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Abstract

Self-potential (SP) method is suitable for identifying positions of fractures, ore bodies, leakage, corrosion of metal, etc. The
identification of SP anomalies can be implemented through inversion process, which not only serves to determine the best model
parameters but also to estimate their uncertainties. The model parameters and their uncertainty can be determined from the
posterior distribution model (PDM) of the SP anomaly inversion. To find the required PDM, in this paper, generalized likelihood
uncertainty estimation (GLUE) thresholding is proposed as a joint approach together with flower pollination algorithm (FPA).
This overall method is then tested on several synthetics and fields (i.e., metallic drum, Weiss, Sawoo, and LUSI anomalies) SP
data containing single and multiples of SP sources. The results demonstrate that the proposed algorithm is robust for solving
quantitative interpretations of SP data. Moreover, this method does not require prior assumptions over the shape of the anomaly

source.

Keywords Uncertainty model parameters - SP parameters - robust algorithm - GLUE threshold

Introduction

SP method is a passive method of measuring natural potentials
resulting from three different sources including thermoelec-
tric, electrochemical, and electrokinetic sources. SP data is
commonly used in mining, geotechnical, and environmental
studies (Al-Saigh et al., 1994; Biswas, 2017; Boléve et al.,
2012; Lapenna et al., 2003; Maineult et al., 2013; Mchanee,
2014; Rozycki et al., 2006; Yiingil, 1950). Analysis SP data
can be divided into two groups including inversion and signal
processing (Hilbert transform, fast Fourier transform, and con-
tinuous wavelet transform) (Biswas and Sharma, 2014a; Di
Maio et al., 2016a, 2016b; Jagannadha Rao et al., 1993; Mauri
etal., 2010, 2011; Patella, 1997; Soueid Ahmed et al., 2013).

However, because the solution produced in inversion pro-
cess is generally not unique, the geophysical inversion, espe-
cially in SP data inversion, not only serves to determine the
model parameters correlating to the best objective function but
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also to provide posterior distribution model (PDM) (Biswas
and Sharma, 2014a, 2015, 2017; Li and Yin, 2012; Peksen
etal., 2011; Sharma and Biswas, 2013). The model parameter
uncertainty produced via inversion process depends on ro-
bustness optimization method based upon estimation, likeli-
hood, and noise containing in the data (Sadegh et al., 2015;
Scharnagl et al., 2011; Vrugt and Beven, 2018). To eliminate
likelihood and effects of noise properties in the PDM, Beven
and colleagues (Beven, 2006; Beven and Binley, 2014; Beven
and Smith, 2015) have proposed a method called generalized
likelihood uncertainty estimation (GLUE).

GLUE is one possible strategy to generate posterior distri-
bution model (PDM) without requiring former knowledge of
noise properties contained within the data. In most cases, to
deliver PDM, GLUE should be combined with Markov chain
Monte Carlo (MCMC) (Blasone et al., 2008; Li et al., 2010;
Vrugt, 2016) or the other global optimum methods (Cho and
Olivera, 2014).

Cho and Olivera (2014) demonstrated that particle swarm
optimization (PSO) combined with GLUE has proven fast and
accurate in producing PDM. However, some literatures show
that flower pollination algorithm (FPA) outperformed PSO
and genetic algorithm for several applications (Yang, 2012).
Additionally, FPA also has great advantages in simplicity and
flexibility. This method is still rarely used in geophysical data
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inversion. Therefore, in this paper, FPA is proposed as a faster
and more robust approach towards delivering PDM in self-
potential data inversion. To verify the proposed approach, the
algorithm is tested onto several synthetics and fields of SP
data.

Self-potential method
General and field procedure

Sources of SP method have been clearly described by Revil
and Jardani (2013) which include (1) thermo potential and
natural potential related to temperature different; (2) electro-
chemical, as a source of different potential caused by chemical
reaction; (3) streaming potential or electrokinetic, which is
related to ground water flow; and (4) geobattery, which ex-
plains about potential difference caused by biotic and abiotic
(corrosion of ore body, organic-rich contaminant plumes) to
redox reaction. In addition, electrochemicals are combined by
both diffusion and Nernst potentials. Diffusion potential is
affected by different ionic concentrations between the pore
water of the formation and the environment, while Nernst
potential is variation in electrolyte concentration caused by
different electrochemical reactions at each electrode (two
identical electrodes).

Furthermore, Revil and Jardani (2013) also describe the
measurement and correction of SP data. Self-potential data is
the potential different measured using non-polarizing elec-
trodes connected to high sensitivity and high input impedance
measurement device. To measure potential difference, two
measurement types can be used including fix based and gra-
dient approaches. In the fix-based measurement, one electrode
is fixed as the based station while other electrodes move,
where gradient potential is measured with both electrodes in
motion.

After SP data is acquired, the data must be corrected using
two steps, which can include reference and closure correc-
tions. Reference correction must be applied when the position
of the reference (fix based) electrode has changed, while clo-
sure correction is used for drift correction and to reduce the
effect of the measurement conditions (e.g., soil moisture, soil
temperature, instrument error, etc.).

Forward modeling

Forward modeling method describes that theoretical responses
(data) are calculated using assumed model parameters and
depends on two sets of variables. In forward modeling, data
on the SP response, the set of available locations of the obser-
vation points, and the set of model parameters (variables
reflecting the physical properties and geometry of the subsur-
face structure) must be known. Forward modeling is needed

@ Springer

during interpretation of field data, where the interpretation can
be done using manual matching through repeated forward
modeling or using automatic inversion.

In general, SP response depends on the location of positive
and negative poles, electric dipole density, and the shapes of
anomalies. Most field studies are generally described as stan-
dard geometrical shapes, including horizontal cylinder, verti-
cal cylinder, and spherical bodies. Figure 1a shows a cross
section of sphere and horizontal cylinder models, while
Fig. 1b demonstrates a cross section of semi-infinite vertical
cylinder model. The SP response w(x;) for vertical cylinder,
horizontal cylinder, and sphere models in subsurface which
is measured in the surface x; can be described as follows

(x;/—D)cos(8) + hsin(0)
((xi_D)Z +h2)‘1

v(ix) =K

(1)

where D denotes the position of the center anomaly from the
start of measurement point while / describes the depth of the
center source body. K and 6 describe the polarization magni-
tude and angle, respectively. Moreover, q is shape factor
which can be valuable 0.5, 1.0, and 1.5 for semi-infinite ver-
tical cylinder, horizontal cylinder, and sphere, respectively. SP
response for multiple anomalies is calculated by summing up
the potential generated by individual targets as the SP re-
sponse (Biswas and Sharma, 2014b).

Flower pollination algorithm

The flower pollination algorithm (FPA) was developed by
Yang (2012) which was inspired by the pollination process
for flowering plants. Pollination is the process of pollen grain
transfer from the male part of the flower to the ovule in the
female part via abiotic (e.g., water and wind) and biotic (e.g.,
bees, bats, butterflies, and birds) pollinators.

Pollination can be acquired through self-pollination and
cross-pollination (Fig. 2). Self-pollination describes the trans-
fer of pollen from the male to female parts within one flower
plant or to another flower of the same plant species. Self-
pollination generally needs no pollinators. In cross-pollina-
tion, pollens are transferred from one flower to another of a
different plant. Wherefore, cross-pollinations occur in long
distances and being generally resulted by bees, birds, and bats.

Based on this description of the pollination process and
behavior of pollinators, four rules can be stated:

1. Cross-pollination and biotic are deliberated processes for
global pollination, where pollinators move using Lévy
flights.

2. Self-pollination and abiotic pollination represent local
pollination.
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Fig. 1 Geometry shape bodies. (a) Sphere and horizontal cylinder models, (b) semi-infinite vertical cylinder model (b)

3. Pollinators are able to develop flower constancy, which is
equivalent to the probability of a reproduction, correlative
to the similarity of two flowers involved.

4. The interaction of global and local pollinations is con-
trolled by probability p € [0, 1].

Concept of FPA

In order to be applied for optimization or inversion, four rules
must be converted into proper equations. The rules 1 and 3
describe that in the global pollination step, flower pollen gam-
etes are carried by pollinators (viz., insects, birds, bats, and
other animals) and, as a result, may travel over long distances

Fig. 2 Flower pollination Self -pollination from

methods; (1) and (2) denote self-
pollination, and (2) cross-
pollination from different plant
(Nasser et al., 2018)

same plant but different

flower

".’ pollination from ‘
’ different plant
J

because insects can often fly and move in a much longer
range. Consequently, both rules can be represented mathemat-
ically as:

st =t 4+ aL()) (sﬁ—gbest) (2)

where 5! describes the pollen i or solution vector s; at iteration ¢
and gbest denotes the current best solution found among all
solutions at the current iteration. Here, adescribes a scaling
factor to control the step size, while L()) is a step size param-
eter. The L(\) reflects the strength of the pollination. Because
insects travel over a long distance with various distance steps,
the step size in FPA L(\) uses Lévy distribution.

Additionally, the local pollination (both Rule 2 and Rule 3)
can be written as follows:

Self-pollination
with the same
flower

@

@ Cross-

@ Springer
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S[Hrl — S,-t + e(slt_sjt) (3)

where s, s/, and ;" describe the pollen obtained from each
different flower of the same plant species. It means that the index
i # 1 # j. Here, € denotes a uniform distribution in [0, 1].
Mathematically, the equation is equivalent to a local random
walk and a crossover equation in the differential evolution.

As other global algorithms, FPA also uses several popula-
tions, called pollen, to create solution. The overall FPA en-
gages iterative steps which can be summarized as in Appendix
A. Firstly, FPA is initiated by generating a random number of
pollen population as candidate solutions. Secondly, the objec-
tive function for each population is estimated. Thirdly, a num-
ber of population of random value in [0, 1] is generated. When
the random value is lower than the interaction probability p,
the pollen s, * ! is calculated using Eq. (2) otherwise the pollen
s# ™ !is estimated through Eq. (3). After determining new
pollens, all of the pollens are evaluated using greedy selection
to determine pollens that can survive for the next generation.
The selection operator is described below:

AR - { Sitﬂ if f(sitﬂ)sf(sit)
i Sit lf‘ f(sit+l) >f(sit)

In the current population, a new pollen is updated when the
objective function value of the new pollen is equal or less than
that the previous pollen. The new pollen is then selected as the
population of pollen for further iteration; otherwise, the previ-
ous pollen remains as the population of pollen for further
iteration. The process then goes back in the third step. The
FPA process will continue until the stopping criterion is met.
Detailed step of the FPA is explained in Appendix A.

(4)

FPA properties

In inversion process, two certain behaviors present in an algorithm
are exploration and exploitation. Exploration property is suited
towards providing PDM parameters, while exploitation is to find
convergences quickly. In order to inverse SP data, balancing the
two properties are required. In fact, every global optimization anal-
ysis depends on balancing exploration and exploitation behaviors.
Both properties are defined implicitly and are affected by FPA
parameters (Lukasik and Kowalski, 2015; Yang, 2012).

FPA also contains two properties which are long-distance
pollinators (Eq. 2) and flower consistency (Eq. 3). The first
property describes that pollinators (i.e., insects) are able to
travel long distances. Consequently, they can avoid trap of
any local optimum and can explore the larger search space
of model parameters. In the manner, the first property reflects
exploration moves. Meanwhile, flower consistency ensures
that the same species of the flowers are chosen more frequent-
ly and thus guarantee quicker convergence. This step is essen-
tially an exploitative move.

@ Springer

In principle, flower pollination activities can occur at both
global and local optimizations, depending on the interaction
probability p. The parameter can be effectively used to switch
between global pollination and intensive local pollination.
Additionally, FPA also depends on a scaling factor. A prelim-
inary parametric study indicates that p = 0.8 and a = 0.1
worked for most applications (Yang, 2016).

Inversion of SP data using FPA

Inversion process is done to automatically determine model
parameters m, generally by using an algorithm including local
and global optimizations. Some algorithms for inverting pro-
cess need an objective function to fit between observed V°
= [V9,V4, -+, V%] and calculated V¢ = [V{, V5, -, V4] SP
response. It means that the objective function generally con-
tains L-2 norm of observed and calculated SP response for
minimizing. The objective function f{m) is used to invert pro-
cess in this manuscript which is described as follows
(Monteiro Santos, 2010)

2||Ve=Vve(m)||

f(m) = [ Vo=Ve(m)|| + ||Ve + Vi(m)||

i=1,2N

(5)

where N indicates the number of measured data. Furthermore,
the misfit between measured and calculated SP data is calcu-
lated using the average relative error (in %) as:

o_yyc 2
misfi(%) = %¢ 5 (V) (6)

Equation (4) shows that the calculated SP data and
objective function depend on the model parameter.
Model parameters m contains D, h, K, 6, and g which
can be transcribed as m = [Ky, -, Ky, Dy, **, Dy, hi,
g 01, 0, O, g1, 0, g with M oas the number of
anomalies. Inversion process using FPA is done through
solution vectors; in the Eq. (2) and (3) equal to model
parameters. Additionally, SP data inversion using FPA is
to minimize objective function (Eq. 5).

PDM via GLUE threshold

In order to PDM, a GLUE threshold of the best fit is set as an input
for this approach. The threshold value can be determined before or
after inversion processing. The GLUE thresholding used is similar
to one described by Fernandez-Martinez et al. (2012). The thresh-
old value of the objective function should reflect the observational
noises, together with the impact of error in physical assumptions
(e.g., homogeneity, isotropy, and anisotropy) in forward modeling
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and/or impact of errors of numerical approximations within the
forward mathematical model (Beven and Binley, 2014; Biswas
and Sharma, 2014a; Jackson, 1972; Sharma and Biswas, 2013;
Sungkono and Santosa, 2015).

In the inversion process, all pollens s;' * ' may become the
posterior candidate when the pollens for each iteration fulfills
the criterion fis; * ') <fis"). After the FPA iteration concludes,
PDM is selected from the posterior candidate using GLUE
threshold. Model parameter uncertainty is then delivered
when the objective function is less than the objective function
threshold (to/) which can be described as follows (Fernandez-
Martinez et al., 2012):

f(m)<tol (7)

Using Eq. (7), all model parameters with an objective
function or misfit below the threshold or tolerated value
are included into the PDM. In this way, the GLUE thresh-
old is simpler and more flexible for case of global opti-
mization because the threshold value can be applied after
the inversion process (Laby et al., 2016). Consequently,
the PDM and their statistics depend on the threshold val-
ue. After PDM is provided using global optimization and
GLUE threshold, best model parameters and their uncer-
tainty can be estimated through median or average and
standard deviation or interquartile as in the various
literatures (Biswas and Sharma, 2017, 2015, 2014b,
2014a; Ramadhani and Sungkono, 2019; Sungkono and
Santosa, 2015; Sungkono and Warnana, 2018).

Synthetic studies

In order to know how robust and fast the proposed method
performs, the approach is verified through application on syn-
thetics SP data. Two synthetics data are used in this paper. The
first is SP data derived from model parameters of a semi-
infinite vertical cylinder. The second is SP synthetic data cal-
culated from a sphere and a horizontal cylinder models. Both
synthetic models can be seen in the Table 1 and Table 2 which
both have 5% Gaussian noise added.

Single anomaly

In order to invert SP synthetic data from sphere anomaly using
FPA, search space (ranges) of model parameters needed is

presented as in Table 1. To invert the synthetic data and pro-
duce a robust PDM, 100 populations and 200 iterations are
used. In this paper, FPA is used to determine all parameters of
SP model (K, D, h, 6, and g). Figure 3a shows the synthetic
data compared with the best objective function, which dem-
onstrates that SP anomaly is close-bodied. Figure 3b shows
the best, mean, and interquartile of objective function with
iteration. The interquartile of objective function from all pop-
ulation does not always decrease with iteration increase. It
means that the FPA has exploration properties. Meanwhile,
the best of objective function always decreases as the iteration
increases, reflecting the exploitation behaviors of FPA. Thus,
FPA is able to provide balance between exploration and ex-
ploitation properties. Consequently, FPA is fit to deliver the
PDM in SP anomaly inversion.

Figure 3b demonstrates that convergence between the best and
mean objective function is around 0.1. Thus, the value is used as
the threshold value towards delivering PDM using GLUE thresh-
old. Figure 4 shows the histogram of PDM parameters where the
highest marginal density and median of PDM (crosses) are close to
the true parameters value (dots). The median and uncertainty
(interquartile) value of the PDM are then presented in Table 1. It
can be noted that the proposed algorithm (FPA) accurately delivers
the PDM. Additionally, misfit between observed data and model
responses for the best model is 1.05%. It is clearly seen that the
result obtained for inverting SP data is very good.

Multiple anomalies

Table 2 shows the range of model parameters used in the inver-
sion of SP data representing multiple anomalies. To invert the
SP anomaly, 200 populations and 700 iterations are used.
Figure 5a displays a comparison between synthetic and calcu-
lated SP anomalies, where the calculated SP data appears close
towards the observed SP data. As described above, in order to
determine the PDM, a threshold of the objective function is
needed. Figure Sb demonstrates the best, mean, and interquar-
tile of objective function for each iteration number. The mean of
objective function reflects that the objective value converges
around the 0.1. This value is consequently used as the threshold
towards delivering PDM in this inversion. The PDM result is
presented in Fig. 6. The result shows that both the highest
marginal density and median of PDM (crosses) are found close
towards the true model parameters (dots). Additionally, the me-
dian and uncertainty (interquartile) of PDM are demonstrated in

Table 1 Comparison of true and

estimated parameters of SP Parameter K D h 0 q

anomaly disturbed with 5%

Gaussian noise caused by a True model -100 0 15 40 0.5

sphere model Ranges of model 200 to 200 —100 to 100 0-100 0-100 0.1-1.8
Proposed algorithm 125.68 £40.11 1.18+3.36 18.52+3.70 34.01+7.65 0.53+0.04
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Table 2 Comparison of true and

estimated parameters of SP Parameters K D h 0 q

anomaly added 5% Gaussian

noise caused by an inclined sheet ~ True anomaly 1 1000 —100 7 40 L5

model True anomaly 2 —400 30 30 60 1
Ranges of anomaly 1 0 to 2000 —150 to =50 0-100 0-180 0.1-1.8
Ranges of anomaly 2 —700 to 700 50 to 150 0-100 0-180 0.1-1.8
Results anomaly 1 1016.62+510.35 —99.61+1.13 7.80+1.43 36.52+11.37 1.47+0.10
Results anomaly 2 —405.82+190.99 30.90+3.44 31.92+2.78 61.49+6.20 1.00+0.06

Table 2. The proposed algorithm has well determined the PDM
in SP inversion for multiples anomalies.

Field studies

In this section, four SP anomalies with single and multiple
sources are used to test the robustness of the proposed algo-
rithm. As a general note, the steps towards determining the
threshold value has not been described in further detail be-
cause it follows the same strategy as in the previous SP inver-
sion process for synthetic anomalies.

Metallic drum anomaly
Srigutomo et al. (2006) buried a metallic drum filled with metal
scrap and powder at 2.5 m in depth at N-S direction. The diam-

eter and length of the drum were 0.6 m and 1.2 m, respectively.
After a year from the buried drum, SP method was measured in

a

80 T T T T T T

T T
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¢ Calculated

60 b

40

20+

SP anomaly(mV)

-100 -

120 1 1 I 1 I I I I I
-100 -80 -60 -40 -20 0 20 40 60 80 100

Distances(m)

W-E direction through the buried drum which the drum probably
was corrosion. The center of drum is set in 0 m distance. The
measured SP anomaly is shown in Fig. 7a. The SP data was
analyzed by some authors using local and global optimization
methods (Candra et al., 2014; Srigutomo et al., 2006; Sungkono
and Warnana, 2018). Furthermore, FPA is utilized to determine
SP parameters and their uncertainty parameters.

Figure 7a is comparison between observed and calculated
SP data (misfit = 5.24%), while Fig. 8 shows posterior distri-
bution model resulted by FPA method using 100 and 300 for
populations and iterations, respectively. Table 3 and Fig. 7b
are SP parameters in the buried metallic drum anomaly which
is compared with others algorithm. The proposed algorithm is
more accurate than the others. It is showed by the estimated
depth using the proposed method closer with the reality of
buried drum than the others. Moreover, the shape factor esti-
mated by proposed algorithm indicates that the anomaly
source is horizontal cylinder. The result is appropriate with
the real source anomaly.
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Fig. 3 (a) Noisy and inverted of synthetic SP data caused by a sphere anomaly, (b) media, interquartile, and the best of objective function for each

iteration number
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Fig. 4 Uncertainty model parameters of synthetic data

Weiss anomaly

Weiss anomaly is 1 km northwest of the Maden copper mine,
where open-cut mining was being conducted. Weiss anomaly
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was initially measured for identifying copper mine in the
Weiss, Ergani, Turkey. The SP data was broadly used to verify
different algorithmic performance by various authors
(Bhattacharya and Roy, 1981; El-Araby, 2004; Li and Yin,
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Fig. 5 (a) Noisy and inverted of synthetic SP data caused by an inclined sheet anomaly, (b) media, interquartile, and the best of objective function for

each iteration number
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Fig. 6 Uncertainty model parameters of synthetic data

2012; Peksen etal., 2011; Yiingiil, 1950). The SP anomaly has
been derived using digitalization from A to A’ (dots) while the
calculated SP anomaly from proposed algorithm is noted by
the solid line in Fig. 9a. The misfit between predicted and
observed anomaly is 10.27%.

FPA with GLUE thresholding is then applied to determine
the model parameters and uncertainty of Weiss anomaly via
PDM deliverance as shown in Fig. 10. The model parameters
(median) and their uncertainty (interquartile) value that result-
ed by the proposed algorithm are given in Table 4, while Fig.

Fig. 7 Field example SP data a 4 —
from experimental metallic drum
anomaly. (a) The observed and 2

inverted self-potential response,
(b) subsurface structure

® Observed
Calculated
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Fig. 8 Uncertainty model parameters of metallic drum anomaly

9b shows the subsurface model parameters from inverting
result of Weiss anomaly. The results show that the model
parameter uncertainty value is in good agreement to that of
other studies. Moreover, the shape factor that resulted by the
proposed method indicates that the sources of Weiss anomaly
are sphere model. The result is supported by some reasons,
such as: (1) the anomaly contour lines of Weiss anomaly
shown are nearly circular (El-Araby, 2004); (2) the inversion
process of the SP data using several idealized body ap-
proaches including sphere, horizontal cylinder, and the semi-
infinite vertical cylinder shows that the best fit is the spherical
model (Essa, 2011). It means that the result of the proposed
algorithm is accurate to the true geological conditions.

Sawoo anomaly

The SP data measured in the Sawoo district, Ponorogo, East
Java, Indonesia, was used to identify potential landslide posi-
tions. The data is measured in Mandalika formation, containing
breccia, lava and tuff, sand, and silt, where there have some
fissures and have landslide potential (Ramadhany et al.,

2018). Field data was obtained through a fissure from the ac-
cumulation area (located in a lower position to the source area)
using fix-based electrode. Closure correction is applied to re-
move drift effect for the field data. The SP data was then studied
to verify the robustness of black hole algorithm (BHA). The
parameter ranges used in the FPA correspond well with the
ranges used in the BHA process, as in Table 5.

Figure 11a is a comparison between observed and cal-
culated SP data using proposed algorithm. The calculated
data appears close towards the measured data (misfit of
3.63). The PDM is then determined using GLUE thresh-
old of objective function (threshold value: 0.18).
Figure 12 shows the marginal density of model parame-
ters (PDM) as revealed by the proposed algorithm, while
Fig. 11b is subsurface model parameter from median of
PDM. Finally, statistic of the PDM is presented in Table 5
together with other algorithms. The result indicates that
the anomaly is a horizontal cylinder (¢ = 1). This corre-
lates well to the previous BHA results which show that
the landslide potential in this site is caused by a fluid
channel. This channel accumulates in the bottom crack.

Table 3 Model parameter results

of metallic drum anomaly Parameters K (mV) D (m) h (m) 0 (deg) q

inversion use proposed algorithm

which is Compared with other Ranges for BHA 50-50 6.5-8.5 0-50 20-100 0.3-1.8

algorithms. Previous studies Srigutomo et al. (2016) -10.733 1.234 45.78 0916

(Candra et al., 2014; Srigutomo Candra et al. (2014) ~10.7308 12325 443241 0.9225

et al., 2006) use assumption that

Dis zero Sungkono and Warnana (2018)  9.09+0.20 025+0.04 1.15+0.13 5521+1.59 0.8+00
Proposed algorithm 31.47+2694  0.03+0.27 1.99+047 33.57+8.83 1.29+0.25
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Fig.9 Field example of the Weiss a
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The LUSI embankment is an earthfill dam which was built on
the alluvium. The embankment is used to resettle the results of
mud erupted. High rates of mud eruption cause deformation
and piping. The deformation can cause differential settlement
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and crack in the LUSI embankment (Sungkono et al., 2018,
2014). Rozycki et al. (2006) point out that some kinds of em-
bankment failures can be modeled as idealized bodies. For ex-
ample, piping can be represented by cylindrical bodies, internal
erosion can be modeled as a sphere or point source, and differ-
ential settlement in the dam creates horizontal fractures.

Histograms of marginal distributions of individual parameters
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Fig. 10 Uncertainty model parameters of Weiss anomaly
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Table 4 Compared result of proposed algorithm and the others for inverting SP data from Weiss anomaly

Models K (@mV) D (m) h (m) O (deg) q

Ranges of BHA —700,000 to 0 100 to 100 0-100 —180 to 180 0.3-1.8
Yiingiil (1950) 53.8 40 1.5
Bhattacharya and Roy (1981) 54 30 1.5
El-Araby (2004) —6256.8 0 43.37 35.89 1.464
Sungkono and Warnana (2018) —2,698,048.70 +193,291.43 4.76 +0.50 48.06+0.38 33.19+0.67 1.59+0.01
Proposed algorithm —3,305,940.12 + 1,235,956.82 3.79+6.54 50.40+4.67 33.46+8.32 1.61+£0.06

The SP profile measured in the LUSI embankment at P79
to P82 was intended to identify leakage position correlating to
the 2D direct resistivity and VLF-EM methods (Sungkono
et al., 2018). The SP data have been used to verify robustness
of black hole algorithm (BHA) (Sungkono and Warnana,
2018). The leakage position in this site is not only controlled
by subsidence but also affected by fluid pressure upon the
embankment. The leakage is able to flow fluids through pores
and fractures (Husein et al., 2014; Sungkono et al., 2014). The
LUSI area is also controlled by two faults systems, namely,
Watukosek fault and Siring fault. SP anomaly acquired in this
site is shown in Fig. 13a which indicates that the SP anomaly
originates from more than two anomalies.

Sungkono and Warnana (2018) have analyzed the SP data
using four sources anomalies. The search space of model pa-
rameters used in the FPA inversion is demonstrated in Table 6.
A broad range of values has been chosen to encompass all
parameters. The population and iteration numbers used in the
inversion process are 200 and 1500, respectively. The inversion
results using the proposed algorithm with four and five bodies
are shown in Table 6 together with other different approaches.
The observed SP data is compared with the calculated model
response for four (dashed lines) and five (solid lines) bodies in
Fig. 13a. The misfit of five anomaly bodies is 6.48, which is
less than interpreting four anomaly bodies (misfit of 9.81).

Table 6 is the inverted model parameters for LUSI anomaly
using FPA and BHA approaches, while Fig. 13b and ¢ shows the
subsurface structure for four and five bodies, respectively. The
results show that the positions of four anomalies for both FPA
interpretations are similar. Furthermore, Table 6 shows that the
shape factor value for all anomalies (q = 1) can be interpreted as
horizontal cylinders. Because the LUSI embankment thickness is
around 15 m (Laby et al., 2016), the horizontal cylinders of the first
to second anomalies (i.¢., anomaly 1 and 2) may well be caused by
mud flow (LUSI eruption results) movement through the LUSI
embankment, known as seepage, through the embankment body

as descripted in Rozycki et al. (2006). The horizontal cylinders
seem to represent horizontal fractures in the embankment.

The central depths of the third and fourth anomalies
appear to be deeper than the first and second anomalies.
These anomalies may be in the form of horizontal frac-
tures containing fluid as an effect of high subsidence in
this site (Husein et al., 2015). Although the central
depth of both anomalies is supposedly located under-
neath the embankment, the fracture saturation may have
also hit the embankment. This prediction is supported
by the presence of fluid saturation at the bottom of
the embankment around where the anomaly bodies are
located (Sungkono et al., 2018).

Effectiveness of FPA

Global optimization methods (GOMs) are highly potential in de-
termining the model parameter of multiple SP anomalies, which
are highly nonlinear and multimodal. Several GOMs are used to
invert multiple SP anomalies, including genetic—price algorithm
(GPA) (Di Maio et al., 2019), whale optimization algorithm
(WOA) (Abdelazeem et al., 2019), PSO (Monteiro Santos,
2010), BHA (Sungkono and Warnana, 2018), and very fast sim-
ulated annealing (VFSA) (Sharma and Biswas, 2013). The algo-
rithms are classified into two parts, including population-based
algorithms (PBA) (GPA, WOA, PSO, BHA) and Monte Carlo
based (VFSA). FPA also includes PBA.

The computational time of FPA is generally described by
multiplication between population sizes and number of itera-
tions (number of forward modeling), in which BHA has larger
than the others. Moreover, using the interquartile of objective
function curves, BHA shows more exploration than FPA.
Consequently, FPA is more effective and efficient than BHA
for providing PDM of SP data.

Table 5 Compared result of proposed algorithm and the others for SP data inversion from Sawoo anomaly

Parameters K (mV) D (m) h (m) 0 (deg) q

Ranges for BHA 1000 to 1000 0-30 0-100 0-180 0.1-1.9
Sungkono and Warnana (2018) 163.39+75.80 12.01+0.62 11.93 +£0.85 82.07+£4.36 1.14+0.10
Proposed algorithm 504.99+315.01 12.94+2.35 15.64+3.32 91.04+2.19 1.29+0.12
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The performance of FPA is mainly controlled by a  WOA for inversion of SP anomalies. The efficiency of
parameter, i.e., interaction probability, which is less than FPA compared to PSO, GPA, and WOA is equal be-
the number required in PSO, GPA, and WOA that each cause the computation times of the four algorithms are
requires three, two, and one parameters, respectively. It  similar, while the affectivity of four algorithms depends
means that it is easier to tune parameters using FPA and  on its parameter.

Histograms of marginal distributions of individual parameters
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Fig. 12 Uncertainty model parameters of Sawoo anomaly
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Furthermore, affectivity and efficiency of FPA are
compared with VFSA. The performance of VFSA is cor-
related to two parameters (Sharma, 2012). Consequently,
the VFSA is more complex than FPA in tuning parameters
for the inversion process. However, VFSA only requires
one move (one population) for each iteration. In order to
find the global optimum and to provide PDM, thousands
of iterations are needed in the VFSA. Consequently,
VFSA is competitive with PBA.

1 1 1 1
100 150 200 250 300
Conclusion

Flower pollination algorithm (FPA) has been proposed to pro-
duce PDM for single and multiple SP anomalies. The approach
has been verified through some synthetics and fields studies
which show that the method is capable of delivering PDM of
SP data with assumed models with spheres and cylinders. The
results obtained from field anomalies (viz., metallic drum, Weiss,
and Sawoo anomalies) showed comparable results to those by

Table 6 Compared result of proposed algorithm and others for SP data inversion from LUSI anomaly

Number of bodies Anomalies K D h 0 q
Four bodies Ranges parameter Body 1 700 to 0 0-75 0-80 0-180 0.3-1.8
Body 2 700 to 0 75-110 0-80 0-180 0.3-1.8
Body 3 0 to 900 150-215 0-80 0-180 0.3-1.8
Body 4 700 to 0 200-300 0-80 0-180 0.3-1.8
Sungkono and Body 1 412.99+4.47 46.46 +0.60 16.16+0.35 104.07 +1.85 1.06 +0.00
Warnana (2018) Body 2 386.59+11.10 99.69+0.39 15.76 £0.59 85.88£2.88 1.14+0.01
Body 3 480.60 +27.95 154.93+0.76 25.61+0.36 140.23 +£2.02 1.01+£0.01
Body 4 563.42+10.49 268.04+2.10 18.93+£0.43 103.75+6.47 1.10+0.00
Present study Body 1 470.95+120.37 45.544+3.65 15.23+£2.34 100.90 +15.47 1.12+0.07
Body 2 250.34+122.90 101.74+4.40 14.29+3.76 97.73 £23.83 1.12+0.09
Body 3 478.29+£127.68 151.40+1.71 22.07+3.13 130.62 £6.53 1.03+0.06
Body 4 413.69+182.87 269.49+7.38 20.65+2.53 107.50+20.68 1.02+0.07
Five bodies Ranges parameter Body 1 700 to 0 0-75 0-80 0-180 0.3-1.8
Body 2 700 to 0 75-110 0-80 0-180 0.3-1.8
Body 3 0 to 900 130-215 0-80 0-180 0.3-1.8
Body 4 0 to 900 150-230 0-80 0-180 0.3-1.8
Body 5 700 to 0 200-300 0-80 0-180 0.3-1.8
Present study Body 1 —612.44 +166.94 44.10+1.79 19.41+£5.44 82.95+10.57 1.06+0.05
Body 2 —411.47+107.94 90.07 £7.67 20.66 +4.41 20.82+39.91 1.03+0.14
Body 3 812.98 +121.69 143.46+£2.61 32.27+£5.94 108.00+7.67 0.98+0.05
Body 4 681.77 +283 216.83+2.52 26.25+£5.92 82.49+11.47 1.15+0.08

5

—465.83+131.50

291.32+11.69

26.80+5.79

170.96 £29.73

0.92+0.04
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other inversion algorithms. The SP anomaly acquired in the
LUSI area shows more than three SP sources, which fits with
the real conditions of four SP sources existing at different depths
and locations. The results from the proposed method are also
accurate to the geological information for the survey area.
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1: Initial parameters with switching probability p € [0,1]

2: Initialize the randomly generated population within its upper and lower bounds.

3: Calculate objective function of pollen using Eq. (5)

4: Find the best solution gbest in the initial population

5: while t<tmax // tmax denotes maximum of iterations

6:  for i=1 to Npollen do // Npollen indicates number of pollen

7: if rand(1)< p

8: determine global pollination move using Eq. (2)

9: else

10: calculate local pollen using Eq. (3)

11: end if

12: Estimate the objective function for new solution using Eq. (5).

13: Update solutions using greedy selection // Eq. (4)

14: end for
15: find the current best solution gbest

16: end for
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