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2- Support Vector Machine

3- Artificial Neural Networks

4- Adaptive Neuro-Fuzzy Inference System
5- Support Vector Regression

6- Bayesian Networks
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Figure 1- Geographical location of the study area.
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Table 1- Numerical Values for Verbal Judgments in Pairwise Comparisons

Verbal Judgment

Numerical Value

Absolutely preferred/Absolutely more important/Absolutely more desirable 9

Very strongly preferred/Very strongly more important/Very strongly more desirable

7
Strongly preferred/Strongly more important/Strongly more desirable 5
3

Moderately preferred/Moderately more important/Moderately more desirable

Equally preferred/Equally important/Equally desirable
Intermediate values between adjacent judgments

1
2,4,6,8
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Figure 4- Maps of effective parameters in aquifer vulnerability assessment: a) Distance from fault,

b) Land use, c) Lithology, d) Average drop, e) Slope of table drop changes, f) Distance from river
g) Average groundwater level, h) Density of production wells in the aquifer.
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Figure 5- The weight of the selected criteria for locating using the hierarchical analysis method.

393000 405000

419000 426000

3125000 3130000
! .

3120000
L

. Very high priority

3110000 3115000

Very low priority

- Low priority

JHT- oo olazl 0 AHP (g, b glossline ol by (guiucs olgl -F S
Figure 6- Prioritizing the location of observation wells by AHP method in the
Shamil-Ashkara Aquifer.

O



EeF lino) 1P Ly 55lod oF 5ylod YA 5590

5 el SASD AlE e ] Condy
A JSs o hole sfas ) ceslial slool>
Gbols @l inl oolul el sk eslsples
Sl b laglSe jo g wigd B b cenlial
Sorte e LU (pl 05l S war slaoly i
oledbl cds Gl g Gl Al by
4 azg b oomizen b dalis oad gpleex
5 A sbanie (Glle 5 goladl sl
Sbb Sl ;0 Wb 5 el (5l

398000 405000

412000

GHPRATY

@ b (PGPS Sl ab anslio ipgs o5 s

(aiong 45d) (2L S0
S5 b S Qb)) lp e slaasl
ol oadoslolid Vo Ss jo IKaT- Lees lgsel
vz e sl GLole hiel (S0l
Jooz @mbs elal 2 oV Jguz) o aslns s
W12 W9 W7 slacl> 4 by Lol (0S¥
celin Sl Comdgn olSaus 5l 5 090 W16 4 W14
Bbla ol alols Jdoas bol> ol .aioss oL,
L oilaie SL pdg «ol mhw wod Ol b
3 el Sbles aledbl a4 sgaote g s

419000 426000

3130000
"

3125000

3120000
L

[ High priority
B Medium priority

3110000 3115000
. N

[ Very high priority
4 Very low priority

mm Low priority

DY ST- Jaosds ylgerl 58 cpmd (G aSd -V S
Figure 7- Thiessen network in Shamil-Ashkara Aquifer.
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Table 2- Average location scores in Thyssen networks in Shamil-Ashkara Aquifer.

Observation well number Average location score
w14 0.0972
w12 0.0996

w7 0.1001
w9 0.1075
W16 0.1126
w19 0.1159
W2 0.1240
w4 0.1425
w23 0.1478
w1 0.1591
W20 0.1600
w28 0.1600
w8 0.1744
W25 0.1754
w10 0.1806
W5 0.1814
w17 0.1817
W13 0.2037
w27 0.2100
W3 0.2161
w21 0.2178
W26 0.2244
w11 0.2309
w22 0.2316
W24 0.2359
w18 0.2397
W6 0.2501
W15 0.2593
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Table 3- Homogeneity test results using Pettitt method in minor wells

Well K T t  p-value (Two-tailed) Alpha
W7 117 734.00 48 <0.0001 0.05
W12 104 7716.00 128 <0.0001 0.05

W16 185 - - < 0.0001 0.05
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Figure 9- Data homogeneity status in study wells: (a) Well No. W9, (b) Well No. W7, (c) Well No.
W12, (d) Well No. W14, (e) Well No. W16.
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Table 4 (Part 1) - Correlation Coefficients of Wells in the Shamil-Ashkara Aquif.

W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11
w1 0.92%** 0.92%**  (0.92%**  (0.92***  (.91*** (0.92*%** (92*** (.92*%** (.92*** (.92***
W2 0.82%** 0.80***  0.82*** (0.81*** (0.81*** (0.83*** (0.82*** (0.82*** 0.81*** (0.80***
W3 0.90***  0.88*** 0.90***  0.89***  (0.90*** 0.91*** 0.90*** 0.90*** 0.90*** (.89***
W4 - -0.97*** - - - - - - - -

0.97*** 0.96*** 0.96*** 0.97*** 0.96*** 0.96*** 0.97*** 0.96*** 0.97***
W5 -0.44**  -0.41** -0.41**  -0.43** -0.42**  -0.46**  -0.44**  -0.44**  -0.43**  -0.42**
W6 0.91%**  (0.91*** 0.91%**  (0.92***  (.91*** 0.92%**  (0.92***  (0.91*** (.92***  (.91***
W7 0.28* 0.32* 0.31* 0.28* 0.31* 0.29* 0.28* 0.28* 0.29* 0.30*
w8 0.17ns 0.18ns 0.17ns 0.18ns 0.19ns 0.19ns 0.17ns 0.18ns 0.18ns 0.17ns
W9 0.19ns 0.19ns 0.20ns 0.21ns 0.20ns 0.18ns 0.20ns 0.20ns 0.20ns 0.18ns
W10 -0.16ns -0.12ns -0.12ns -0.15ns  -0.12ns  -0.14ns  -0.17ns  -0.16ns -0.15ns -0.13ns
W11 0.80***  0.79*** 0.79***  0.81*** (0.80*** 0.79*** 0.81*** 0.80*** 0.80*** 0.80***
W12 0.89***  0.90*** 0.90*%**  0.90*** 0.91*** 0.90*** (0.88*** (0.89*** (0.89*** (0.90*** (0.90***
W13 0.46** 0.47** 0.47** 0.47** 0.47** 0.47%* 0.46%* 0.46%* 0.46** 0.47** 0.47**
W14 0.76***  0.75%** 0.75%**  0.77***  Q.75***  Q.75*** Q. 77*** 0.77*** 0.76*** 0.76*** (0.75***
W15 0.94%**  (.94*** 0.94%**  0.94***  (0.94***  (.94***  (.94***  (94***  (94***  (.94*** (.93***
W16 0.80***  0.82*** 0.82*%**  (0.80*** 0.82*** (0.82*** 0.79*** 0.80*** 0.81*** 0.81*** (0.81***
W17 -0.32* -0.29* -0.30* -0.31* -0.29* -0.31* -0.33* -0.32* -0.31* -0.31* -0.32*
W18 -0.08ns  -0.08ns -0.08ns  -0.06ns  -0.06ns -0.08ns  -0.08ns -0.08ns -0.08ns -0.07ns  -0.10ns
W19 0.93***  (0.94*** 0.94***  (0.93***  (0.94***  (.94*** (0.93*** (0.93*** (0.93*** (.94***  (.94***
W20 0.93***  (0.94*** 0.93***  (0.93***  (0.94***  (.94*** (.92*** (.92*** (.093*** (.93*** (.93***
W21 0.15ns 0.18ns 0.18ns 0.15ns 0.18ns 0.17ns 0.13ns 0.14ns 0.15ns 0.16ns 0.17ns
W22 - -0.96*** - - - - - - - - -

0‘96*** 0‘96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96***
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Table 4 (Part 2)- Correlation Coefficients of Wells in the Shamil-Ashkara Aquif.

W12 W13 W14 W15 W16 W17 W18 W19 W20 W21 W22

w1 0.92%**  0.92%**  0.92%** 0.92*%** 0.92%** 0.92*%** 0.92*** 0.92*%** 0.92*** 0.92%** (0.92***
W2 0.83*** 0.82*** 0.80*** 0.81*** 0.84*** 0.81*** 0.82*** 0.83*** 0.83*** 0.82*** 0.82***
W3 0.91***  0.90*** 0.89*** 0.90*** 0.91*** 0.90*** 0.90*** 0.91*** 0.91*** 091*** 0.90***

0.97*** 0.97*** 0.97*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96***
W5 -0.47*%*  -0.44**  -041** -0.43** -047** -042** -043** -0.46** -0.46** -045** -0.43**
W6 0.92***  (0,92***  (0.90***  (0.92***  (,93*** (. 92***  (02*** (. Q3*** (. 93*** (,92***  (,92***
W7 0.25* 0.28* 0.30* 0.29* 0.25* 0.30* 0.28* 0.26* 0.26* 0.27* 0.29*
W8 0.17ns 0.17ns 0.19ns 0.17ns 0.14ns 0.19ns 0.18ns 0.16ns 0.15ns 0.17ns 0.19ns
W9 0.19ns 0.19ns 0.17ns 0.20ns 0.21ns 0.20ns 0.20ns 0.21ns 0.21ns 0.20ns 0.21ns
W10 -0.18ns -0.16ns  -0.12ns  -0.14ns -0.19ns  -0.13ns  -0.15ns  -0.18ns  -0.18ns -0.16ns  -0.14ns
W11 0.81*** (0.81*** (0.78*** 0.80*** (0.81*** (0.80*** 0.81*** 0.81*** (0.81*** (.81*** (.81***

W12 0.89***  0.90*** (0.90*** (0.88*** (0.90*** (0.89*** 0.88*** (0.88*** 0.89*** (0.90***
W13  0.46** 0.47** 0.47** 0.46** 0.47** 0.47** 0.46** 0.46** 0.46** 0.47**
W14 0.77***  0.77*%** 0.76***  0.79***  0.76*** 0.77*** 0.79*** 0.78*** 0.77*** (0.77***
W15  0.95%**  (0.94***  (.94*** 0.94%**  0.94***  0.94***  (0.94***  0.94***  (.94***  (,94%**
W16 0.79*** 0.80*** 0.82*** (.81*** 0.82***  (0.81*** 0.78*** (0.78***  0.80*** (0.81***
w17 -0.33* -0.32* -0.30* -0.32* -0.35* -0.31* -0.34* -0.34* -0.32* -0.30*
W18 -0.08ns -0.08ns -0.08ns -0.08ns  -0.09ns  -0.06ns -0.08ns  -0.09ns  -0.07ns  -0.06ns
W19 0.92*** (0.93*** (0.95*** (0.93*** (0.91*** (.94*** (.93*** 0.92%**  (0.93***  (.93***
W20 0.92*%** (0.93*** (0.94*** (0.93*** (.91*** (.94*** (.93*** (.92*** 0.93***  (,93***
W21 0.12ns 0.14ns 0.17ns 0.16ns 0.11ns 0.16ns 0.15ns 0.12ns 0.13ns 0.15ns
w22 - - - - - - - - - -
0.96***  0.96***  0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96*** 0.96***

ns: Not significant NS o gine ué

*: Significant at 95% confidence level (p < 0.05) (0<0.05) 730 liwobsl gelacs )3 o ine 1

**: Significant at 99% confidence level (p < 0.01) (P<0.01) 7. 98 (lobsl mhaw o o sime s

***: Significant at 90% confidence level (p < 0.001) (P<0.001) 78+ el gaws )0 lo sne st

Table 5 - Relative importance of wells in Shamil-Ashkara Aquifer.

Relative importance  Observation well number Relative importance Observation well number

0.77 W16 0.93 w24
0.74 w14 0.92 W4
0.64 w27 0.92 W22
0.607 W26 0.90 W25
0.44 W13 0.90 W15
0.42 W5 0.90 w23
0.30 w17 0.89 W19
0.27 W7 0.89 w20
0.19 W9 0.88 W1
0.16 W8 0.88 W6
0.16 w28 0.87 W3
0.14 W10 0.86 W12
0.14 w21 0.79 W2

0.07 w18 0.77 W11
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Figure 10- Relative importance of wells in Shamil-Ashkara Aquifer.
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Figure 11- Fitted variograms in Shamil-Ashkara Aquifer.
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RMSE

14.22 Before removing minor wells

14.41  After removing the less important wells by PCA method

17.08  After removing the less important wells with AHP method
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Extended Abstract

Introduction and Goal

Groundwater resources as a major portion of the world's freshwater reserves, play a vital role in
meeting human needs and maintaining ecosystems. On the other hand, unsustainable extraction,
climate change, and pollution have posed serious challenges to these valuable resources.
Declining water levels, deteriorating quality, and land subsidence are among the negative
consequences of excessive groundwater extraction. Effective and sustainable management of
these resources requires precise monitoring and continuous assessment of their quantitative and
qualitative status. Groundwater monitoring networks, by collecting data on water levels and
quality, enable the evaluation of resource conditions and the identification of potential issues.
On the other hand, the optimal design of these networks is challenging due to cost and
operational constraints. The objective of this research was to investigate and optimize the
existing network of observation wells in the Shamil-Ashkara aquifer, located in the northeast of
Hormozgan province, using data mining and artificial intelligence methods, including Analytic
Hierarchy Process (AHP), Principal Component Analysis (PCA), and the Non-dominated
Sorting Genetic Algorithm Il (NSGA-II). In addition to examining improvements in monitoring
network efficiency and reducing associated costs, this study also identified optimal locations for
constructing new observation wells.

Materials and Methods

The study area, the Shamil-Ashkara plain in the northeast of Hormozgan province, covers an
area of 321.93 km? and features diverse geological formations (including the Bangestan, The
Aghajari, Gachsaran, Asmari, Razak, Hormuz, Gurpi, Mishan, and Quaternary alluvium).
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Studied aquifer was located within the Quaternary formations, and the land use comprised poor
rangeland, agriculture, and residential areas. In this research, suitable locations for constructing
observation wells were initially determined using the Analytic Hierarchy Process (AHP)
method. Eight criteria were considered, including the long-term average groundwater level,
annual groundwater decline rate, slope of decline changes, density of exploitation wells,
distance from the river, geological formation, land use, and distance from faults. The weight of
each criterion was calculated using pairwise comparisons and Expert Choice software. Then,
using ArcGIS software, final map prioritising suitable locations was prepared. In the next step,
the current monitoring network was compared with the site selection results. Using Thiessen
networks and calculating the average site selection scores in each polygon, less significant wells
were identified. Homogeneity tests were performed on the less important wells to ensure the
selection was correct. Then, using the PCA method, the relative importance of the monitoring
wells was determined. By sequentially removing each well and calculating the correlation
coefficient between the data of the remaining wells and the first principal component (PC1), the
relative importance of each well was calculated. Additionally, the lack of certainty resulting
from the removal of insignificant wells was assessed using the average coefficient of variation
of groundwater levels. To investigate the effect of removing insignificant wells on interpolation
error, the kriging method was used. Two scenarios were examined, including the use of all wells
and the removal of insignificant wells, and the standard error and RMSE were calculated. At the
end, using the NSGA-II algorithm, the optimal network of observation wells was determined.
Two objective functions, including the number of observation wells and the minimum RMSE of
groundwater level, were minimised. The IDW method was used to estimate the groundwater
level in the deleted wells.

Results and Discussion

The results of AHP show that the highest priority for constructing observation wells was due to
the concentration of agricultural activities, the high density of wells, and the severe decline in
water levels in the southern and southeastern. In this analysis, the most important factor was the
density criterion of exploitation wells with a weight of 0.327, followed by the criterion of
groundwater level reduction (0.245) and land use (0.15). The inconsistency rate was calculated
as 0.04, indicating an appropriate consistency of the expert judgments. Comparing the current
monitoring network with the AHP results showed that five wells (W7, W9, W12, W14, and
W16) had an average location score of less than 0.113, indicating they were unsuitable from a
location perspective. The homogeneity tests of the data using the Pettitt method and a p-value of
less than 0.05 also indicated the lack of homogeneity of the data from these wells. The results of
PCA showed that the insignificant wells identified by this method (W8, W10, W18, W21 with
correlation coefficients of less than 0.20) were different from the wells identified by the AHP
method, and this difference was due to the differing structure and input data of the two methods.
This is because in the PCA method, only water level data is used, whereas in the AHP method
more criteria are considered. The analysis of the kriging results showed that the removal of
insignificant wells based on AHP led to a decrease in the interpolation standard error from an
average of 4.8 to 4.2 m. Additionally, the removal of wells based on PCA caused an increase in
this error from 4.8 to 3.5 m. On the other hand, in both methods, the removal of less important
wells led to an increase in RMSE. In the AHP method, the root mean square error decreased
from 22.14 to 17.08 m (a 1.20% increase), while in the PCA method it changed from 22.14 to
41.14 m (a 3.1% increase). The NSGA-II algorithm for the monitoring network proposed an
optimal configuration of 16 wells, which represented a 43% reduction in the number of wells
compared to the initial network of 28 wells. Moreover, the RMSE only increased by 7.3% (from
22.14 to 26.15 m). The coefficient of variation of groundwater level in the optimal network was
calculated to be 0.89, which was close to its value in the main network (0.92). This finding
indicates the preservation of important hydrogeological information in the reduced network.
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Conclusion and Suggestions

The AHP method for determining optimal locations for observation wells was effective and its
use is also recommended in other plains. Furthermore, it is suggested to employ other variables
and the output of groundwater models to enhance the efficiency of this method. Additionally,
the use of PCA and NSGA-II methods will lead to the optimisation of monitoring networks.
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