of infinity. Accordingly, the corresponding node pairs are not
connected in the graph (515). For example, the node pairs (523-1) and (305-1)
are not connected (i.e., having an edge length of infinity) because the

corresponding affinity index A;; is set to 0.

TABLE 2
i i g 0 499 | @ O
1 i i g 0 897 | 0
0 1 1 1 0 0 0.74
0 0 i 1 i 0 .74
099 | ¢ { i 1 i 0
0 07 |0 |0 1 1 i
0 0 gJ40.94 10 i i
[0089] In the mathematical model for performing the cluster operation, the

sequence of measurements S in a well log is represented as the weighted graph
(e.g., graph (515)) where the edge lengths are weighted inversely proportional to
the affinity indexes in the affinity matrix 4. The Laplacian matrix L of the
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weighted graph is given by the equation below where D is the diagonal matrix

with the sum of 4’s i row as each diagonal element d;.

3 é
Q-S‘ _ ; 1{1 3‘:};‘
¥

Lomfd- O 3 4« §
¢ e
gy . \
Lo i 3 L
iy e
g:\ S &\\ -
o A o
e —— ¥ o= 3
TN
O Eq.9

1 1
Eq. 9 may also be written in the matrix form L =D 2x 4 + D 2

The Spectral Clustering algorithm is used to generate a Y-matrix
¥ e 8% having k-1 columns that are the first k-1 eigen-vectors of L denoted
as fex €41, The eigen vectors correspond to the k-1 lowest eigen values of L.
In particular, each row of the Y-matrix corresponds to a measurement in the well
log, and k is a user selected integer to divide the measurements in the well log
into k clusters. Each row of Y is used as an input to the K-Mean algorithm to
generate the k clusters. Accordingly, each measurement *:in the well log is

assigned to the cluster where the corresponding row i of the Y-matrix belongs.

Returning to the discussion of the example well log portion (300) depicted
in FIG. 3.6, the numerical values of the measurements (i.e., row (301) through
row (307)) in the well log portion (300) are listed in the measurements table
(300-1) consistent with the TABLE 1 above. Based on the value k = 2, the
resultant single column Y-matrix is shown as the Y-matrix (300-2). The
measurements (i.e., row (301) through row (307)) in the well log portion (300)
are then clustered by applying the K-Mean algorithm to the unit-length rows of
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[0094]

the Y-matrix (300-2). Specifically, the 15, 2" 5™ and 6™ rows of the Y-matrix
(300-2) are clustered into one cluster while the 3, 4% and 7™ rows of the Y-
matrix (300-2) are clustered into another cluster. Accordingly, the nodes (301-1),
(302-1), (305-1), and (306-1) are clustered into the cluster A (300-1) and the
nodes (303-1), (304-1), and (307-1) are clustered into the cluster B (300-2). As a
result, the well log portion (300) are segmented into four intervals, namely, the
interval X (520-1) having the row (301) and row (302), the interval Y (520-2)
having the row (303) and row (304), the interval Z (520-3) having the row (305)
and row (306), and the interval W (520-4) having the row (307). As described
above, each of the interval X (520-1), interval Y (520-2), interval Z (520-3), and

interval W (520-4) 1s referred to as an electrofacies.

Although the example described above relates to a particular number of
measurements and particular number of clusters, any number of measurements in
a well log may be analyzed using the method described with reference to FIG.

2.2 above to generate any number of clusters.

FIG. 3.7 shows an example of a well log (510) that is analyzed to generate
well log intervals using the method described with reference to FIG. 2.2 above.
Specifically, the well log (510) is shown in the column A1l (511) where the
wiggly curve (515) represents a sequence of bulk density log measurements, the
wiggly curve (516) represents a sequence of neutron log measurements, and the
wiggly curve (517) represents a sequence of gamma ray log measurements. Due
to a large number of measurements in each of the three wiggly curves, each
measurement in the well log (510) 1s not individually visible as the rows (501)
through (507) depicted in FIG. 3.6. The column B1 (512) shows the well log
intervals (i.e., interval Al (521-1), interval B1 (521-2), interval C1 (521-3),
interval D1 (521-4), interval E1 (521-5), interval F1 (521-6), interval G1 (521-7),
and interval H1 (521-8)) that are generated from the well log (510) using the
Spectral Clustering algorithm described above. Each well log interval is
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[0096]

highlighted and distinguishable from adjacent intervals. Intervals belonging to
the same cluster are highlighted the same way. In particular, the interval Al
(521-1) belongs to a first cluster; the interval B1 (521-2) belongs to a second
cluster; the interval C1 (521-3), interval E1 (521-5), and interval G1 (521-7)
belong to a third cluster; and the interval D1 (521-4), interval F1 (521-6), and
interval H1 (521-8) belong to a fourth cluster. Each interval is identified as an
electrofacies that corresponds to a lithologically distinct rock layer. Specifically,
the lithology of each electrofacies is indicated by the cluster where the
electrofacies belongs. For example, the three rock layers corresponding to the
interval C1 (521-3), interval E1 (521-5), and interval G1 (521-7) in the third
cluster share a common lithology. Similarly, another three rock layers
corresponding to the interval D1 (521-4), interval F1 (521-6), and interval H1
(521-8) in the fourth cluster share another common lithology.

Although the examples shown in FIGS. 3.6 and 3.7 are based on vector
value clustering, the method of FIG. 2.2 may also be applied to scalar
measurement values (7.e., based on a single type of log measurement) to generate

lithology consistent electrofacies.

Embodiments may be implemented on a computing system. Any
combination of mobile, desktop, server, router, switch, embedded device, or
other types of hardware may be used. For example, as shown in FIG. 4.1, the
computing system (400) may include one or more computer processor(s) (402),
non-persistent storage (404) (e.g., volatile memory, such as random access
memory (RAM), cache memory), persistent storage (406) (e.g., a hard disk, an
optical drive such as a compact disk (CD) drive or digital versatile disk (DVD)
drive, a flash memory, etc.), and a communication interface (e.g., Bluetooth
interface, infrared interface, network interface, optical interface, etc.), and

numerous other elements and functionalities.
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[0099]

[00100]

The computer processor(s) (402) 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 (400) may
also include one or more input device(s) (410), such as a touchscreen, keyboard,

mouse, microphone, touchpad, electronic pen, or any other type of input device.

The communication interface (412) may include an integrated circuit for
connecting the computing system to a network (not shown) (e.g., a local area
network (LAN), a wide area network (WAN) such as the Internet, mobile
network, or any other type of network) and/or to another device, such as another

computing device.

Further, the computing system (400) may include one or more output
device(s) (408), 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
input and output device(s) may be locally or remotely connected to the computer
processor(s) (402), memory (404), and storage device(s) (406). Many different
types of computing systems exist, and the aforementioned input and output

device(s) may take other forms.

Software instructions in the form of computer readable program code to
perform embodiments 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 one or more embodiments.
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[00101] The computing system (400) in FIG. 4.1 may be connected to or a part of a
network. For example, as shown in FIG. 4.2, the network (420) may include
multiple nodes (e.g., node X (422), node Y (424)). Each node may correspond to
a computing system, such as the computing system shown in FIG. 4.1, or a group
of nodes combined may correspond to the computing system shown in FIG. 4.1.
By way of an example, embodiments may be implemented on a node of a
distributed system that is connected to other nodes. By way of another example,
embodiments may be implemented on a distributed computing system having
multiple nodes, where each portion may be located on a different node within the
distributed computing system.  Further, one or more elements of the
aforementioned computing system (400) may be located at a remote location and

connected to the other elements over a network.

[00102] Although not shown in FIG. 4.2, the node may correspond to a blade in a
server chassis that is connected to other nodes via a backplane. By way of
another example, the node may correspond to a server in a data center. By way
of another example, the node may correspond to a computer processor or micro-

core of a computer processor with shared memory and/or resources.

[00103] The nodes (e.g., node X (422), node Y (424)) in the network (420) may be
configured to provide services for a client device (426). For example, the nodes
may be part of a cloud computing system. The nodes may include functionality
to receive requests from the client device (426) and transmit responses to the
client device (426). The client device (426) may be a computing system, such as
the computing system shown in FIG. 4.1. Further, the client device (426) may

include and/or perform at least a portion of one or more embodiments.

[00104] While one or more embodiments have 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 may be devised which do not
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depart from the scope as disclosed herein. Accordingly, the scope should be
limited only by the attached claims.
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CLAIMS

What is claimed is:

1. A method for managing a field, comprising:

obtaining a well log comprising a sequence of measurements of a wellbore in the
field, the measurements in the sequence each corresponding to a depth
along the wellbore;

generating a plurality of change points in the well log based on the sequence of
measurements, the plurality of change points each corresponding to a
change of a probability distribution of the wellbore;

generating a statistic for each of a plurality of intervals in the well log, wherein the
plurality of intervals is defined by the plurality of change points;

categorizing the plurality of intervals based on the statistic for each of the plurality
of intervals to generate a plurality of categorized intervals; and

performing a computer operation based on the plurality of categorized intervals.

2. The method of claim 1, further comprising:
generating a plurality of affinity indexes corresponding to a plurality of pairs of
measurements in the sequence, the plurality of affinity indexes comprising
an affinity index for a pair of measurements in the sequence, the pair being
in the plurality of pairs, and the affinity index for the pair being based on a
similarity measure of the pair and a proximity measure of two
corresponding depths of the pair;
generating, according to a pre-determined clustering algorithm based on the
plurality of affinity indexes, a plurality of clusters of the measurements in
the sequence; and
performing the operation further based on the plurality of clusters of the

measurements.
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3. The method of claim 1, further comprising:
analyzing, according to a pre-determined change point detection algorithm, the

sequence of measurements to generate the plurality of change points.

4. The method of claim 3, wherein the pre-determined change point detection algorithm
comprises a plurality of binary segmentations each preformed on an iteratively

segmented portion of the sequence of measurements.

5. The method of claim 1, further comprising;:
obtaining two consecutive change points from the plurality of change points; and
generating an interval of the plurality of intervals that is bounded by the two

consecutive change points.

6. The method of claim 1, further comprising;:
analyzing a collection of statistics of the plurality of intervals to generate an
optimal cluster number, wherein the analyzing is by maximizing a pre-
determined index of the collection of statistics;
dividing, using a pre-determined clustering algorithm, the collection of statistics
into a plurality of clusters based on the optimal cluster number,
the plurality clusters each corresponding to one of a plurality of categories,
and
the plurality of intervals each being categorized into one of the plurality of
categorized intervals based on the plurality of categories; and

generating an electrofacies based on the plurality of categorized intervals.

7. The method of claim 6, further comprising:
identifying, based on the electrofacies, a plurality of lithologically distinct layers
of the field that are penetrated by the wellbore,
wherein performing the operation is further based on the plurality of lithologically

distinct layers.
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. A system for managing a field, comprising:
a computer processor;
memory storing instructions executed by the computer processor, wherein the
instructions comprise:
an input receiver configured to:
obtain a well log comprising a sequence of measurements of a
wellbore in the field, the measurements in the sequence each
corresponding to a depth along the wellbore,
a change point detector configured to:
generate a plurality of change points in the well log based on the
sequence of measurements, the plurality of change points
each corresponding to a change of a probability distribution
of the wellbore, and
an electrofacies generator configured to:
generate a statistic for each of a plurality of intervals in the well log,
wherein the plurality of intervals is defined by the plurality of
change points, and
categorize the plurality of intervals based on the statistic for each of
the plurality of intervals to generate a plurality of categorized
intervals; and
a repository for storing the well log, the plurality of change points, and the

plurality of categorized intervals.

. The system of claim 8, wherein the memory, computer processor and repository are
part of an exploration and production (E&P) computer system, and wherein the
system further comprises:
a field equipment coupled to the E&P computer system and configured to perform
a field operation based on the plurality of categorized intervals, wherein the
computer operation is the field operation.
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10. The system of claim 8§,
wherein the instructions further comprise an affinity index generator configured
to:
generate a plurality of affinity indexes corresponding to a plurality of pairs
of measurements in the sequence, the plurality of affinity indexes
comprising an affinity index for a pair of measurements in the
sequence, the pair being in the plurality of pairs, and the affinity
index for the pair being based on a similarity measure of the pair and
a proximity measure of two corresponding depths of the pair, and
wherein the electrofacies generator 1s further configured to:
generate, according to a pre-determined clustering algorithm based on the
plurality of affinity indexes, a plurality of clusters of the

measurements in the sequence.

11. The system of claim 9, further comprising;:
a field equipment configured to perform a first logging and a second logging of the
wellbore to generate the sequence of measurements in the well log, the
measurements in the sequence each comprising a first measurement from
the first logging and a second measurement from the second logging, and
wherein the affinity index generator is further configured to:
generate a first similarity measure of the pair based on the first
measurement of each of the pair;

generate a second similarity measure of the pair based on the second
measurement of each of the pair; and

aggregate the first similarity measure and the second similarity measure to

generate the similarity measure of the pair.
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12. The system of claim 10, wherein the affinity index generator 1s further configured to:
identify a vector space of the sequence of measurements, wherein the vector space
comprises a plurality of vectors based on the first measurement and the
second measurement of each measurement in the sequence; and
compute a Euclidean distance between the pair in the vector space, wherein the
similarity measure is based on the Fuclidean distance,
wherein the affinity index is proportional to the similarity measure and the

proximity measure.

13. The system of claim 9, wherein the electrofacies generator is further configured to:
identify, based on the plurality of clusters, another plurality of intervals in the well
log,
wherein each of the plurality of clusters comprises one or more intervals of the
another plurality of intervals in the well log, and
wherein each of the another plurality of intervals comprises a set of consecutive
measurements in the sequence and corresponds to a segment of the

wellbore.

14. The system of claim 13, wherein the electrofacies generator is further configured to:
identify, based on the electrofacies, a plurality of lithologically distinct layers of
the field that are penetrated by the wellbore.

15. A computer program product storing instructions to carry out the method according to

any of claims 1-7.
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