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ABSTRACT

The economic management of surface and groundwater resources is a significant issue in the world.
In today’s industrial societies which increase the number of various pollutants is considerable, the
existence of a monitoring network with appropriate station locations is essential for surface water.
Because water quality monitoring of each station is expensive, the number of stations should be opti-
mized, and also the collected data should be represented the water quality in surface water. First,
we applied Strahler stream order to classify Mond Basin river and then used the genetic algorithm
to optimize the number of existing stations in the river, which is located in Fars and Bushehr (Iran),
using existing water quality data of 16 stations to reduce the number of monitoring stations. Based on
Strahler ranking method, station 12 (Dahrom) with rank 4 had the maximum pollution index includ-
ing 77.61 for the drinking usage and 82.95 for irrigation usage and the stations, which are located on
rank 4 rivers had the maximum pollution index in various combinations of stations with 197.88 for
irrigation and 232.49 for drinking uses. For irrigation, existing water quality monitoring stations can
be reduced from 16 to 12 and for potable water, the number of stations can be reduced from 16 to 11.

Keywords: Mond Basin River; Genetic algorithm; Optimization of monitoring stations; Strahler number

1. Introduction

Water quality monitoring of surface water is a signifi-
cant element of water resource management which deter-
mines temporal and spatial variations of physical, chemical,
and biological properties of surface water. The selection of
appropriate monitoring stations helps to achieve suitable
locations for monitoring stations, which leads to a decline in
uncertainty in the value of water quality data. Therefore, the
study of the appropriate selection of water quality stations
is vital.

Nowadays, water quality monitoring and water resources
optimization have been carried out by various researchers

* Corresponding author.

which some of the water quality studies explained: Li et al.
[1] indicated water usage of the riparian woodlands was
low and similar in an arid area, and they proposed the long-
term plant adaptation to the local weather and conditions of
water obtainability. Yin et al. [2] indicated that temperature,
pH, nitrate-nitrogen (NO,-N), and total phosphorus are the
most important abiotic factors affecting biological pollution
distribution. Jafarabadi et al. [3] indicated the key sources
of the contamination in the Persian Gulf were fuel and oil
combustion mostly from offshore petroleum exploration
and extraction, releasing of contamination from shipping
activities. Yu et al. [4] described that plant water usage is the
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consequence of long-term adaptation to local climates and
water obtainability.

The location of river water quality monitoring stations
depends on monitoring objectives and the number of sam-
ples collected for each station as well as the funding avail-
able for monitoring [5] and [6]. The design of a water quality
monitoring network is a repetitive-based approach so that
an existing network must be reviewed again after certain
periods based on changes in environmental requirements
and objectives for water resources management. In recent
years, regarding rising monitoring costs, approaches have
been taken to reduce the number of stations and optimize
their numbers [7]. Different mathematical methods are avail-
able for optimizing river quality monitoring stations, such
as dynamic method, multivariate decision-making method,
and genetic algorithm. We applied a genetic algorithm in
this study and reviewed historical studies using this method.

Ritzel et al. [8] used a tournament selection method in
a genetic algorithm to design a multiobjective groundwa-
ter quality monitoring system. Karpouzos et al. [9] used
genetic algorithm research to achieve reliable water quality
and could solve the inverse problem in hydrogeology. Icaga
[10] carried out on the Gedi River with genetic algorithm in
Turkey, optimized the number of quality monitoring sta-
tions by using other parameters such as population living
around the river, the area under cultivation, biological data,
and the impact of the point and non-point pollution sources
of the river. Park et al. [11], using Geographic Information
System (GIS) and integrating that with the genetic algo-
rithm, designed a water quality monitoring network on the
Nakdong River and found the exact location of the quality
monitoring stations. Karamouz et al. [12] designed a water
quality monitoring network on the Karun River in the south-
west of Iran. They used an optimization model based on
the genetic algorithm and a combination of the developed
Keriging and analytic hierarchy process (AHP) methods.
Lee et al. [13] proposed optimal water quality monitoring
sites on the Logan and Albert Rivers Network (in the United
States) using the new method of combining the cost func-
tion with the genetic algorithm. They indicated that using
the similarity between the cost function and topographic
features such as the number and length of the divided inter-
vals of the rivers (distance between stations); it is possible to
find the optimal positioning of the stations. Liyanage et al.
[14] evaluated the number of the Kelani River monitoring
stations in Sri Lanka using optimization methods such as
multi-objective analysis and the genetic algorithm for select-
ing quality control stations in places.

Both accurate locations of water quality monitoring sta-
tions and choosing proper physical, chemical, and biological
parameters are significant for water quality management in
point of view of the quality of water usage and economic of
monitoring station selection. Therefore, this study aims to
optimize the number of existing water quality monitoring
stations in the southern Fars province and Bushehr province,
Mond River basin, (Iran) by using the genetic algorithm.

1.1. Study area

Mond basin rivers are located in the south of Fars prov-
ince and Bushehr province with an area of 47,654 km?, Fig. 1 [15].

This basin consists of the main Mond River; the most
important feeders are Qareaghaj, Shour Jahrom, Firouzabad,
and Shour Dahrom rivers. The main body of the Mond River
is established by connecting Qareaghaj and Shour Dahrom
rivers. Then, by connecting other branches to the main body
of the Mond River, the mainstream discharges to the Persian
Gulf [16].

The average annual rainfall in the long term period in
the total basin area is about 307.5 mm. The total evapora-
tion rate in all areas of the study zone increased, and it is
maximum around low-lying beaches, but the average annual
evaporation rate is variable, and it is between 2,131 and
3,975 mm [17] and [18].

In this basin, 30 water quality monitoring stations have
been installed since 1966 but some of them are deactivated.
Information on stations was collected from Iran Water
Resources Management Company and Water Resources
Company of Bushehr and Fars Provinces. Fig. 2 shows the
hydrometric stations of the Mond River basin. We selected
16 active stations to study the water quality of rivers and the
name and information of them listed in Table 1. The reasons
for selecting these 16 stations are: (1) these stations are active
until the end of the water year 2011-2012. (2) In these sta-
tions, the physical and the chemical water quality data were
available, which overlap over 20 y (the water year 1991-1992
to 2011-2012). Thus, the study of quality and evaluation of
the number of stations is based on a period of 20 y.

2. Materials and methods

We optimized some water quality monitoring stations
by using a target function based on the pollution index, and
the genetic algorithm optimization method. Similar to the
work of Icaga [10], Cetinkaya and Harmancioglu [7,19], an
index formed based on maximizing the values of the param-
eters. However, we used physical and chemical water quality
parameters of each station to generate the pollution index.
First, according to the existing physical and chemical water
quality parameters, including total dissolved solids (TDS),
sulfate (SOZ), chloride (CI), sodium cations (Na*), calcium
(Ca?"), magnesium (Mg?), acidity (pH), sodium absorption
ratio, and electrical conductivity (EC) for drinking and irri-
gation usage, and based on standard guidelines 1053 (Iranian
standard), and Food and Agriculture Organization, the effec-
tive pollutant parameters identified in different stations and
was selected for forming pollution index. According to the
mutual effect of sodium, calcium, and magnesium cations
on the sodium absorption parameter and to avoid duplicate
effects of parameters, only sodium absorption parameter was
considered for irrigation usage. Also, according to direct rela-
tions between TDS and EC and to avoid duplicate effects of
parameters, only EC was considered for irrigation usage.

2.1. Standardization and data harmonization

Before starting the calculation, the various inputs and
parameters that were measured in different units, for mea-
surement, comparison, and calculation should be standard-
ized. Then, the elements of the transformed indices measured
without a dimension [20]. Rolim da Paz et al. [21] standard-
ized data and limited them to range 0.1-0.9 by using Eq. (1).
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Table 1
Name and location of selected stations in the Mond basin

No Name of Station Province Main river River Latitude Longitude Height (m)
1 Khanzenian Fars Qareaghaj Khatiri 29-40-00 52-09-00 1,940
2 Band Bahman Fars Qareaghaj Qareaghaj 29-12-00 52-34-00 1,620
3 Aliabad Khofar Fars Qareaghaj Qareaghaj 29-00-00 53-03-00 1,349
4 Borak Fars Qareaghaj Simkan 28-38-00 53-08-00 876
5 Tang Karzin Fars Qareaghaj Qareaghaj 28-29-59 53-07-44 760
6 Sarvo Fars Shour Jahrom Shour 28-28-00 53-45-00 1,370
7 Baba Arab Fars Shour Jahrom Shour Jahrom 28-34-00 53-45-00 1,095
8 Hokan Fars Shour Jahrom Shour Jahrom 28-36-00 53-18-00 933
9 Hanifghan Fars Firuzabad Hanifghan 29-06-16 52-33-45 1,585
10 Tongan Fars Firuzabad Firuzabad 28-54-42 52-32-18 1,376
11 Dehroud Fars Firuzabad Firuzabad 28-36-59 52-33-45 903
12 Dahrom Fars Firuzabad Shour Jahrom 28-26-54 52-18-31 384
13 Dejgah Fars Mond Mond 28-11-35 52-23-00 222
14 Galou Bardekan Bushehr Mond Riz 27-54-00 52-14-00 540
15 Baghan Bushehr Mond Baghan 28-14-00 51-22-00 83
16 Qantareh Bushehr Mond Mond 28-15-00 51-51-00 70
We used this method to standardize data because of the effect  Table 2

of all parameters in the generation of a pollution index.

= X-X
X=0.1+0.8x ——min_ 1)
X ax_Xmin

where X = standardized value, X = value of data, X
= minimum value of data, and X _=maximum value of data

X

2.1.1. Importance and weighting of parameters

The other innovation in this study is to find out the rel-
ative importance of selected parameters of drinking and
irrigation water. We used the paired matrix, a method based
on the AHP introduced in 1980 [22], and we sent a question-
naire to 15 experts. For parameters C, C,, ...... , C,, a paired
matrix was formed according to Egs. (2) and (3), then they
were asked to fill the matrix with either relative importance
parameters or relative Preference parameters [23-25].

paired matrix C, C, - C,
Cl all alZ aln
A=[a]ij=12,.n= o a, a, a, |A
Cn arll anZ t aml
2)
1 .
a;=—-: for i=then a; = 1 3)

a.
ji

where g, is the preference of i, element related to the j, ele-
ment, was sorted based on Table 2. When the paired matrix

Verbal preference and relative importance of parameters relative
to each other [23]

Preference (verbal judgment)

Extremely preferred
Very strongly preferred

9

7

5 Strongly preferred

3 Moderately preferred
1 Equally preferred

2 Shows midway values

(value 8 indicates the value of >7 and <9)

was formed according to Egs. (4) and (5), we used a geometric
mean to calculate the weight of each parameter, which is an
approximate method with faster and lower error calculations
[23] and [26].

n
Ay XA, X...Xa,,

. —[HaJ - @

n
ﬂm ><a”2><...><am

W=— (5)

1 n

2

By checking the rate of decision compatibility, we can
trust the model easily. Inconsistency index (I.I.) by Eq. (6)
and inconsistency ratio by Eq. (7) were calculated. Table 3
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Table 3
Inconsistency Index of Random Matrix

Matrix dimension (1)

O 0N U R WN R
=
—
N

—_
o
=
o~
[6)]

indicates the value of the inconsistency index of random
matrix (ILR.) for the paired matrix. The maximum value
of the consistency rate is 0.1. If this value is >0.1, the
decision-maker will revise his judgments. But if it is <0.1, it
will be acceptable.

A -
1l= PArmax 1 (6)
n-1
11
IR=—— 7
LIR @)

where A =Maximum Eigenvalue of matrix A; 7 = Dimension
of paired matrix.

2.2. Estimate values of pollution index for each station

We used SU.W as standard data, and [, data being
uniform in the i  station that j(i) is a counter index of the
i,, station. Based on the importance of the parameter in
comparison with each other and according to drinking and
irrigation usage, we used the relative weight of parameters
in Eq. (8) [7,19].

Iy
TS, = YW, xSU,,, @®)

=1

where TS].(I) = Value of pollution index for drinking and irri-
gation usage; I, = number of parameters in the station I;
W, = relative weight of parameter i.

First, we classified stations and involved each classifi-
cation to decision steps. Then, the objective function was
calculated for entering to optimization models.

The classification of stations is based on the ranking of
the rivers in which stations are located. We used Strahler
Number to the ranking of Mond Basin rivers and the clas-
sification of stations. This number is known as the rivers
category. With this method, we ranked all the branches of the
river. The river-level number at the center point represents
the full extent of the river network in the upstream basin of
that point. So that, at the end of waterways, the magnitude

or rank of the final section of the waterways network is an
equal sum of rank, previous waterways and contains total
pollution of the network [27].

2.3. Estimation of objective function values for stations with
various combinations

The estimation of objective function requires a pollu-
tion index of both irrigation and drinking water. To do so,
we added subcategory subscript k to parameters [SU, | and
[TS].(i)], to use in optimization models. Then, for each station
in subcategory (k), the sum of standardized data [SU].(i)kl], is
represented in Eq. (9), according to the weight of data for
drinking water and irrigation water with [TS ] or value
index of each station. The Value of each T, (number of the
remaining stations that required) is necessary that we deter-
mined the number of stations was selected in subcategory
k (R)). Accordingly, the stations with the maximum sum of
standardized data [SU].(,.)H], were selected. For each station in
each primary subcategory (k), the sum of normalized data
[SU. . ], is shown by TS,

JOkT JKI*

IN
TSj(i)k = ZVVI x SUf(i)l ©)

=1

where [, =number of parameters in station i and subcategory
k, W, =relative weight of parameter [, j(i) = parameter number
of stations in primary subcategory k of stations.

Using Eq. (9), we obtain the total value of parameters in
primary subcategory k and i, station. In each primary sub-
category k, there are different choices for stations depending

on R, and the value of TS}W which is different in each station.

MTS, ), =MaxTS, (10)
After determining T, , we choose R, with maximum
MTS, .
ik
N R
SMTS = Max;;MTSm)k (11)
Limitation of problem parameters are as below:
N
>R, =TR, 0<R <TR, (12)

k=1

0<j(@) <R, j@i) #jh), I#h

The aim was to find out a combination of stations, which
has maximum MTS,_ correspond to the clear value of T,
Therefore, similar to Eq. (11), objective function will have two
dimensions, and we used the genetic algorithm method to
solve the objective function [6,7].

2.4. Using a genetic algorithm to select the monitoring station

In this method, each problem answer is like a chromo-
some, and each decision variable acts as genes within the
chromosomes. Each chromosome includes N genes, and
each N determines the number of stations that correspond
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to each subcategory of stations network rivers. In this study,
the value of each gene is the maximum number of stations in
each category or subcategory. Genetic algorithm method can
be schematically illustrated in five stages, which is indicated
in Fig. 3 [10,28,29].

First, we need to define strings of chromosomes as the
population of the problem. As indicated in Table 4, there is
a chromosome with n genes, according to our problem, each
subcategory for the stations and then our decisions namely
the stations fit into each gene.

Then, we have numeric strings as chromosome, which
sum of these numbers represents the total number of
remaining stations.

N
Total number of required remained stations = Z(L],)
j=1

(13)

On the other hand, each L. represents the cumulative
value (amount of index) of stations in each subcategory
(Table 5).

Now, we check objective function which is SMTS. We
maximized Eq. (14).

Lk
f(i)=SMTS = Max iZMTS].(,.)k (14)

k=1 i=1

where i = No. i, population, N = No. of subcategory, MTS,
= value (amount of index).

After selecting some chromosomes as an initial popu-
lation, we computed the fitness function. Fitness function
(objective function) by entering MTS,,, or maximized value
of different stations combinations for drinking water and
irrigation water to calculate the sum of maximum values
MTS,, in each subcategory with MATLAB software and
this result is called chromosome fitness [30] and [31]. Each

chromosome, which had better fitness, as a new generation
goes to the crossover stage for crossover [32]. We produced
new chromosomes by crossover and mutation and then cal-
culated their fitness until the maximum fitness was obtained
by iteration and iterate for other generations. Max [f(i)] is the
optimal answer to the problem [33,34].

If Fig. 4 is the exhibitor of the gene number or decision
variable, we must determine the crossover point, and the
number of crossover points can be n, — 1. We displaced
parent’s genes from the crossover point [33,35].

Several children, which can be obtained through cross-
over can be determined from Eq. (15) [34].

nc =2xround| P, x PPsize (15)
¢ 2

where pop, = n of population or initial chromosomes,
p, = crossover rate (%).

Round function in MATLAB R2015a software rounds the
given number to the closest integer.

The number of chromosomes that will be mutated is
determined by Eq. (16) [34].

nm= round[Pm X po?‘“} (16)
Table 4
A chromosome and the placement of its genes
kl k2 k3 krt
L1 LZ L3 Lvl

L, = The remain stations in each subcategory, k;= Subcategory of
Stations in a network of rivers

Initial population

Fitness Function

Selection

Crossover

Failure to achieve|the best result:
Repeat|steps

Mutation

Final generation

End

Fig. 3. Genetic algorithm steps.



G. Asadollahfardi et al. / Desalination and Water Treatment 192 (2020) 97-110 103

Table 5
Value or amount of index for each stations combination in each subcategory

L, K1 K2 K3 K4 K, K,

1 MT1.1 MT2.1 MT3.1 MT4.1 MTSN-1.1 MTSN.1

2 MT1.2 MT2.2 MT3.2 MT4.2 MTSN-1.2 MTSN.2

3 MT1.3 MT2.3 MT3.3 MT4.3 MTSN-1.3 MTSN.3

N-1 MT1.N-1 MT2.N-1 MT3.N-1 MT4.N-1 MTSN-1.N-1 MTSN.N-1

N MTI1.N MT2.N MT3.N-1 MT4.N MTSN-1.N MTSN.N

Nygr — 1
1 | 2 | 3 | 4 | =5 6 7 8 | | e

Fig. 4. Location of crossover point for crossover operation.
where P, = mutation rate 3. Results

These calculations would be iterated until the obtaining
of the best population or optimum answer [31].

2.5. Some suggested stations for waterway network

The problem is to determine the station’s combination
with the more pollution index and the aim of optimizing
is to realize the number of stations which finally would
be remained in the system. After defining a maximization
objective function (SMTS) for each T, in genetic algorithm
parts, a maximization problem would be solved separately.
For example, for each station category listed in four subcat-
egories (k, k,, k,, and k), the most critical station’s combina-
tion is selected according to an objective function for 4-16
(16 is the total number of stations examined) remaining sta-
tions. After finding the critical combination, we reduced the
number of stations by the same methods of Cetinkaya and
Harmancioglu [7]. In each category value of the objective
function or value of the total index (SMTS) was estimated
for any number of the remaining stations in the network (for
example, for four categories, T =4-16). Then, the objective
function difference values (DSMTS) were calculated accord-
ing to Eq. (17) for two consecutive stations and by plotting
DSMTS (vertical axis) vs. some stations (horizontal axis) the
number of proposed stations was judged.

The number of suggestion stations is a number which
after that number, the difference between DSMTS and vari-
ation of the objective function is very low and negligible. As
a result, after that number of stations by adding a new sta-
tion to the network, the changing of the objective function is
negligible. The number of proposed stations is the minimum
number required for the network [7].

ASMST = SMST,

i+l

—SMST, 17)

where i = subscript of station number

3.1. Classification of stations

Stations classification was carried out after rivers were
ranked by maps and layers of Mond Basin through ARC GIS
version 10.3(2014) software.

Fig. 5 presents the rank of rivers by using the Strahler
and ARC GIS methods and selected stations on the network
of rivers.

According to Table 6, stations are separated into five
subcategories (k—k,) based on the rank of rivers in which
stations are located on them.

Based on Table 7, totaling three categories for the stations
were generated and considered. Each category or subcate-
gory should have at least one monitoring station. In the first
category, since just one station is located on river rank 2, the
stations which are located on river rank 2 and river rank 3
are contained in one subcategory (K1) together. The stations
which are located on river rank 4,5, and 6, are contained in
subcategory K2, K3, and K4 respectively. In the same way,
for the second and third classification, subcategories and
stations that are located on them are separated.

3.1.1. Calculation of objective function for various
combinations of stations

To calculate the objective function of each station in each
subcategory (k), the sum of standardized data [SU,,, | was
determined according to the weight of data for drinking and
irrigation usage through TS, or index value of each station.
Table 8 indicates the index of) pollution for drinking and irri-
gation usage.

To calculate MTS,,, or maximum value of various com-
binations in subcategories, according to the value of TS in
Table 7 (Station classification) and Table 8 were determined.
Table 9 indicates the values of MTS_  for 1st classification

(i)k
(subcategories K1, K2, K3, and K4). !
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Ranking rivers of Mond Basin by Strahler method.

Table 6
Stations classification according to the rank of rivers

Subcategory Description Number Station No. of stations
K1 Stations are located on rank 2 rivers 1 Sarvo 6
K2 Stations are located on rank 3 rivers 1 Khanzenian 1
2 Borak 4
3 Hanifghan 9
K3 Stations are located on rank 4 rivers 1 Band Bahman 2
2 Aliabad Khofar 3
3 Tongan 10
4 Dehroud 11
5 Dahrom 12
6 Galou Bardekan 14
7 Baghan 15
K4 Stations are located on rank 5 rivers 1 Tang Karzin 5
2 Baba Arab 7
3 Hokan 8
K5 Stations are located on rank 4 rivers 1 Dejgah 13
2 Qantareh 16

Then, after calculating the MTS,

o i each subcategory,

through determining T, (number of stations which will
remain in the system), our choice is R, (number of selected
stations in each subcategory), which has a maximum sum
value of MTS,, (or SMTS). To obtain the value of an objective
function or total value of stations, we used the genetic algo-
rithm method.

3.2. Choose sampling stations through genetic algorithm

Calculations were performed by using the value of TS,
or value index of each station (Table 8) for different usage
and category of each station (Table 7). In solving problems by
genetic algorithm method, we selected station combinations
in each subcategory “k” (each subcategory calls a Gene) until
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the last subcategory, so that sum of MTS, |, or maximum value
of different stations combinations or that objective function
(SMTS) or Total final value (fitness target) for k, step, was
determined according to drinking and irrigation usage.

3.2.1. The operational process of choosing stations by using
genetic algorithm method and MATLAB software for first
stations classification [four subcategories (K)]

To begin operational by using the genetic algorithm, the

values of MTS].(,.)k or the maximum value of different station

Table 8
Values of TS, or value index of each station for different usage

No. station TS]W (Drinking usage) TSj(i)k (Irrigation usage)
1 26.86 16.42
2 21.16 16.39
3 20.42 15.42
4 28.57 20.71
5 21.91 20.18
6 23.41 19.81
7 41.86 30.45
8 39.88 32.42
9 18.27 13.70
10 19.03 14.31
11 27.32 20.58
12 77.61 82.95
13 48.27 35.52
14 30.18 21.92
15 36.76 26.33
16 71.72 65.77
Table 9

combinations in the first category is needed. By rewriting the
value MTS, , from Table 9, we began choosing the process by
the genetic algorithm method (Table 10).

This algorithm was written by MATLAB software (version
R2015a, 2015). Tables 11 and 12 indicate the results of coding
for T, =4-16 [we had four subcategories because at least one
remaining station in each subcategory (k) must be selected].

Table 12 presents the final results of the remaining
combinations in the network for drinking usage. By using
the value of MTS, (Table 10) and the same method, select
stations for irrigation usage for the first category.

3.2.2. Some suggested stations for Mond Basin Network

The values of the objective function (SMTS) or total value
index, based on Ty, are plotted in Figs. 6a and b for irrigation
and drinking usage. The objective of our study was to deter-
mine the minimum number of a combination of stations in
the basin, which remind from the total number of stations.
For this purpose, first, the incremental trend of indicators
presents with the increasing number of stations in the net-
work and then, the number of stations is judged according to
the difference of indicators. As the figures show if T value
increase, drinking and irrigation indicators value or target
function value (SMTS) increase too.

Now, we plot Figs. 7a and b, which indicates the differ-
ence for every two consecutive stations (ASMTS = SMST,, -
SMST) for irrigation and drinking usage in each three sta-
tion classifications. Based on Fig. 7a for irrigation usage,
after T, = 8 the behaviors are similar and trends converge.
This convergence will continue till the end. Therefore, after
this number of stations, we can make decisions about the
number of remaining stations and as it is clear, the maxi-
mum difference index value belongs to a combination of 11
and 12 stations. So that after 12 stations, with adding any

Values of MTS,,, or maximum value of various combinations for different usage in first subcategories

Subcategory (N, a)a: 0 — R, Irrigation usage Drinking usage
k=1:N=4 Stations combinations MTSl,(i)k Stations combinations MTS/.W(
R;k=1;,P,=4 1 r(1,1) 4 20.71 4 28.57
2 r(1,2) 64 40.52 4-1 55.43
3 r(1,3) 6-4-1 56.93 6-4-1 78.84
4 r(1,4) 9-6-4-1 70.63 9-6-4-1 97.11
R;k=2;P,=7 1 r(2,1) 12 82.95 12 77.61
2 r(2,2) 15-12 109.28 15-12 114.37
3 r(2,3) 15-14-12 131.19 15-14-12 144.56
4 r(2,4) 15-14-12-11 151.77 15-14-12-11 171.87
5 r(2,5) 15-14-12-11-2 168.16 15-14-12-11-2 193.04
6 r(2,6) 15-14-12-11-3-2 183.57 15-14-12-11-3-2 213.46
7 r(2,7) 15-14-12-11-10-3-2 197.88 15-14-12-11-10-3-2 232.49
R;k=3;P,=3 1 r(3,1) 8 32.42 7 41.86
2 r(3,2) 8-7 62.87 8-7 81.74
3 r(3,3) 8-7-5 83.05 8-7-5 103.65
R;k=4,P =2 1 r(4,1) 16 65.77 16 71.72
2 r(4,2) 16-13 101.29 16-13 119.99
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Table 10

Values of MTS,;, or maximum value of various combinations for different usage

R, Irrigation usage Drinking usage
Stations combinations MTS}W Stations combinations MTS]W
K 1 4 20.71 4 28.57
2 64 40.52 4-1 55.43
3 6-4-1 56.93 6-4-1 78.84
4 9-6-4-1 70.63 9-6-4-1 97.11
K, 1 12 82.95 12 77.61
2 15-12 109.28 15-12 114.37
3 15-14-12 131.19 15-14-12 144.56
4 15-14-12-11 151.77 15-14-12-11 171.87
5 15-14-12-11-2 168.16 15-14-12-11-2 193.04
6 15-14-12-11-3-2 183.57 15-14-12-11-3-2 213.46
7 15-14-12-11-10-3-2 197.88 15-14-12-11-10-3-2 232.49
K, 1 8 32.42 7 41.86
2 8-7 62.87 8-7 81.74
3 8-7-5 83.05 8-7-5 103.65
K, 1 16 65.77 16 71.72
2 16-13 101.29 16-13 119.99
Table 11 Table 12

Stations combinations based on irrigation index and the number
of selected stations and values of the objective function (fitness)
for first category (four subcategories for each station)

Stations combinations based on Drinking index and number of
selected stations and values of the objective function (fitness) for
first category (four subcategories for each station)

Tex Stations combinations Fitness Tex Stations combinations Fitness
4 16-12-8-4 201.85 4 16-12-7—4 219.75
5 16-13-12-8-4 237.36 5 16-13-12-7—4 268.02
6 16-13-12-8-7-4 267.82 6 16-13-12-8-7—4 307.90
7 16-15-13-12-8-7-4 294.15 7 16-15-13-12-8-7-4 344.66
8 16-15-14-13-12-8-7-4 316.06 8 16-15-14-13-12-8-7-4 374.85
9 16-15-14-13-12-11-8-7-4 336.64 9 16-15-14-13-12-11-8-7-4 402.17
10 16-15-14-13-12-11-8-7-5-4 356.82 10 16-15-14-13-12-11-8-7-4-1 429.03
1 16-15-14-13-12-11-8-7-6-5-4 376.63 11 16-15-14-13-12-11-8-7-6-4-1 452.44
12 16-15-14-13-12-11-8-7-6-5-4-1 393.05 12 16-15-14-13-12-11-8-7-6-5-4-1 47435
13 16-15-14-13-12-11-8-7-6-5-4-2-1 409.44 13 16-15-14-13-12—11-8-7—65-4-9—1 495.51
14 16-15-14-13-12-11-8-7-6-5-4-3-2-1 424.85 14 16-15-14-13-19—11-8-7—6-5-4-3-21 515.94
15 16-15-14-13-12-11-10-8-7-6-5-4-3-2-1 439.16 15 16-15-14-13-17-11-10-8—7—6—5-43--1 53497
16 16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1  452.86 16 16-15-14-13-17-11-10-9-8-7-654 391  553.23

station, the added amount to final objective function (SMTS)
is ignorable. Then, the suggested optimal number of stations
(minimum number of stations) in-network for irrigation
usage is 12.

Based on Fig. 7b for drinking usage, after T, = 8 the
behaviors are similar and trends converge which this con-
vergence will continue until the end. Therefore, after this
number of stations, we can make decisions about the num-
ber of remaining stations and as it clear, after this number of
stations, the maximum difference index value belongs to a
combination of 10 and 11 stations. So that after 11 stations, by
adding any station, the amount of objective function did not
increase considerably. Then the suggested optimal number

of stations (minimum number of stations) in networks for
the drinking usage is 11.

4. Discussion

Comparison our study with Icaga [10], who studied in the
Gediz River in Turkey using the genetic algorithm method,
indicates that some of the water quality monitoring stations
can be optimized by using other parameters such as popula-
tion living around the river, the area under cultivation, bio-
logical data, and effect of point source and nonpoint source
pollution of rivers. However, we optimized some water
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Fig. 6. Incremental irrigation index (a) and drinking index (b) value based on the incremental number of the remaining stations in the

network for various classifications.

quality monitoring stations for drinking and irrigation usage
applying AHP, Strahler stream ordering and GIS methods to
find pollution index and then applied GA.

Comparison with Cetinkaya and Harmancioglu [7], who
investigated the Gediz River in Turkey, which reduced the
number of sampling stations by Dynamic Programming
Approach, demonstrated using simple division of the basin
with Sharp and Sanders methods for classification of sta-
tions. Therefore, in river systems based on waterways, first,
found the center of gravity of basin and generated several
subcategories through the division of basin according to the
center of gravity of the basin. But in our study, the classifi-
cation of stations was performed according to the location
of stations on various rank rivers that we computed pol-
lution index of the 16 monitoring stations using the AHP
and Strahler stream ordering method. Also, in a study on
the Gediz River, the other parameters were used such as the
impact of population centers, drained areas, a period of use
of stations and biological parameters, and heavy metals.

Results and the methods, which were used in our study,
were compared with [5] and [6]. That both studies were
related to the Sefid-Rud River network in the north of Iran
using a genetic algorithm. Our method of generating pollu-
tion index for making objective functions is different from
their method. We used average long-term physical and chem-
ical water quality data (20 y) to generating pollution index
which is a reliable criterion for judgment. However, in study-
ing on the Sefid-Rud river, 2 y period data and four samples
(with 6-month interval) were used to optimize several water
quality stations. Also, we applied a weighting method based
on the Paired Weighting method which is part of the AHP.
However, in mentioned studies, independent weighting for
goals was not used and instead of that, the weight of selected
parameters in previous studies was used. Also, a method
was presented to find the number of optimum stations, but
previous studies determined a fixed number of stations to
introducing a suitable number of the remaining stations in
the basin.
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Fig. 7. Difference irrigation index (a) and drinking index (b) value for each two remained consecutive stations in the network for
various classifications.

5. Conclusions

We achieved the following key results of the evaluation

of available samples of the Mond River basin stations and
using optimization method of genetic algorithm:

Based on the Strahler stream order ranking method, sta-
tion 12 with rank 4 has the maximum pollution index,
77.61 in terms of drinking usage and 82.95 in terms of
irrigation usage.

The Maximum pollution in various combinations of sta-
tions is related to the stations located on the rivers with
rank 4. The pollution index of irrigation water is 197.88
and the pollution index of drinking water is 232.49.
Reduction in the existing water quality monitoring sta-
tions from 16 to 12, in terms of irrigation usage, which
means cutting redundant findings for maintaining 20%
of the stations.

Reduction in the existing water quality monitoring sta-
tions from 16 to 11, in terms of drinking usage, which

means cutting redundant findings for maintaining 31%
of the stations.

By considering the combined effect of drinking and
irrigation approaches, at least 12 stations will remain
in-network such as station 16 (Qantareh), 15 (Baghan),
14 (Galou Bardekan), 13 (Dejgah), 12 (Dahrom), 11
(Dehroud), 8 (Hokan), 7 (Baba Arab), 6 (Sarvo), 5 (Tang
Karzin), 4 (Borak), and 1 (Khanzenian).
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