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a b s t r a c t

The main purpose of this study is to introduce the geological controlling factors in improving an
intelligence-based model to estimate shear wave velocity from seismic attributes. The proposed method
includes three main steps in the framework of geological events in a complex sedimentary succession
located in the Persian Gulf. First, the best attributes were selected from extracted seismic data. Second,
these attributes were transformed into shear wave velocity using fuzzy inference systems (FIS) such as
Sugeno's fuzzy inference (SFIS), adaptive neuro-fuzzy inference (ANFIS) and optimized fuzzy inference
(OFIS). Finally, a committee fuzzy machine (CFM) based on bat-inspired algorithm (BA) optimization was
applied to combine previous predictions into an enhanced solution. In order to show the geological effect
on improving the prediction, the main classes of predominate lithofacies in the reservoir of interest
including shale, sand, and carbonate were selected and then the proposed algorithmwas performed with
and without lithofacies constraint. The results showed a good agreement between real and predicted
shear wave velocity in the lithofacies-based model compared to the model without lithofacies especially
in sand and carbonate.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Shear wave velocity (Vs) plays a vital role in geomechanical
studies and reservoir characterization in petroleum industry
including petrophysical modeling, wellbore stability analysis,
casing design, well planning, sand production and hydraulic
fracturing. This parameter is obtained directly from core analysis
in laboratory or downhole measurement such as dipole shear
sonic imager (DSI) tools. Utilizing downhole measurement is an
economical and general method in petroleum industries due to its
advantages such as being nondestructive, continuous (in logging
rock in reservoir condition), time-efficient and cost-effective
compared to core analysis (Lacy, 1997). However, DSI is an
expensive tool and is usually not recorded in many wells. Also,
DSI information was not acquired in older wells due to lack of this
technology. Therefore, finding out a quantitative formulation to
estimate Vs is a very important task. In this regard many re-
searches have been focused on establishing a relation between Vs

and other rock properties obtained in laboratory or well logging
(Castagna et al., 1985; Han, 1986; Anselmetti and Eberli, 1993;
Eskandari et al., 2004; Brocher, 2005; Rezaee et al., 2006; Rajabi
et al., 2009; Asoodeh and Bagheripour, 2012a,b; Bagheripour
et al., 2015). Bagheripour et al. (2015) show intelligence-based
methods performed better than empirical correlation in the
prediction of Vs. Estimating Vs from conventional well logs has a
good correlation with the measured values. However, this strat-
egy has the main limitation of using post-drilling data and cannot
be used for drilling forecasts. For overcoming this limitation,
estimation of Vs from seismic data is a practical solution. Pre-
stack inversion is used to convert seismic angle or offset data
into shear impedance or velocity (Jin et al., 2000; Stewart et al.,
2002; Hampson et al., 2005; Lu et al., 2015). Since pre-stack
inversion methods are time-consuming and expensive and
require specialist skills, using integrated post-stack data with an
intelligence-based model could be an appropriate technique to
estimateVs.
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The aim of this research is to introduce a novel, available, easy,
and inexpensive method for estimating shear wave velocity from
post-stack seismic data. In this research upper cretaceous
geological complex formation was selected from an oil field
located in the SW of Iran. For this purpose, a committee machine
based on fuzzy inference system (FIS) was established for formu-
lating post-stack seismic attributes to Vs through a double-stage
estimation. As can be seen in the flowchart shown in Fig. 1,
initial Vs estimations are achieved from elements of committee
machine including Sugeno's fuzzy inference system (SFIS), adap-
tive neuro-fuzzy inference system (ANFIS) and optimized fuzzy
inference system (OFIS). The seismic attributes used as input data
in this study were a set of physical attributes extracted from a
post-stack seismic cube. Relative P-impedance was also consid-
ered as input since there was a pronounced correlation between
shear and compressional impedance (Castagna et al., 1985). In this
study, Relative P-impedance was obtained by a fast, easy and
inexpensive inversion method called colored inversion (CI) based
on Lancaster and Whitcombe (2000). The CI transforms the mean
seismic spectrum into the mean impedance log spectrum by using
an inversion operator. The CI's results and other seismic attributes
were extracted at the well locations. Among them, best attributes
were determined by step-wise regression as input for Vs estima-
tion using fuzzy inference systems. Finally, a committee fuzzy
machine (CFM) was utilized to combine all the results of earlier
steps into the final output. The optimization method used in CFM
is a new and powerful nature-inspired algorithm named bat-
inspired algorithm (BA).

The introduced strategy was applied in an Iranian oil field in a
clastics and carbonate reservoir. The method was performed with
and without data classification. The classification of data was done
based on lithofacies of sand, shale, and carbonate sediments in
Fig. 1. Flowchart of the techniq
Kazhdumi, Dariyan, and Gadvan formations, respectively.

2. Method description

2.1. Bat-inspired algorithm

The BA is a nature-inspired algorithm proposed by Yang (2010)
which uses the echolocation behavior of bats. The bats typically
determine the size and position of preys by emitting loud sound
impulses forward to objects and hear back the response that
comes from them. In this algorithm the probable solutions are the
positions (xi) over which the bats randomly fly with velocity (v).
Each bat releases sound and varies its loudness (A) and wave-
length (l) to discover a prey. Different frequencies (f ) are drawn
with a uniform distribution in the range of ½fmin; fmax� and are
assigned to the bats. These frequencies, velocities and positions
are updated during algorithm iterations. The random walk
method is used to create a new solution in the updating process
as follows:

xnew ¼ xold þ rAt ; r2½ � 1;1� (1)

where r is a random coefficient and At is the average loudness of all
bats at time t. As a bat gets closer to his prey, the loudness (A)
decreases and pulse emission rate (r) increases in the following
form:

Atþ1
i ¼ aAt

i ; a2½0;1� (2)

rtþ1
i ¼ r0i ½1� expð � gtÞ� (3)
ue employed in this study.
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where a is a constant similar to the cooling factor of a cooling
schedule in the simulated annealing (Yang, 2010). The mentioned
process is repeated until a stop condition such as the maximum
number of iterations is achieved.

2.2. Committee fuzzy machine

A committee machine is a strategy that combines the responses
of various intelligent methods (expert). In the proposed committee
fuzzy machine (CFM), the experts are assembled based on fuzzy
models including SFIS, ANFIS and OFIS. Theory of mentioned fuzzy
models has been discussed in Appendix. The aim of using a com-
mittee machine is to construct a single solution when there are
several methods to solve a prediction problem. Many studies have
shown that these committee models improve the precision of
predictions (Kadkhodaie-Ilkhchi et al., 2009; Ansari, 2014;
Bagheripour, 2014; Gholami et al., 2014a,b; Ansari et al., 2016).
The experts are combined using a power law equation established
by a set of scalar coefficients as follows:

OCFM ¼ a1
*OSFIS

b1 þ a2
*OANFIS

b2 þ a3
*OOFIS

b3 (4)

where O is referred to as the output of each model and ai and bi
(i ¼ 1, 2 and 3) are constant coefficients defined by the BA.

3. Data and geological review

3.1. Geology setting

The oil and gas field of interest situated on the Hendijan-
Nowrooz-Khafji fault, is an elongated symmetrical anticline with
NNE-SSW axial trend, and is along with the nearby SW Iran oil and
gas fields such as Khafji, Hout, Dorra-Arash, Hendijan and Bahre-
gansar in Zagrous basin (Shiroodi et al., 2015). The study field is
located in the northeastern margin of the Afro-Arabian plate in the
Zagros basin. The classical stratigraphic chart presented by James
and Wynd (1965) was used which is similar to those applied by
the NIOC (National Iranian Oil Company) in their routine devel-
opment and exploration plans (shown in Fig. 2). The Hendijan-
Nowrooz-Khafji Fault is located in the southeastern part of the
Zagros range extending some tens of kilometers in the west of the
Persian Gulf. The earliest Gadvan formation in this study consists of
carbonate (limestone and argillaceous limestone) which belongs to
Barremian and Aptian stages (Ghazban, 2007). This formation was
settled in mid-ramp of composed-silicic-carbonate ramp (Van
Buchem et al., 2010). The Khalij member also consists of some
sand (Motiei, 1995). The Daryian formation which was settled in
carbonate ramp is composed of massive limestone and is an Aptian
sediment in upper cretaceous. The younger Kazhdumi formation on
the top of the Dariyan formation with an unconformity (Motiei,
1995) is composed of siliciclastics succession in the low-stand
early transgression and late high-stand deposits. However, the
carbonate layers were also developed in the late transgressive and
early high-stand deposits (Davies et al., 2002). The sand is mostly
distributed in the lower intervals of Kazhdumi formation and shale
is dominant in the upper part (Van Buchem et al., 2010).

In this research lithofacies have been determined based on raw
logs including Gamma, Density, and Neutron logs. Based on this,
sand, carbonate, and shaly lithofacies have been classified (Fig. 3).

3.2. Data setting

Advanced acoustic logging was acquired in wells penetrating
Kazhdumi, Dariyan, and Gadvan formations. The high quality 3D
seismic cube was acquired by Fugro Company in 2003 and pro-
cessed/interpreted by Schlumberger Company in 2013 (Fig. 4). The
field of interest was put on production in 1971, producing mainly
from the Kazhdumi sand and a limited volume from Dariyan for-
mation and limestone member (Khalij) of the Gadvan formation
(internal technical report from the Iranian Offshore Oil Company,
2013). In this study three wells were used in the training process
and one remaining well was selected as a blind well in the learning
process.

4. Input data selection

4.1. Extraction of seismic attributes

Seismic attributes are mathematical transforms of seismic data
which present enhanced information which might be invisible in
the original seismic data (Chen and Sidney, 1997; Taner et al., 1994).
These attributes have been divided into two classes including
physical and geometrical attributes. Geometrical attributes are
generally used in seismic stratigraphy and physical attributes are
related to the physical properties of rock. In this study, 26 physical
attributes (Table 1) which were mostly applied in previous pub-
lished works were used (e.g. Hampson et al., 2001; Kadkhodaie-
Ilkhchi et al., 2009; Ansari, 2014; Gholami et al., 2014a,b). Among
these attributes, acoustic impedance is an important attribute
which has a close relation to many physical rock properties. It was
extracted from colored inversion (CI) in this study. The CI is a fast
and easy method to transform seismic data into band-limited
impedance values. This process is performed by shaping the
mean seismic spectrum into themean impedance log spectrum and
defining an inversion operator to convolve seismic traces (Ansari,
2014). The CI's operator has a constant phase of �90� (Lancaster
and Whitcombe, 2000). Fig. 5 shows the CI's operator defined
and used in this study. Fig. 6 shows a relative impedance section
constructed by the CI method in this study.

4.2. Selection of the best seismic attributes

All the aforementioned attributes and their nonlinear trans-
forms (logarithm, inverse, square and square root) were candidates
to predict shear wave velocity. Applying a large amount of input
makes the model unstable during the training process and there-
fore a pronounced correlation between the input and output data
cannot be established (Hawkins, 2004). Therefore, decreasing the
number of attributes for selecting the best one for model con-
struction was necessary. For this purpose, a step-wise regression
technique (Draper and Smith, 1966) was used in this study. All data
except the test data were divided into two subsets, randomly. The
first subset which contains 70 percent data was considered as
training data and the remaining data were chosen as validation
data. In the first step, step-wise technique was used without
considering lithofacies. This process was then repeated by consid-
ering the facies classification. The results of step-wise regression in
terms of with and without lithofacies constraint are shown in
Figs. 7e10. In these figures, horizontal axis refers to the attribute
codes which are expressed in Table 1 and vertical axis is root mean
square error (RMSE). The mathematically description of the RMSE
is expressed in Table 2. The error was calculated based on difference
between real values of shear wave velocity and estimated values
which obtained by step wise regression. As can be seen in Fig. 7
square root of colored inversion, amplitude envelope, filter 5/10-
15/20, filter 35/40-45/50 were the best attributes for predicting Vs

without lithofacies classification. According to Fig. 8 the best
selected attributes were square root of colored inversion, filter 5/
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Fig. 2. General stratigraphy column showing the main sequence of sediment and tectonic events in the Persian Gulf (Shiroodi et al., 2015).
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10-15/20, instantaneous frequency and filter 35/40-45/50 in shale
lithofacies class. In the case of sand lithofacies (Fig. 9), the optimal
attributes include quadrature trace, colored inversion, filter 25/30-
35/40 and Integrate. Finally, the best attribute set in carbonate
lithofacies includes square root of colored inversion, filter 25/30-
35/40 and filter 55/60-65/70 as shown in Fig. 10.

5. Multi-attribute transform to shear wave velocity

All input/output data were normalized in the range of [-1 1]
according to the following linear mapping function:

xm ¼ 2� x� xmin
xmax � xmin

� 1 (5)

where xm is the mapped values, x is the original value of data, xmax

and xmin are maximum and minimum of original data, respec-
tively. All input/output data were normalized in the range of [-1 1]
and after modeling, the estimated shear wave values were back-
transformed into the original range. The normalization task re-
duces the confusion of constructing the model (Asoodeh and
Bagheripour, 2013). After data normalizing and input selection,
the modelling process was performed for with and without lith-
ofacies constraint. For constructing individual fuzzy models, all
input data were grouped using a subtracting clustering algorithm.
Radiuses of clustering for each facies were expressed in Table 3.
Then three types of fuzzy models including SFIS, ANFIS, and OFIS
were constructed in order to pre-estimate shear wave velocity. The
OFIS model was optimized by the BA. The regulated parameters of
the BA have been expressed in Table 4. These parameters were
derived based on previous studies (Ansari and Gholami, 2015;
Yang and Gandomi, 2012) and using trial and error analysis. The
purpose of BA is to minimize a cost function which is defined by
the concept of root mean square error (RMSE) between the target
and predicted values. The BA was repeated for 1000 times in order
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Fig. 3. An example of correlation panel of well x-35 showing logs, lithofacies and formation markers.
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to find optimal MF parameters of OFIS as shown in Fig. 11. In this
figure, the cost values are RMSE results derived from cost function.
In the next step, all the results of the fuzzy models were combined
using a power law equation in the CFM model. The power law
structure was selected for committee machine in this study,
because it has shown good performance in improving results of
individual methods in several papers (e.g. Ansari, 2014; Ansari
et al., 2016; Asoodeh and Bagheripour, 2012a,b; Gholami et al.,
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Fig. 4. The seismic section available in time domain.

Table 1
Seismic attributes used in this study. Code was used to refer to the name in figures.

Code Attribute name Code Attribute name

1 Amplitude envelope 15 Filter 25/30-35/40
2 Amplitude weighted cosine phase 16 Filter 35/40-45/50
3 Amplitude weighted frequency 17 Filter 45/50-55/60
4 Amplitude weighted phase 18 Filter 55/60-65/70
5 Average frequency 19 Instantaneous frequency
6 Apparent polarity 20 Instantaneous phase
7 Colored inversion (relative impedance) 21 Integrate
8 Cosine instantaneous amplitude 22 Integrated absolute amplitude
9 Cosine instantaneous phase 23 Quadrature trace
10 Derivative 24 Second derivative
11 Derivative instantaneous amplitude 25 Second derivative instantaneous amplitude
12 Dominant frequency 26 Time
13 Filter 5/10-15/20 27 Square root of colored inversion
14 Filter 15/20-25/30
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2014a,b). The coefficients of the CFM model were achieved by the
BA. The optimized parameters of the CFM for each facies are
presented in Table 5. The best and mean cost values of the BA
implementation of the CFM model versus algorithm iteration are
shown in Fig. 12. As is evident from the results expressed in
Figs. 11 and 12, the BA algorithm was fast to converge the candi-
date solutions to the optimum solution.
6. Results and discussion

The graphical comparison between the measured and predicted
shear wave velocity using the CFM model separately in each lith-
ofacies for training and test data is shown in Fig. 13. According to
this figure, the best correlation coefficient for testing themodel was
achieved in sand lithofacies. Fig. 14 shows the measured and



Fig. 5. Operator used in the colored inversion for creating relative P-impedance. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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predicted shear wave logs for the test data at the blind well loca-
tion. The CFM model and its elements including SFIS, ANFIS and
Fig. 6. A section of relative AI inversi

Fig. 7. Error analysis result when all lithofacies were used in stepwise r
OFIS were evaluated in terms of statistical criteria for training and
test data based on lithofacies classifications. These statistical terms
are described in Table 2, mathematically. All the mentioned terms
are defined mathematically in Table 6. The statistical error analysis
results of outputs can be observed in Table 6. As the results show,
the proposed method was successful in this field. The statistical
analysis showed the better efficiency of the model in sand and
carbonate lithofacies which were the main lithologies of reservoir
zones in this field. In other words, themodel wasmore successful in
reservoir zones than non-reservoir zones captured by shale lith-
ofacies. The cause of this issue, it may be due to the anisotropy of
the shale layers, clay contents, mixture of clay type, bound water
and so on. The comparison of statistics between the sand and car-
bonate lithofacies in the test data showed a minor difference, but
the results in sand lithofacies came up with a better consistency.
The error was increased when the model was run without
considering the lithofacies constraint. The RMSE of the CFM model
in the test data is 136.2169 without using lithofacies classes,
whereas the error was intensively decreased to 69.9329 and
76.1972 in the case of lithofacies constraint especially in sand and
carbonate, respectively. Therefore, the lithofacies classification
on of seismic data, in this study.

egression. Minimum errors occurred when 5 attributes were used.



Fig. 8. Stepwise regression result in shale facies. Minimum errors occurred when 4 attributes were used.

Fig. 9. Error analysis result when sand facies was used. Minimum errors occurred when 4 attributes were used.

Fig. 10. Error analysis result in carbonate facies. Min. errors occurred if 3 attributes were used.
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showed a significant improvement for the prediction of shear wave
velocity from seismic attributes.
A scrutiny of the results of Table 6 revealed that the CFM model
enhanced the accuracy of its elements. For example, the RMSE of



Table 2
Mathematical descriptions of statistical criteria used in this study. In this table, yobs
is target and ypre stands for the predicted values.

Statistical term Mathematical expression

Pearson correlation coefficient (R)
R ¼

Pn

i¼1
ðyobs;i�yobsÞ,ðypre;i�ypreÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðyobs;i�yobsÞ2,

Pn

i¼1
ðypre;i�ypreÞ2

p
Root mean square error (RMSE)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðyobs�ypreÞ2i

n

r
Absolute average relative error (AARE)

AARE ¼ 1
n
Pn

i¼1

������ðyobs�ypreÞi
yobs;i

������
symmetric mean absolute percentage error

(SMAPE)
SMAPE ¼ 1

n
Pn

i¼1
jðyobs�ypreÞi j
ðyobsþypreÞi � 100

Table 3
Radiuses used in the subtracting clustering.

Lithofacies Clustering radius

Shale 0.5
Sand 0.7
Carbonate 0.6
All together 0.6

Table 4
Regulations done before run of bat-inspired algorithm for optimizing OFIS and CFM.

Parameter Value

OFIS CFM

Population size 200 20
Maximum iteration 1000 100
A0 0.5 0.5
r0 0.5 0.5
fmin 0 0
fmax 2 2

Fig. 11. Results of running BA for optimization of OFIS

Table 5
Optimized parameters of CFM derived from BA.

Parameter Value

Shale Facies Sand Facies Carbonate Facies All facies

a1 1.19191 0.80038 1.12804 1.14131
a2 0.90846 0.75259 0.89648 0.97949
a3 0.92707 1.17866 0.97776 0.93116
b1 0.68815 0.71555 0.75430 0.70254
b2 0.90763 1.02007 0.95749 0.96581
b3 0.89430 0.48920 0.77100 0.71767
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SFIS, ANFIS, OFIS and CFMmodels in the test data of sand lithofacies
are 88.7242, 76.7100, 71.6300 and 69.9329, respectively. Also,
amongst the individual models used, OFIS provided more accurate
outcomes compared to ANFIS and SFIS. Therefore, in cases where
the users decide to use a fuzzy model alone to increase their work
speed, the use of the new proposed OFIS method over the other
fuzzy methods is preferable. The discussed comparison is illus-
trated in Fig.15, graphically. According to this figure, the superiority
of the CFM model in sand lithofacies is clear.

More statistical analysis of the CFM performance for test data
has been demonstrated in Fig. 16 by means of error distribution
histogram. In this figure, error has been obtained from the differ-
ence between the actual and forecast values. It is obvious that the
mean and standard deviation (Std.) of error using CFMmodel in the
sand lithofacies are the lowest.
7. Conclusion

Shear wave velocity is a critical parameter in geomechanical
studies and reservoir characterization. Geological phenomena are
always complex in many heterogeneous reservoirs. So that these
events control physical and geometrical properties across the
in a) all, b) shale c) sand and d) carbonate facies.



Fig. 12. The mean and best cost values of the BA employment in CFM model for: a) all, b) shale c) sand and d) carbonate facies.

Fig. 13. Graphical correlation between measured and predicted shear wave velocity using CFM model for training and test data in: a) all b) shale c) sand and d) carbonate facies.
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reservoir. In this study, a new intelligence-based method limited to
geological lithofacies information has been proposed to predict
shear wave velocity in pre-drilling phase from seismic data. The
proposed method is a committee machine whose elements are
three kinds of fuzzy inference system including SFIS, ANFIS and
OFIS. This method was trained and evaluated in diffident lithofacies



Fig. 14. Log-plot demonstration of measured and predicted shear wave velocity using CFM model for test data in: a) all b) shale c) sand and d) carbonate facies.

Table 6
Statistical criteria evaluation of proposed methods for training and test data.

Model Allocation R RMSE AARE SMAPE (%)

Shale SFIS Training 0.9234 105.8269 0.0518 2.5542
Test 0.7294 241.7364 0.0953 4.0521

ANFIS Training 0.9064 116.0784 0.0571 2.8131
Test 0.7739 194.2315 0.0924 4.2241

OFIS Training 0.9253 103.0005 0.0498 2.4521
Test 0.8343 185.5396 0.0768 3.4861

CFM Training 0.9471 94.6653 0.0465 2.3121
Test 0.8629 172.2383 0.0729 3.3621

Sand SFIS Training 0.8901 56.5930 0.0296 1.4621
Test 0.8528 88.7242 0.0464 2.2621

ANFIS Training 0.8932 55.9170 0.0289 1.4412
Test 0.8323 76.7100 0.0410 2.0541

OFIS Training 0.8936 55.7087 0.0294 1.4521
Test 0.8720 71.6300 0.0341 1.6801

CFM Training 0.8959 54.4769 0.0290 1.4512
Test 0.8840 69.9329 0.0328 1.6230

Carbonate SFIS Training 0.9314 70.5501 0.0290 1.4491
Test 0.7631 99.8389 0.0431 2.1321

ANFIS Training 0.9502 61.7986 0.0261 1.2912
Test 0.7745 93.4187 0.0398 1.9651

OFIS Training 0.9531 60.6218 0.0250 1.2410
Test 0.8101 89.3160 0.0385 1.9002

CFM Training 0.9584 53.6909 0.0224 1.1248
Test 0.8300 76.1972 0.0329 1.6381

All SFIS Training 0.8939 109.9702 0.0490 2.4351
Test 0.8351 171.5795 0.0753 3.6912

ANFIS Training 0.9215 95.7329 0.0432 2.1412
Test 0.8281 161.1854 0.0745 3.6821

OFIS Training 0.9305 93.9844 0.0432 2.1412
Test 0.8444 159.3320 0.0484 2.4512

CFM Training 0.9395 85.9643 0.0387 1.9301
Test 0.8729 136.2169 0.0429 2.1611

Fig. 15. A graphical comparison among the CFM and its elements including SFIS, ANFIS
and IFIS for test data according type of facies.
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of sand, carbonate, shale in Kazhdumi, Dariyan, and Gadvan for-
mations. Predicting shear wave velocity from post-stack seismic
attributes is an efficient and inexpensive strategy when real data of
shear wave velocity are not accessible in some wells. Also, Fuzzy
inference systems provide a cost-effective and accurate way to
estimate shear wave velocity from seismic attributes. Amongst
fuzzy inference systems, OFIS has provided more accurate results.
Combining the results of fuzzy inference systems in a power law
structure of committee machine, improves the results of individual
fuzzy models. Moreover, The BA is a fast and exact method to
optimize the OFIS and CFMmethods. We showed that grouping the
data based on the type of lithofacies significantly enhanced the
prediction accuracy. As a result the proposed model is more accu-
rate in sand and carbonate lithofacies. Meanwhile, the results were
associated with lower errors in a sand lithofacies.



Fig. 16. Error distribution for testing the CFM model for: a) all, b) shale, c) sand and d) carbonate facies.
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Appendix

Fuzzy inference system

The fuzzy inference system (FIS) is an intelligent transformation
based on fuzzy logic theory proposed by Zadeh, (1965). Fuzzifier,
inferenceengine anddefuzzifier are themainparts of FIS. The fuzzier
transforms the input data to values in the range of zero to one by
utilizinga setof inputmembership functions (MF).MF is an indicator
function defined based on the degree of truth as an extension of
valuation. The heart of an FIS is a set of fuzzy rules defined in the
inference engine. The results of fuzzy rules are combined and
mapped into a crisp valueusingoutputMF in thedefuzzifier process.
Mamdani's model (Mamdani and Assilian, 1975) and Sugeno's
model (Takagi and Sugeno, 1985) are two famous models of FIS.
Several studies indicated that Sugeno's FIS has a better performance
and is more applicable than Mamdani's model due to its less
computation effort (Schnitman and Yoneyama, 2001; Kadkhodaei-
Illkchi et al., 2006; Jassbi et al., 2006). SFIS is illustrated based on
“ifethen” rules in the following form (Takagi and Sugeno, 1985):

IF I1 is M1
n and I2 is M2

n and ::: and Im is Mm
n then On is fnðIÞ

(A.1)

where n stands for the number of rules, Ii stands for the inputs of
SFIS, M refers to input Gaussian membership function and fnðIÞ is
output function. The final output can be expressed as a weighted
mean value over all n rules in the following form:

o ¼
Pn

k¼1 Mk

�bI�fkðIÞPn
k¼1 Mk

�bI� (A.2)

where:

Mk

�bI� ¼ M1
k ðI1Þ �M2

k ðI2Þ � :::�Mm
k ðImÞ (A.3)

Input Gaussian MF and output linear MF are obtained by using
the following equations, respectively:

MðIÞ ¼ expð �
�
I �mffiffiffi

2
p

s

�2
Þ (A.4)

fnðIÞ ¼ b0n þ b1nI1 þ b2nI2 þ :::þ bmn Im (A.5)

m, s andb are constant coefficients defined by optimization
techniques.

There are several techniques to determine these parameters
among which subtracting clustering method is the most proper
strategy (Bagheripour and Asoodeh, 2013). The proposed SFIS uses
a subtracting clustering to find the best parameters of MFs. The
purpose of clustering is to determine the best classification of a
large dataset to expose patterns that can provide a concise repre-
sentation of the data behavior (Dubois et al., 1997). Cluster radius
plays an important role in constructing a fuzzy model. The cluster
radius indicates the range of influence of a cluster from cluster
centers. Each data point is potential for cluster center. Cluster
centers were calculated based on the density measure of each po-
tential point and surrounding data points (as determined by cluster
radius). The data point with the highest potential is selected as a
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cluster center and other surrounding data points removes in the
vicinity of the cluster center. The range of this radius is from zero to
one. As the radius increases the number of fuzzy rules decreases.
This parameter is obtained by trial and error technique. Also, this
clustering is applied to other fuzzy methods used in this study.

Another common practical strategy for using FIS is ANFIS which
was firstly introduced by Jang (1993). The MF parameters of ANFIS
model are achieved using a back propagation neural network al-
gorithm. The main structure of FIS which is implemented in the
ANFIS is based on the concept of Sugeno's model.

In recent years the use of metaheuristic algorithms like genetic
algorithm to optimize FISs has become common (Bagheripour and
Asoodeh, 2013; Afshar et al., 2014; Asoodeh et al., 2014). In this
study, for mining FIS parameters a new metaheuristic algorithm
known as Bat-inspired algorithm (BA) has been used. The BA
optimization of Sugeno's fuzzy model is called optimized FIS (OFIS).
The BA was selected as an optimization technique in this study,
because it has a good performance in finding optimal parameters as
has been shown in several studies (Mishra et al., 2012; Yang and
Gandomi, 2012; Ansari and Gholami, 2015).
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