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Abstract

:

This study proposes a hybrid fuzzy multi-criteria methodology for the selection of the most preferable site for applying managed aquifer recharge (MAR) systems by utilizing floodwaters. The use of MAR can increase water resources for later water utilization in case of drought. In this multi-criteria problem, seven recharge sites are under consideration, based on nine criteria, aiming to make a final list of their relative ranking. A fuzzy analytic hierarchy process (FAHP) based on the logarithmic fuzzy preference programming (LFFP) method is used to determine the weights of criteria. LFFP is an optimization-based method that produces a priority vector from a fuzzy pairwise comparison matrix. Furthermore, fuzzy inference systems (FIS) based on the Mamdani approach are used to estimate the rating of each alternative with respect to the criterion examined, and then the final evaluation of the alternatives is obtained. A FIS is a fuzzy if–then rule-based system where the experts’ qualitative knowledge is translated into numerical reasoning for each individual criterion. The proposed methodology is applied in the aquifer system of the agricultural plain located to the southeast of the city of Xanthi in the Prefecture of Xanthi, NE Greece.
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1. Introduction


In recent decades, there has been growing concern about water availability, mainly due to the development of human societies and climate change [1]. Regarding the last one, trends show an increasing frequency and intensity of natural extreme events related to temperature and precipitation, such as droughts and floods [2,3,4,5].



A way of tackling low water availability challenges is the storage of water in artificial surface structures. However, this can meet only part of the increasing demand for water, mainly due to limited capacity, high evaporation losses, and competing objectives [6,7,8,9]. An alternative is groundwater recharge by utilizing excess surface water such as flood waters. Aquifers are more resistant to water supply variability related to drought than surface water supplies; however, they are under growing stress [6,10,11,12,13], especially in arid and semi-arid areas [14].



In recent years, managed aquifer recharge (MAR) systems have been increasingly used to increase groundwater availability for later use in dry seasons [15,16,17,18,19]. A variety of MAR techniques can be used that mainly depend on local conditions [20,21].



Scanlon et al. [12] state that two basic approaches for managing groundwater storage include: (1) conjunctive use (CU) of surface water and groundwater, and (2) managed aquifer recharge (MAR), which can be considered as an extension of CU. According to Foster and van Steenbergen [22], conjunctive groundwater use with surface water resources, in terms of practical water management, represents one of the most important responses to improving drought water supply security and for long-term climate change adaptation. Maliva [23] mentions that MAR can be viewed as a means for optimizing the use of aquifers. Dillon et al. [24] observed that the “objectives of groundwater management relate to maximizing economic utility of aquifers while sustaining the environment and providing security for meeting human needs”. Maliva [23] also states that depending upon the system, recharge is performed by either applying water onto a land surface (surface spreading), subsurface discharge into the vadose zone using wells, galleries, and trenches, or by injection using wells into either confined or unconfined aquifers. Particularly, surface spreading by using floodwater (excess winter water from a river) can be an effective MAR method [25]. A common technique for this method is the use of infiltration basins, while the suitability of an area for establishing floodwater spreading depends on various factors, such as geomorphology, hydrogeology, land use, socioeconomic issues, environmental impacts, etc., [26]. Recharge may also be induced by pumping groundwater close to connected surface water bodies (induced recharge). Modifications of the land surface and stream channels, such as by the removal (or change of) vegetation and construction of dams and levees, are also used to intentionally increase aquifer recharge.



A common issue that needs to be dealt with in applying MAR systems is the selection of suitable sites. Obviously, this is a problem of multi-criteria nature, in which an alternative or several alternative potential site/sites for applying MAR are considered based on a series of criteria, which may be divided into various categories. A variety of studies address this decision problem by the use of remote sensing and/or GIS techniques to produce a map with suitable zones for applying MAR (e.g., [27,28,29]). Other research provides advanced integrated methodologies by combining the GIS capabilities with multi-criteria methods (e.g., [30,31,32,33,34,35]). In such surveys, a weighted thematic layer for each criterion is produced. The criteria have been initially divided into classes (ranges) and each point of the grid obtains a score based on its classification into the classes. Then, a final map can be generated with overlay techniques using crisp operators of Boolean logic. Although these approaches are very significant and have been widely used, they are not always applicable. The main reason is the low data availability. The generation of thematic layers is based on interpolation methods, and therefore a small sample with respect to each criterion may diminish the reliability of interpolation results.



Fuzzy logic and fuzzy set theory were introduced by Zadeh [36] as a generalization of Aristotle’s logic and/or classical set theory. In Aristotle’s logic, a statement can be only true or false and, in classical set theory, an element x (or an individual) either belongs {1} or does not belong {0} to a given set and thus, it is described by two values [37]. In contrast to dual logic, fuzzy logic is many-valued and manipulates the concept of partial truth [38] and, in fuzzy set theory, an element x can partially participate in a (fuzzy) set, which means that it can obtain all the values in a closed unit interval [0, 1]. The principles of fuzzy logic and sets are the mathematical representation of human thinking and reasoning where truth may appear as an inference from inaccurate or partial knowledge, dealing with uncertainty due to vagueness. A variety of methodologies based on the principles of fuzzy logic and sets have been developed which incorporate the uncertainty of complex issues by the use of either autonomous fuzzy tools or hybrid analytical methods.



In particular, fuzzy logic and the theory of fuzzy sets have had an extensive use in hydrologic analysis and the analysis of hydrological multi-criteria problems since the early application of Bogardi et al. [39], in which fuzziness was used for partial satisfaction of objectives in regional water resources management, until the present [40]. The recent studies of Kazakis et al. [41], Kourgialas et al. [42], and Spiliotis et al. [43] are given as some examples of hybrid fuzzy multi-criteria methodologies. In these studies, the analysis can be carried out in order to either spatially address the examined multi-criteria problem, producing suitable fuzzy maps, or categorize points (alternatives) that can belong to several categories to some degree. This wide use of fuzzy logic and sets is due to the ability to simulate human reasoning in its use of approximate information, and to mathematize the uncertainty and vagueness in decision-making [44,45]. Furthermore, the use of fuzzy logic and sets in multi-criteria decision-making (MCDM) can express the gray zone of the decision and manage imprecise information (e.g., the score of criteria, the available resources), etc.



Regarding the selection problem of suitable recharge sites, most research uses fuzzy operators and/or fuzzy if–then rule-based systems in a GIS environment in order to produce a map with fuzzy suitable zones (e.g., [46,47,48,49,50,51,52]). However, the use of such models in combination with hybrid fuzzy multi-criteria methods to address this problem is an open issue.



The main proposal of this study is the ranking of seven alternatives representing suitable sites for applying MAR systems using floodwaters via a hybrid fuzzy multi-criteria methodology, in the context of increasing the local groundwater resources for later water use in case of drought. As described in the following section, the local conditions of the case study favor the application of floodwater spreading using infiltration basins. The evaluation of the alternatives was based on nine criteria that were selected based on the local conditions and the type of MAR. The weights of criteria were obtained through a fuzzy analytic hierarchy process (FAHP)-based methodology; however, they are crisp numbers. Fuzzy inference systems (FIS) were used in the rating of each alternative with respect to each criterion. The use of FIS was preferred since the objective function regarding the criteria was unknown. The composition of criteria was achieved through a simple aggregated model where a final ranking of the alternatives was obtained. The case study refers to the aquifer system of the agricultural plain located to the southeast of the city of Xanthi in northern Greece.




2. Case Study


The study area is the aquifer system of the agricultural plain located to the southeast of the city of Xanthi in the Prefecture of Xanthi, NE Greece (Figure 1). The wider region of study area is located within the boundaries of the tertiary Vistonida basin [53], while as presented in Figure 2 (modified map based on geological map of [54]), the aquifer system is hosted in the alluvial plain consisting of loam, clays, sands, gravels, etc. Gravels and sands of Pleiocene–Pleistocene origin occur in the north of study area, while Pleiocene brackish sediments, mainly consisting of sand and clay, with no wide surface spread, occur near Vistonida Lagoon. Clastic sediments of the Eocene and Oligocene, consisting of conglomerate breccia, limestones, and mollasic formations, occur in both the south and north of study area, while the background consists of igneous rocks that underlie andesitic rocks of the same geological period.



Geological formations of the alluvial plain range from fine to silty clay in the SE–E direction towards Vistonida Lagoon [53,55]. Regarding the geological structure and hydrogeological conditions, relevant assessments have shown that [56,57]:




	(1)

	
Three main geological formations are presented: (a) the upper formation (8–80 m in thickness), of low permeability, consisting of clayey sand which interchanges at certain locations with gravel sand of little thickness, (b) the intermediate aquifer formation (10–70 in thickness), consisting of permeable gravel sand, considered as a shallow confined aquifer, in some locations changing to semi-confined aquifer, and (c) the lower impermeable formation consisting of clayey silt in depth of 30–90 m;




	(2)

	
Transmissivity, T, ranges from 90 to 915 (m2/day), while the storage coefficient, S, ranges from 2.4 × 10−4 to 8.75 × 10−2;




	(3)

	
The shallow aquifer system is naturally recharged, mainly from direct infiltration of precipitation and partially from percolation of the River Kosynthos (upstream zone of coarse-grained deposits);




	(4)

	
The groundwater flow has a SE direction, being almost identical to that of the old riverbed’s direction in the area;




	(5)

	
The groundwater main recharge axes appear to be in a S–SE direction towards Vistonida Lagoon;




	(6)

	
The high quality of the water of the River Kosynthos gives rise to its use for artificial recharge purposes.









The climatic conditions of the wider area differ in the lowlands from those in the mountains [58]. Based on precipitation and temperature records from the meteorological station of Genisea (41°04′07′′ N–24°59′44′′ E) located in the study area, the mean annual cumulative precipitation is 605.6 mm in the period 1966–2018. The available temperature data concern the period of 1988–2018, in which the mean annual temperature was 14.4 °C, while mean temperature of the summer months was 23.9 °C. In the wider region, both wet periods (that caused flood events such as the flood of the Kosynthos River in 1996) and drought periods have occurred. In fact, a drought period might have had an effect on groundwater levels of the examined aquifer. Particularly, the groundwater level in January of the shallow aquifer is significantly related to drought in the previous hydrological year and drought in the first trimester of the current hydrological year [59].



The exploitation of the aquifer system mainly takes place in the south of the riverbed of the Kosynthos River where there is a significant number of irrigation wells. Most of these wells there are not deeper than 50 m, while there are a few shallow wells (up to 10 m) that are not in use any more [58,60]. According to Diamantis et al. [60], the annual pumping volume is estimated at 48 × 106 m3 approximately. The spatial distribution of the irrigation wells and other detailed information regarding the study area can be found in the studies of Diamantis et al. [60] and Pisinaras [58].




3. Materials and Methods


The development of the proposed hybrid fuzzy methodology refers to the intermediate formation of the case study. It can only be applied in unconfined aquifers and where there is an underlying drainage axis. In addition, the application of the methodology requires the presence of an adjacent river whose excess water during the flood period can be utilized without burdening the ecological supply. Last, in order for each alternative to be evaluated, the lithological profile and hydraulic characteristics of both the vadose zone and saturated zone had to be available. Each alternative represents a potential site for MAR application where there is a well with available hydrogeological data. The alternatives were considered through the nine criteria described below in ascending order of importance. The selected criteria can be added or subtracted depending on the specific conditions of an area, while there is no limit in number of the examined alternatives.



3.1. Criteria Description


Ecological status (C1): This refers to the status of the Kosynthos River. Based on River Basin Management Plans [61], the riverbed of Kosynthos is divided into sections characterized by different ecological status. Each alternative may be supplied water for applying MAR by a different section. The worst case is unknown ecological status, while the best case is high ecological status.



Slope (%) (C2): Slope is a commonly-used criterion in identification of suitable sites for applying MAR. Obviously, the steeper the slope, the less desirableare conditions for applying MAR. The dividing of slope into classes is based on previous studies (e.g., [35,62]); however, the classes of slope were adjusted to the case study area, which is characterized by smooth slopes.



Distance from hydrographic network (m) (C3): This refers to the distance between each alternative and a source with available water for MAR. Only the distance from the Kosynthos River was considered since the water of Vistonida Lagoon is unsuitable due to its connection with coastal water surfaces (Figure 3). In the research of Farhadian et al. [63], the distance from rivers is also used, while in other research (e.g., [35]) the distance from drainage networks is taken into account.



Distance from road network (m) (C4): This criterion may affect the suitability of an area for applying MAR either in a negative or a positive way. For instance, it is desirable a recharge site is a minimum distance from highways and freeways in order for potential groundwater pollution to be avoided [52]. However, this holds in the case of short distance (a few hundred meters) between the recharge site under consideration (alternative) and the potential pollution source. On the other hand, if the distance between the alternatives and road network is in the order of kilometers, where there is in fact no danger of groundwater pollution, then an easy and fast access to the recharge site is desirable [63]. In this study, the distance of the alternatives from the highway was in the order of kilometers; therefore, the shorter distance, the higher the rating of the alternative. Figure 4 presents a map with the distances in kilometers of each alternative from the highway.



Transmissivity (m2/day) (C5): This is a common hydrogeological parameter used in studies regarding the selection of suitable recharge sites [32,35,52,64], since it takes into account both the (horizontal) hydraulic conductivity (K) and the saturated thickness of the aquifer (b). High transmissivity values favor the recharge process since transmissivity (T) is defined as T = Kb (m2/day). According to Pisinaras [58], in the study area, T ranges between 25 and 2950 (m2/day).



Storativity (C6): Another hydrogeological criterion used in site selection for applying MAR is storativity (S) [65]. The storativity of each alternative in the study area was obtained based on previous research [56,57,58], where storage coefficient values varied from 10−2 to 10−4. The lower the S-values, the more unfavorable conditions are for applying MAR.



Hydraulic resistance (C7): This is a critical hydrological criterion because in its calculation,   c =   ∑  i = 1   n     d  i    /   K  i    , the (vertical) hydraulic conductivity (K) (m/days) of each sedimentary layer and its thickness (d) (m) are introduced. Kazakis [35] suggests the use of (log values) hydraulic resistance to take into account the permeability of the entire thickness of the vadose zone. High c-values indicate unsuitable recharge sites. It is noted that in the case of confined aquifers, this criterion cannot be used. The estimation of c-values of the alternatives was based on the research of Pisinaras [58], in which stratigraphic columns regarding the examined alternatives are available.



Type of aquifer (C8): As aforementioned, the hydraulic resistance does not refer to confined aquifers. Thus, the classes of this criterion are considered to be crisp. That is, an alternative has the highest rating (10) when its aquifer is unconfined (or/and leakage aquifer), otherwise it is zero. Based on the available stratigraphic columns [58], there were confined underlying aquifers in the cases of three alternatives and, thus, these alternatives were excluded from the analysis. The aquifers of the other seven alternatives were unconfined or/and leakage (semi-confined) aquifers.



Piezometry (C9): Piezometry and the type of aquifer are essential (hydrogeological) criteria for applying MAR systems. When a recharge axis is underlying an alternative, then this recharge site is unsuitable and vice versa. The identification of the study area regarding the recharge axes and the drainage axes was based on previous research [56,57,58].



On that point, it should be noted that the proposed methodology has been developed in order to analyze both large and small datasets with various hydrogeological parameters. Hence, some parameters such as aquifer type (e.g., confined) have been included in order to help to this analysis. Initially, all available information (lithological profiles, hydraulic parameters, etc.) was selected, and after the first screening, the alternatives with no available profiles were eliminated and thus, ten alternatives remained. Based on the lithological profiles, three of ten alternatives overlie confined aquifers, and hence, these alternatives were excluded from the analysis (Figure 3 and Figure 4). On balance, the following preparatory steps were carried out (Figure 5):




	(1)

	
Literature review and building of a detailed database including hydrogeological, morphological, etc., data;




	(2)

	
The points with lithological profiles and hydraulic data of the aquifer and vadose zone were chosen for the application and development of the methodology. The other sites were eliminated;




	(3)

	
Tensites were then chosen, of which 3 referred to confined aquifers, and for this reason they were excluded from the analysis;




	(4)

	
The method was applied to the final chosen sites (7 in total) and the most suitable for MAR application was determined.
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Figure 5. Preparatory steps for screening of the final alternatives. 






Figure 5. Preparatory steps for screening of the final alternatives.
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3.2. Fuzzy Analytic Hierarchy Process—FAHP


As aforementioned, fuzzy logic has a wide use in multi-criteria analysis and has been applied to several hydrological issues. The basic concepts of fuzzy logic and sets, such as the membership function, α-cuts, fuzzy number [66], extension principle [67,68] and max–min composition of fuzzy relations [69], are presented in Appendix A. The fuzzy methods used in this study are based on these concepts.



One of the most used methods for quantification of the significance of criteria is the analytic hierarchy process (AHP) suggested by Saaty [70]. As is known, the AHP is based on pairwise comparisons between criteria (or/and alternatives), where a positive reciprocal pairwise comparison matrix    A  n x n     is constructed. A fundamental scale is used [70] in order to numerically express the initial experts’ judgments regarding the relative criteria importance (ratios of weights   (  w i  /  w j  )  ); however, it is not the only one [71]. Based on the eigenvalue theory from linear algebra, Saaty [70] developed the eigenvector method (EVM) in order to obtain a unique solution to derive the weights of criteria (or alternatives) from a    A  n x n    . This is the principal eigenvector w determined by solving the system of equations:


     A  n x n   −  λ  max   I   w = 0 ⇔  A  n x n   w =  λ  max   w  



(1)




where I is the unit matrix and    λ  max     is the principle eigenvalue of    A  n x n    .



Given that the initial judgments cannot be identical to the ratios of weights, the    A  n x n     is not fully consistent. Therefore, the validation of AHP is based on the measure of the consistency of the    A  n x n    . For this reason, the consistency index CI = (λmax − n)/(n − 1) is estimated. Then, the CI-index is divided with a predefined index (RI), the value of which depends on the number of criteria n.



Fuzzy set theory is the most widely used approach integrated with the AHP [72]. The use of fuzziness can incorporate the inherent uncertainty in the assessments of pairwise comparison between criteria, derived by the subjectivity in the quantification of the ratios expressing the relative importance of the decision elements (weights of criteria and ratings/scores of alternatives).



To cope with the uncertainty of imprecise judgments, Chang [73] used a fuzzy pairwise comparison matrix and then he used extent analysis to extract a crisp priority vector. An advantage of the Chang method is its computational simplicity.



However, even if extent analysis has been widely used (e.g., [74,75,76,77]), it has a major drawback. This is the fact that a weight of a criterion may obtain zero value, and hence it makes no sense for such a criterion to be under consideration [78]. In addition, extent analysis produces a priority vector, which may be quite different from the true one, and thus the weights obtained are not representative regarding the relative importance of decision criteria.



Mikhailov [79], extending his previous research [80], suggests a method for derivation of crisp weights from a matrix with fuzzy judgments, by applying a fuzzy preference programming (FPP)-based nonlinear method (optimization approach). In fact, the method of Mikhailov [79] is based on (fuzzy) flexible programming; that is, the uncertainty appears in the constant term of the fuzzy constraints [68].



Let us consider the following reciprocal matrix      A ˜    n x n     with fuzzy pairwise comparisons between n criteria:


   A ˜  =   (    a ˜   i j    )   n x n           C 1               C 2               C 3            …       C n             [     1     (   l  12   ,  m  12   ,  u  12    )       (   l  13   ,  m  13   ,  u  13    )      …      (   l  1 n   ,  m  1 n   ,  u  1 n    )         (   l  21   ,  m  21   ,  u  21    )     1     (   l  23   ,  m  23   ,  u  23    )      …      (   l  2 n   ,  m  2 n   ,  u  2 n    )         (   l  31   ,  m  31   ,  u  21    )       (   l  32   ,  m  32   ,  u  22    )     1    …      (   l  3 n   ,  m  3 n   ,  u  3 n    )        …     …     …     …     …        (   l  n 1   ,  m  n 1   ,  u  n 1    )       (   l  n 2   ,  m  n 2   ,  u  n 2    )       (   l  n 2   ,  m  n 2   ,  u  n 2    )      …    1     ]             C 1         C 2             C 3           ⋮       C n              



(2)




where Ci (for i = 1, …, n) are the criteria,     a ˜   i j   = 1 /   a ˜   j i   =  w i  /  w j   , that is    l  i j   =  1 /   u  j i      ,    m  i j   =  1 /   m  j i       and    u  i j   =  1 /   l  j i       for    l  i j   ≤  m  i j   ≤  u  j i     and for all   i , j = 1 ,   2 , … , n ,   j ≠ i  .



In order to obtain crisp weights whose ratios are approximately included in the initial fuzzy judgments (   l  i j    ≤ ˜   w i  /  w j   ≤ ˜   u  i j    ), the following membership function is introduced by Mikhailov [79]:


   μ  i j    (   w i  /  w j   )  =  {       (   w i  /  w j   )  −  l  i j      m  i j   −  l  i j     ,      l  i j   <  (   w i  /  w j   )  ≤  m  i j          u  i j   −  (   w i  /  w j   )     u  i j   −  m  i j     ,      u  i j   >  (   w i  /  w j   )  ≥  m  i j        



(3)




where    μ  i j    (   w i  /  w j   )    denotes the degree of satisfaction (membership) to which the ratio   (   w i  /  w j   )   belongs to fuzzy judgment     a ˜   i j    .



In order to determine a global evaluation from individual membership functions [81], a proper fuzzy operator, that is the min intersection, is used with respect to the above fuzzy inequalities. The min intersection is preferred because it secures a common satisfaction of all the selected membership functions [82,83]. Furthermore, in this study, the use of min intersection can linearize the decision problem


  λ = min  {   μ  i j    (   w i  /  w j   )   |  i = 1 , … , n − 1 , j = i + 1 , … , n    }   



(4)




where λ is the degree of the common satisfaction to which the crisp priority vector satisfies simultaneously each fuzzy pairwise comparison.



Assuming that the decision-maker looks forward to the highest membership degree of the ratio of weights in the fuzzy judgments     a ˜   i j    , Mikhailov [79] and Mikhailov and Tsvetinov [84] maximize λ under the constraint that the total sum of weights must be equal to the unit (normalization constraint) and the positivity constraint in their values:


     max   λ     s . t .      {      min   i j    [   μ  i j    (   w i  /  w j   )   ]  ≥ λ ,     i = 1 , … , n − 1 ,     j = i + 1 , … , n       ∑  i = 1  n    w i  = 1        w i  ≥ 0 ,     i = 1 , … , n         



(5)







In the case of a positive λ-value, all solution ratios completely satisfy the fuzzy judgments, while a negative λ-value indicates strongly inconsistent initial judgments [79].



This paper applies the logarithmic fuzzy preference programming (LFPP)-based methodology for fuzzy AHP priority derivation proposed by Wang and Chin [85].The LFPP-based nonlinear method is preferred over the FFP-based nonlinear method because (a) it can ensure nonnegative values of membership function and hence, it produces a unique optimal solution and, (b) the same priority vectors are derived; either the upper triangular elements of a fuzzy pairwise comparison matrix are used or the lower ones.



Wang and Chin [85] addressed the drawbacks of Mikhailov’s method [79]. Initially, they used logarithmed values in fuzzy judgments, which can be justified based on the extension principle, and the strict monotony of the (increasing) function   ln   a ˜   i j     [86]:


   ln   a ˜   i j   ≈  (  ln  l  i j   ,   ln  m  i j   ,   ln  u  i j    )    



(6)







Equation (6) is an approximation of the fuzzy judgments   ln   a ˜   i j     considered as fuzzy triangular numbers, since due to the logarithmic transformation the linearity does not hold. The membership function    μ  i j   ( ln   a ˜   i j   )   of the triangular fuzzy number can be expressed by the following Equation (7) [85].


   μ  i j    (  ln  (   w i  /  w j   )   )  =  {      ln  (   w i  /  w j   )  − ln  l  i j     ln  m  i j   − ln  l  i j     ,     ln  (   w i  /  w j   )  ≤ ln  m  i j         ln  u  i j   − ln  (   w i  /  w j   )    ln  u  i j   − ln  m  i j     ,     ln  (   w i  /  w j   )  ≥ ln  m  i j        



(7)







Following Mikhailov’s approach [79], it would be desirable to construct an optimization problem (Equation (8)) in which the parameter   λ = m i n  {   μ  i j    (  ln  (   w i  /  w j   )   )      for i = 1, …, n − 1 and j = i + 1, …, n to be maximized.


   {    max λ     s . t .    μ  i j    (  ln  (   w i  /  w j   )   )  ≥ λ          w i  ≥ 0 ,   i = 1 , … , n             ⇔    {    max   1 − λ     s . t .   ln  w i  − ln  w j  − λ  (  ln  (   m  i j   /  l  i j    )   )  ≥ ln  l  i j           ln  w j  − ln  w i  − λ  (  ln  (   u  i j   /  m  i j    )   )  ≥ − ln  u  i j            w i  ≥ 0 ,   i = 1 , … , n      



(8)







For simplicity reasons, in the above optimization problem, the normalization constraint might be carried out after the solution. Nevertheless, a negative λ-value can still occur, which means that the inequalities of Equation (8) do not simultaneously hold. In other words, there is no an optimal solution (priority vector) to satisfy all the fuzzy judgments at the same time. Thus, according to Wang and Chin [85], two nonnegative deviation variables,     δ  i j      and     η  i j     , are introduced whose values must obviously be minimum. Therefore, the optimization problem applied in this research takes the following form:


      Minimize     ( 1 − λ )  2  + M   ∑   i = 1   n − 1     ∑   j = i + 1  n  (  δ  i j  2    +  n  i j  2  )      s . t .                           x i  −  x j  − λ   ln      m  i j      l  i j         +  δ  i j   ≥ l n  l  i j   ,       i = 1 , … , n − 1 ,   j = i + 1 , … , n        x j  −  x i  − λ   ln      u  i j      m  i j         +  n  i j   ≥ − l n  u  i j   ,       i = 1 , … , n − 1 ,   j = i + 1 , … , n       λ ,  x i  ≥ 0 ,       i = 1 , … , n − 1 ,   j = i + 1 , … , n            



(9)




where M is a specific constant term aiming for nonnegativity of λ, and to hold the values of deviation variables low,    x i  = l n  w i  , l n  w j  =  x j   .



The nonlinear objective function of Equation (9) focuses on minimizing the deviation variables, and after the priorities’ derivation, the normalization of weights takes place (Equation (10)) in order to produce optimal normalized weight values.


   w i  =   exp  (   x i *   )      ∑  j = 1  n   exp  (   x j *   )      ,   i = 1 , … , n  



(10)




where     x i *  ( i = 1 , … , n )    is the optimal solution of Equation (9).



The uniqueness of the obtained optimal priority vector holds due to the convexity of the λ and the linearity of constraints. The other advantage of the LFFP based-nonlinear method (Equations (6)–(10)), which is the alignment of priorities regardless of the triangular part of the comparison matrix used, can be easily proved [85] after some simple algebraic transformation.




3.3. Fuzzy Inference Systems for the Evaluation of the Alternatives’ Rating


This research uses the fuzzy inference system (FIS) based on Mamdani’s approach [87] for the evaluation of the alternatives. In this study, the use of such a system was preferred because the function for the criteria synthesis was unknown. With the use of FIS, the ranges of criteria can be fuzzified as well. The input variable of the FIS was the examined criterion and the output variable was the rating of each alternative with respect to the examined criterion. Both the input and the output variables of the FIS were divided into classes (ranges), which were considered fuzzy sets (fuzzy trapezoidal numbers) and described by linguistic variables. Briefly, the linguistic variables (Figure 6) quantify the natural language characterizing the words by fuzzy sets defined in the universe of discourse in which the variable is defined [69]. Thus, each alternative, based on its numeric value regarding the examined criterion, takes a membership degree of belonging to each fuzzy class (range) of the criterion. The rating (R) of an alternative, concerning the examined criterion, depended on the activation degree of the fuzzy if–then rules designed by the experts. It is pointed out that a FIS was designed for each criterion that was examined.



The general structure of a FIS consists of the following components [88,89]:




	(1)

	
A fuzzifier. The degree to which the input data (the numeric value of the alternative with respect the examined criterion) satisfy the fuzzy rule is calculated. In this step, the classes of the input variables (criteria) are fuzzified.




	(2)

	
An inference engine module. A series of fuzzy if–then rules is modulated. Based on the satisfaction degree described in the previous step and the selected fuzzy implication, the fuzzy rules fire strength to infer knowledge. Thus, a fuzzy conclusion is calculated for each rule.




	(3)

	
Aggregation. All fuzzy conclusions inferred by all fuzzy rules are combined into a final fuzzy conclusion.




	(4)

	
A defuzzifier. The fuzzy output (inferred knowledge) is translated to crisp output (rating of each alternative with respect to the examined criterion).









From a mathematical point of view, a FIS, based on the Mamdani model, is composed of the premise (antecedent if–part) and conclusion (consequent then–part). It can be formulated as follows [82]:


   R u ( k ) : I f    x 1    i s    A 1 k    a n d    x 2    i s    A 2 k  … a n d    x z    i s    A z k    t h e n   y   i s    B k    



(11)




where    A z k    is a fuzzy set in Universe   U ⊂ R   (input variables of the model),    B k    is a fuzzy set in Universe   Z ⊂ R   (output variables of the model),     (  x  1   ,  x  2   , … ,  x  z   )   T   ∈ U  ,   y ∈ Z   and k is the fuzzy rule kth. The above linguistic rule describes a mapping from U1 × U2 × … × Uz to Z [88].



In this research, the antecedent of the fuzzy if–then rule includes only one input variable:


   R u ( k ) :   I f   x   i s    A k    t h e n   y   i s    B k    



(12)







The contribution of the rule kth, Ru(k), to the output (inferred conclusion) of the model is also a fuzzy set which may be represented by a fuzzy implication. Here, the common engineering fuzzy implications of the algebraic product (Equation (13)) and the min implication (Equation (14)) are used, which are suited to inference on the basis of phenomenological information [90,91]. The min fuzzy implication is recommended in the case that there is no distinction between cause and effect [90].


    μ  R u   k    ( x , y ) =  μ   A k    ( x ) ⋅  μ  B   k    ( y )   



(13)






   μ  R u   k    ( x , y ) = min  {   μ  A   k    ( x ) ,    μ  B   k    ( y )  }   



(14)







Let a fuzzy rule consists of two fuzzy propositions as follows:


      F u z z y   p r o p o s i t i o n   1 :   x   i s    A ′    k      F u z z y   p r o p o s i t i o n   2 :   R u − > I f   x   i s   A   k    t h e n   y   i s   B   k     }  C o n c l u s i o n :   y   i s    B ′    k   



(15)







Then, according to the generalized modus ponens (GMP) concept [66], a new fuzzy proposition should be inferred such that the closer    A ′    k    to    A k   , the closer    B ′    k    to    B k   . Therefore, based on the concept of GMP, a fuzzy conclusion can be defined for each fuzzy rule with respect to the given input:


   μ   B ′    k    ( y ) =    sup    x ∈ X     t    [   μ   A ′    k    ( x ) ,    μ  R  u k    ( x , y )  ]   



(16)







Other t-norms, instead of the algebraic product, could be used (Equation (17)). The following Equation (17) is in fact a max–min composition in case the input is a vector. Practically, it holds:


   μ   B ′    k    ( y ) =    max    x ∈ X      [   μ   A ′    k    ( x ) ∧  μ  R  u k    ( x , y )  ]  =  μ   A ′    k  ∘ R  u k    ( y )  



(17)







In the case that the input data of the model are crisp numbers (fuzzy singleton), it holds:


    μ   A ′    k    ( x ) =  {    1   i f   x = x *     0     o t h e r w i s e       



(18)




where x* is a point in its universe.



Consequently, based on the fuzzy implication process, a fuzzy conclusion corresponds to each fuzzy rule. In order to obtain a final fuzzy conclusion regarding the examined criterion, all the fuzzy conclusions must be combined. This procedure is called the aggregation process and is carried out by using an operator which, in this research, is the max union.



In conclusion, in a fuzzy inference system based on the Mamdani model, the fuzzy implication of algebraic product, the algebraic product for all t-norms, and the fuzzy max union are selected. In the case of crisp input data, the Mamdani’s product inference engine is described in Equation (19) [69]. In the case that the min fuzzy implication, min for all t-norm operators and the max union are selected, then the fuzzy output of the system is expressed by Equation (20).


   μ  B ′   ( y ) =    max    k = 1  L   [   μ   A k    (  x i  * ) ⋅  μ   B k    ( y )  ]   



(19)






   μ  B ′   ( y ) =    max    k = 1  L   [  min  {   μ   A i k    (  x i  * ) ,  μ   B k    ( y )  }   ]   



(20)







As mentioned above, the output of the described fuzzy inference system is a fuzzy set    B ′    k   . The last process leading to the decision (which, in this research, is the rating of an alternative with respect to the examined criterion) is the defuzzification of the fuzzy output. Here, the defuzzification method of centroid calculation is selected, which counts the gravity center (centroid) y* as the output of the fuzzy rule-based system.


  y * =     ∑  i = 1  n    y i  μ (  y i  )       ∑  i = 1  n   μ (  y i  )      



(21)









4. Implementation and Results


A hybrid fuzzy multi-criteria methodology was implemented in this research to solve the problem of selection of the more suitable site for applying MAR, choosing between seven (7) alternatives (Al) under the consideration of nine (9) criteria (C). Thus, the research’s final goal was a relative rank order list of the suitability of the examined alternatives. The methodology included the following steps:




	(1)

	
Based on the experts’ knowledge, a fuzzy reciprocal pairwise comparison matrix    A ˜     9 x 9     (Equation (2)) was generated regarding the examined (nine) criteria. Table 1 presents the elements of Saaty’s scale [70] as triangular fuzzy numbers (TFN) (Equation (6)), while the fuzzy judgments of the matrix    A ˜     9 x 9     are presented in Equation (24).




	(2)

	
The optimization problem described in Equation (9) was built and solved by the use of the optimization software LINGO and the weights of criteria (priority vector) were estimated as crisp numbers. Then, the priority vector was normalized based on Equation (10). For space saving reasons, only an example of a pair of inequalities is given regarding the criteria of transmissivity (C5) and piezometry (C9). Based on Equation (24) presented below, transmissivity was considered moderate less important in comparison to piezometry; that is   ln  (   w 5  /  w 9   )  ≈  (   1 4  ,  1 3  ,  1 2   )   . Therefore, it holds:


     ln  w 5  − ln  w 9  − λ  (  ln  (  ( 1 / 3 ) / ( 1 / 4 )  )   )  +  δ  59   ≥ ln ( 1 / 4 )     ln  w 9  − ln  w 5  − λ  (  ln  (  ( 1 / 2 ) / ( 1 / 3  )   )  +  n  59   ≥ − ln ( 1 / 2 )     

















As aforementioned, the parameter M aims to achieve a nonnegative value λ and a small deviation from the fuzzy inequalities constraints which define the fuzzy spread (support set) of each fuzzy judgment. The M-value should ensure a balance between the λ-value and the values of deviation variables [86]. The ideal solution is λ = 1 and      ∑   i = 1   9 − 1       ∑   j = i + 1  9    (   δ  i j  2  +  n  i j  2   )        = 0; however, in the real world this is a rare condition [86]. The optimization problem was solved for several M-values. For M = 0.2 it holds: λ = 0.6069 and      ∑   i = 1   9 − 1       ∑   j = i + 1  9    (   δ  i j  2  +  n  i j  2   )        = 2.763, for M = 0.5 and hence: λ = 0.317 and      ∑   i = 1   9 − 1       ∑   j = i + 1  9    (   δ  i j  2  +  n  i j  2   )        = 1.807.



For or M = 1 it holds: λ = 0.0407 and      ∑   i = 1   9 − 1       ∑   j = i + 1  9    (   δ  i j  2  +  n  i j  2   )        = 1.172, while for M > 2 the solutions of deviations converged on      ∑   i = 1   9 − 1       ∑   j = i + 1  9    (   δ  i j  2  +  n  i j  2   )        = 1.096 and, the parameter λ = 0.



Therefore, the M-value selected in this study was M = 0.5 since it led to a balanced solution. The solution of the priority vector for M = 0.5 before the normalization was    W   A ˜   *    = (21.7949, 21.1237, 15.3198, 15.3198, 10.8694, 4.0643, 3.9769, 3.8704, 1.6641), while the normalized weights are presented in Table 2.



Let us verify the above fuzzy constraints regarding the criteria C5 and C9. According to the results (for M = 0.5), the deviation variables    δ  59     and    n  59     are zero, therefore:


     ln ( 10.8694 ) − ln ( 21.7949 ) − 0.3174  (  ln  (  ( 1 / 3 ) / ( 1 / 4 )  )   )  + 0.0 ≥ ln ( 1 / 4 )   ⇔   − 0.78703 ≥ − 1.38629     ln ( 21.7949 ) − ln ( 10.8694 ) − 0.3174  (  ln  (  ( 1 / 2 ) / ( 1 / 3 )  )   )  + 0.0 ≥ − ln ( 1 / 2 )   ⇔   1.35574 ≥ 0.69315     








which holds.




	(3)

	
A Mamdani fuzzy inference system, included in the Fuzzy Logic Toolbox of MATLAB, was designed for each criterion. Initially, based on the experts’ judgments, the classes of the examined criteria were fuzzified. The number of classes was determined by using the empirical rule of Sturges [92], which is a common technique in hydrology (Equation (22)):


  q = 1.33 log N  



(22)




where q is the number of classes and N is the number of data (the numeric value of each alternative regarding the examined criterion, i.e., N = 7).









Then, a system of fuzzy if–then rules (with one input variable, e.g., if slope is low then rating is high) was built (Equation (12)). Both the algebraic product and the min implication were selected to be used in the fuzzy inference process (Equations (19) and (20)). All fuzzy output variables of all rules were combined into a fuzzy conclusion with the max union. Finally, the aggregated fuzzy output was defuzzified based on Equation (21), which is the rating of the each alternative, with respect to each criterion. For the calculation of the rating (R) based on the designed FIS, a simple code was written in MATLAB, which fed the FIS with crisp input data.




	(4)

	
The rating (R) of each alternative was multiplied with the weight of the examined criterion. The final evaluation (final score) of each alternative with respect of all criteria was achieved based on an aggregative model described as follows:


  A  l  u . c .   =   ∑  i = 1  n    w i  ×  R i     



(23)




where   A  l  u . c .     is the alternative under consideration,    w i    is the weight of the criterion i (for n = 9) and    R i    is the estimated (by the corresponding FIS) rating of   A  l  u . c .     regarding the criterion i.




	(5)

	
Based on Equation (23), a rank list of the alternatives (from the most suitable site to the least suitable site for applying MAR) was obtained by using both the algebraic product (Equation (19)) and min implication (Equation (20)) (Table 3). It is noted that although the M-value adopted in this study is equal to 0.5, the results based on M = 1 are also presented in Table 3.
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Table 1. Triangular fuzzy numbers (TFN) for the pairwise comparison of the criteria regarding their relative importance.






Table 1. Triangular fuzzy numbers (TFN) for the pairwise comparison of the criteria regarding their relative importance.





	Relative Importance of Two Criteria
	TFN





	Equal
	(0.5, 1, 1.5)



	Moderate
	(2, 3, 4)



	Strong
	(3.75, 5, 6.25)



	Very strong
	(5.5, 7, 8.5)



	Extreme
	(7, 9, 9)



	Intermediate values
	(1.25, 2, 2.75), (3, 4, 5), (4.75, 6, 7.25), (6.5, 8, 9)








As shown in the above Table 1, the fuzzy spread increased as the domination between two criteria became stronger. Particularly, a lower fuzzy spread (0.5) corresponds to a judgment of equal importance, “about 1”, while a higher fuzzy spread (2.0) corresponds to a judgment of extreme importance, “about 9”. The authors used this increasing fuzziness on judgments because a wide fuzzy spread in an area of weak domination (i.e., from equal up to moderate importance) may lead to a large overlapping and therefore, two criteria may be considered of “about equal” importance even though they have a weak domination each other (e.g., wi/wj = “about 2” or “about 3”). Furthermore, it seems more convenient to accurately adjudicate if two conditions are equal or about equal than to determine the degree of how important a condition is against the other in the case that the importance of the two conditions significantly differs. For instance, a decision maker (DM) might decide more comfortably that     a ˜   1 , 2     = “about 2”, which means that w1/w2 might be equal to 3 or equal to 1. On the other hand, in the case that a criterion is much more important than another, making such a judgment that     a ˜   1 , 7     = “about 7”, the real ratio of weights may be equal to 5 or 9, which also denotes significant importance.



It is worth mentioning that several fuzzy spreads were tested. Particularly, constant spreads for the whole scale of Table 1 were used when either the fuzziness was equal to one (e.g., 2, 3, 4) or equal to two (e.g., (1, 3, 5). The tests showed that the weights of the less important criteria increased as the fuzziness increased.


   A ˜  =         C 1             C 2             C 3             C 4             C 5             C 6             C 7           C 8             C 9         [     1     (   1 4  ,  1 3  ,  1 2   )     (   1 5  ,  1 4  ,  1 3   )     (   1  6.25   ,  1 5  ,  1  3.75    )     (   1  8.5   ,  1 7  ,  1  5.5    )     (   1 9  ,  1 8  ,  1  6.5    )     (   1 9  ,  1 8  ,  1  6.5    )     (   1 9  ,  1 9  ,  1 7   )     (   1 9  ,  1 9  ,  1 7   )        (  2 , 3 , 4  )      1     (   1  2.75   ,  1 2  ,  1  1.25    )     (  2 , 3 , 4  )     (   1 5  ,  1 4  ,  1 3   )     (   1  6.25   ,  1 5  ,  1  3.75    )     (   1  6.25   ,  1 5  ,  1  3.75    )     (   1  8.5   ,  1 7  ,  1  5.5    )     (   1 9  ,  1 8  ,  1  6.5    )      (  3 , 4 , 5  )    (  1.25 , 2 , 2.75  )     1     (   1  2.75   ,  1 2  ,  1  1.25    )     (   1 5  ,  1 4  ,  1 3   )     (   1  6.25   ,  1 5  ,  1  3.75    )     (   1  6.25   ,  1 5  ,  1  3.75    )     (   1  7.25   ,  1 6  ,  1  4.75    )      (   1  7.25   ,  1 6  ,  1  4.75    )        (  3.75 , 5 , 6.25  )      (   1 4  ,  1 3  ,  1 2   )      (  1.25 , 2 , 2.75  )    1     (   1 4  ,  1 3  ,  1 2   )      (   1 5  ,  1 4  ,  1 3   )     (   1 5  ,  1 4  ,  1 3   )     (   1  6.25   ,  1 5  ,  1  3.75    )      (   1  6.25   ,  1 5  ,  1  3.75    )        (  5.5 , 7 , 8.5  )     (  3 , 4 , 5  )     (  3 , 4 , 5  )     (  2 , 3 , 4  )     1     (   1  2.75   ,  1 2  ,  1  1.25    )     (   1  2.75   ,  1 2  ,  1  1.25    )     (   1 4  ,  1 3  ,  1 2   )     (   1 4  ,  1 3  ,  1 2   )       (  6.5 , 8 , 9  )     (  3.75 , 5 , 6.25  )     (  3.75 , 5 , 6.25  )     (  3 , 4 , 5  )     (  1.25 , 2 , 2.75  )     1     (   1  1.5   , 1 ,  1  0.5    )     (   1  2.75   ,  1 2  ,  1  1.25    )      (   1  2.75   ,  1 2  ,  1  1.25    )        (  6.5 , 8 , 9  )     (  3.75 , 5 , 6.25  )     (  3.75 , 5 , 6.25  )     (  3 , 4 , 5  )     (  1.25 , 2 , 2.75  )      (  0.5 , 1 , 1.5  )      1     (   1  2.75   ,  1 2  ,  1  1.25    )      (   1  2.75   ,  1 2  ,  1  1.25    )        (  7 , 9 , 9  )     (  5.5 , 7 , 8.5  )     (  4.75 , 6 , 7.25  )     (  3.75 , 5 , 6.25  )     (  2 , 3 , 4  )     (  1.25 , 2 , 2.75  )     (  1.25 , 2 , 2.75  )     1    (   1  1.5   , 1 ,  1  0.5    )     (  7 , 9 , 9  )    (  6.5 , 8 , 9  )     (  4.75 , 6 , 7.25  )     (  3.75 , 5 , 6.25  )     (  2 , 3 , 4  )     (  1.25 , 2 , 2.75  )     (  1.25 , 2 , 2.75  )     (  0.5 , 1 , 1.5  )     1     ]      



(24)







The following Figure 7 illustrates the scale of the fuzzy judgments of Table 1. For instance, based on Equation (24), the fuzzy pairwise comparison     a ˜   5 , 9   =   1 ˜  3    ⇔    w 5  /  w 9  =   1 ˜  3    ⇔     a ˜   9 , 5   =  3 ˜    ⇔    w 9  /  w 5  =  3 ˜    between the criteria C5 (transmissivity) and C9 (piezometry) means that piezometry was “about 3” times more significant than transmissivity.



However, an ideal weight ratio (w5/w9) between these two criteria exists, which is a crisp number. As aforementioned, the ideal weight ratio of two criteria must be included in the corresponding fuzzy judgment (i.e., the support set of the TFN), or the deviations from the fuzzy thresholds should be small. In the investigation at hand, the black line in Figure 7 is assumed to be this ideal crisp weight ratio w1/w5.



The rating of alternatives, the weights before and after normalization, as well as the initial ranges (classes) with their corresponding linguistic variables of the criteria, are presented in Table 2 below. As aforementioned, in the FAHP of Wang and Chin [85], the final weights of criteria are crisp numbers. Based on the experts’ knowledge, the criteria were divided into four crisp classes based on Equation (22). Then, the classes of each criterion were fuzzified and described by linguistic variables (low, moderately low, moderately high, high). These fuzzy classes are illustrated in Figure 8, Figure 9 and Figure 10.
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Table 2. Crisp weights of criteria and the rating of alternatives with respect to the classes of criteria. The crisp classes have been fuzzified in FIS.
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Criteria

	
Classes

	
Linguistic Variable

	
Rating

	
Weight

	
Normalized Weight






	
C1

	

	
High

	
10

	
1.6641

	
0.0169




	
Good

	
8




	
Moderate

	
6




	
Deficient

	
4




	
Worse

	
2




	
Unknown

	
0




	
C2

	
0–2

	
High

	
10

	
3.8704

	
0.0394




	
2–5

	
Moderately high

	
7.5




	
5–10

	
Moderately low

	
5




	
>10

	
Low

	
2.5




	
C3

	
<1000

	
High

	
10

	
3.9769

	
0.0405




	
1000–2000

	
Moderately high

	
7.5




	
2000–3000

	
Moderately low

	
5




	
>3000

	
Low

	
2.5




	
C4

	
0–5000

	
High

	
10

	
4.0643

	
0.0414




	
5000–10,000

	
Moderately high

	
7.5




	
10,000–15,000

	
Moderately low

	
5




	
>15,000

	
Low

	
2.5




	
C5

	
>1000

	
High

	
10

	
10.8694

	
0.1109




	
500–1000

	
Moderately high

	
7.5




	
250–500

	
Moderately low

	
5




	
0–250

	
Low

	
2.5




	
C6

	
>0.015

	
High

	
10

	
15.3198

	
0.1563




	
0.005–0.015

	
Moderately high

	
7.5




	
0.0025–0.005

	
Moderately low

	
5




	
0–0.0025

	
Low

	
2.5




	
C7

	
<−1

	
High

	
10

	
15.3198

	
0.1563




	
−1–0

	
Moderately high

	
7.5




	
0–1

	
Moderately low

	
5




	
>1

	
Low

	
2.5




	
C8

	
1

	
High

	
10

	
21.1237

	
0.2155




	
0

	
Low

	
0




	
C9

	
1

	
High

	
10

	
21.7949

	
0.2223




	
0

	
Low

	
0









As noted, the classes of piezometry, type of aquifer, and ecological status are crisp. Regarding the criteria of piezometry and type of aquifer, two classes were considered and are presented in Appendix B (Figure A2). Therefore, the rating of these alternatives can be either 10 or 0. The criterion of ecological status was divided into six classes based on the relevant national River Basin Management Plans [60]. Since these three criteria divided into crisp classes, the ratings of the alternatives were calculated without the use of FIS.



Table 3 and Figure 11 present the final rating of the alternatives resulting from using either the min implication or the fuzzy implication of the algebraic product, for M = 1 and M = 2. As shown in Table 3, the ranking order of the alternatives (Al5 > Al2 > Al1 > Al4 > Al7 > Al6 > Al3) was identical in almost all cases. A slight variation between the latter options took place when the min implication was used, and the M-value was equal to M = 1 (Al5 > Al2 > Al1 > Al4 > Al7 > Al3 > Al6).
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Table 3. Final evaluation of the alternatives based on Mamdani product and min implication.
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	Ranking Order/

Implication
	Alg. Prod. (M = 0.5)
	Min (M = 0.5)
	Alg. Prod. (M = 1)
	Min (M = 1)





	Al5
	8.0317
	8.0320
	7.9846
	7.9792



	Al2
	7.9859
	7.9932
	7.9355
	7.9370



	Al1
	7.7936
	7.7877
	7.7329
	7.7191



	Al4
	7.3382
	7.3611
	7.2765
	7.2939



	Al7
	6.5145
	6.5179
	6.4232
	6.4228



	Al6
	4.6199
	4.6045
	4.5888
	4.5712



	Al3
	4.5822
	4.5829
	4.5508
	4.7090









5. Discussion


According to the results (Table 3 and Figure 11), the more favorable sites (Al5 > Al2 > Al1) for applying floodwater spreading were located, in general, in the northwest of the study area. Particularly, Al5 was the most preferable alternative in all cases. In contrast, the final ratings of the alternatives located in the southeast part of the area under investigation were low (less favorable alternatives). This may be partly explained by the composition of geological formations which range from fine to silty clay in the SE–E direction towards Vistonida Lagoon [53,55]. However, this is not an absolute condition due to the significant variability of alluvial composition in the study area [58] on the one hand, and the contribution of the other criteria in the analysis on the other. For instance, the alternatives A1 and Al6 were less preferable than Al2. Certainly, in the case of evaluating just a few alternatives, the best alternative might be identified on the basis of traditional hydrogeological analysis even though the criteria weights would not be taken into account. However, the more alternatives and criteria, the more complexity for the selection of the most preferable recharge site by an expert. Moreover, it is desirable that the MAR application is as effective as possible given its not negligible cost [93], and thus the solution of the selection problem should really be the best. As pointed out, the proposed methodology can be applied on both a large and small number of alternatives/criteria and this is a merit of the proposed methodology.



The local conditions of the case study (e.g., sparsely populated flat area) favor the application of flood spreading methods through infiltration basins, inasmuch as the excess winter water of the Kosynthos River might be used. Thus, the criteria were selected according to this type of MAR focusing on the hydrogeological local characteristics. Other criteria, such as socioeconomic and technical criteria, were not taken into account, as they are more in line with the design and implementation of MAR. It is worth mentioning that all alternatives were located south of the Kosynthos River. This is due to the fact that the Kosynthos River is the north hydraulic boundary of the aquifer system in the Xanthi plain [56,57,58].



The criteria weights were obtained through the FAHP–LFFP-based nonlinear method. Thus, in contrast to the conventional AHP, fuzziness was used to incorporate the uncertainty from the subjectivity of the initial experts’ judgments. Using the FAHP–LFFP-based nonlinear method, a potential zero weight value was avoided and the non negativity of the λ-value was ensured, generating a unique optimal crisp priority vector. Besides, by using the FAHP–LFFP-based nonlinear method, the analysis could be performed either on the upper triangular elements of the fuzzy pairwise comparison matrix or on the lower ones. However, fuzzy weights can be obtained with the use of other methods (e.g., [94]).



An interesting point for discussion is the fuzziness of the initial judgments. In this study, an increasing fuzzy spread (width) was adopted regarding the scale of relative importance between two criteria. A reason for this was to avoid a large overlapping in the weak domination area that could lead to assigning almost equal importance to criteria even though there was a weak or moderately weak domination between the two criteria. Moreover, it seems more comfortable for a DM to assess that two conditions are equal or about equal than to assign the degree of their relative importance when their importance significantly differs. It is worth mentioning that after several tests on fuzzy spreads, which for space saving reasons are not presented, it was found that by increasing the fuzziness, the weights of the less important criteria increased (i.e., distance from road network, distance from hydrographic network, slope, and ecological status).



Regarding the parameter M used in the FAHP–LFFP method, it aims to ensure the nonnegativity of parameter λ and to allow little deviation from fuzzy inequalities constraints, and hence an optimal solution that simultaneously satisfies all the fuzzy judgments can be achieved. An interesting point is that for M > 2, the solutions of deviations converged on a unit which had the lowest value in comparison with the solutions of deviation for M < 2. However, the λ-value was zero, which means that the inequalities of Equation (8) did not simultaneously hold, and thus these values were not used. The M-value selected was M = 0.5 because it produced a more balanced solution between the λ-value and the total deviations than those that were produced when M = 1 and M = 0.2 were used. In the calculation of the λ-value, the fuzzy min intersection was used because using the other widely used t-norm (algebraic product) resulted in a lower satisfaction degree of the fuzzy pairwise comparisons.



The ratings of the alternatives with respect to each criterion were based on using fuzzy inferences systems based on the Mamdani approach. The use of such systems was preferred in this study in order for the ranges (classes) of criteria to be fuzzified. The ranges of criteria were modulated on the basis of the available information (e.g., min–max values of each criterion regarding the case study) and of the experts’ knowledge. Therefore, it seemed more reasonable to use fuzzy thresholds of the ranges than crisp ones for taking into account the uncertainty derived from the lack of information and imprecise knowledge.



Another reason for using FIS is that, there are not precise and well-known objective functions for each criterion, as in the usual multi-objective problems.



On the other hand, the selection problem examined in this study could be solved based on the exclusive use of FIS; however, this choice was not preferred because it would lead to a complex system of fuzzy if-then rules.



In this study, each FIS is based on a simple system of fuzzy if-then rules, where only an input variable, has been used (Equation (12)). Therefore, neither t-conorms nor t-norms were used in the antecedent if-part. As the fuzzy implication is concerned, both the two widely used fuzzy implications were used. That is, the Mamdani implication, in which the t-norm of algebraic product is used, and the min implication, in which the t-norm of min intersection is used. In general, in case of no distinction between cause and effect, the min fuzzy implication is recommended. However, several other fuzzy implications can be used [95], the appropriate selection of which is an open issue [90]. For the composition of the fuzzy rules, the widely used t-conorm of max union was preferred. However, other t-conorms can also be tested. The fuzzy output of each FIS method is defuzzified by selecting the centroid method, which is considered a balanced solution given that it counts the gravity center.



The synthesis of criteria with respect of each alternative was achieved based on a simple additive model, in which the rating (the defuzzified output of the FIS) of each alternative is multiplied with the normalized weight with respect of each criterion. The total sum is the final evaluation (final score) of each alternative. The alternative with the highest score is the solution to the decision-making problem. Other (fuzzy) multi attributes decision-making (MADM) methods might be used for the synthesis of criteria and the final ranking of alternatives using the weights derived by the FAHP–LFFP-based nonlinear method (e.g., fuzzy TOPSIS, fuzzy ELECTRE, fuzzy pattern recognition). However, the use of such methods would have increased the complexity of the solution process on one hand and more information would have been required on the other.



The FAHP–LFFP method and the FIS were applied to the examined problem for the first time. According to Table 3, the solution (ranking order of the alternatives) did not changed regardless of which M-value or fuzzy inference engine was used, except in the case of min implication, in which the less preferable alternatives exchanged order. Thus, based on the knowledge of previous studies [53,55,56,57,58,60] regarding the hydrogeological conditions of the case study, and by taking into account the stability of the solution, the results of the proposed methodology are considered reliable. It would be of great interest if these results were compared with those of other (hybrid) multi-criteria methods that could be applied in the composition of criteria (e.g., fuzzy ELECTRE, fuzzy pattern recognition).




6. Conclusions


This research applied a hybrid fuzzy multi-criteria methodology to select preferable site for applying MAR systems in the context of increasing the local groundwater availability for later water use in case of drought occurrence. Fuzzy set theory and fuzzy logic were used both in the determination of criteria weights and in the evaluation of alternatives, thus incorporating the uncertainties derived from the subjectivity and the lack of information.



The proposed methodology was applied in a flat agricultural area in the southeast of Xanthi city, northern Greece, where a significant number of irrigation wells draw from the shallow aquifer system. The local conditions favor the implementation of flood spreading through infiltration basins utilizing excess winter water of the Kosynthos River.



The results show that:




	(1)

	
The more preferable sites are located in the northwestern part of the study area near the Kosynthos River, while the most preferable is the Al5 alternative. This mainly holds due to the hydrological conditions of the northwestern part, which are more favorable than the southeastern ones for groundwater recharge. However, this is not an absolute condition due to the intense diversity of geological formations. In addition, the contribution of the analysis of the other criteria also affected the final rank list.




	(2)

	
The proposed methodology can be used for distinguishing discrete preferable points (alternatives) for MAR application without limitation in number of the examined alternatives. In addition, the selected criteria can be added or subtracted depending on specific local conditions. In case of application of another type of MAR the selected criteria should be adjusted as well. Certainly, in the case of a small number (<10) of alternatives to study, a classical hydrogeological analysis may lead to the selection of the most preferable alternative. However, in that case, the criteria weights would not be taken into account and thus, there would be the possibility of not obtaining an efficient and comprehensive solution. On the other hand, in the case of a large number of examined alternatives and criteria, where the complexity increased, the proposed methodology might be also a useful tool for ranking discrete alternatives. Other than that, it could be used as an alternative way to identify suitable recharge sites in case of low data availability.




	(3)

	
The applicability of the methodology requires lithological profile and hydraulic characteristics of both vadose and saturated zones, while it can be applied only in unconfined aquifers and where there is an underlying drainage axis. Furthermore, the application of this type of MAR requires the presence of a river whose excess waters can be utilized. Thus, after a preparatory screening, seven alternatives satisfied all the assumptions and criteria were finally evaluated.




	(4)

	
In general, the use of fuzzy logic in AHP can incorporate the uncertainty from the subjectivity of the initial experts’ judgments, while the fuzzy version of AHP implemented in this paper (FAHP–LFFP-based nonlinear method) can ensure a unique and optimal solution.




	(5)

	
Fuzzy inference systems (FIS) based on Mamdani’s approach are used in order to determine the rating of each alternative, since the objective function (or value function) regarding each examined criterion is unknown. In addition, with use of FIS, the classes of criteria are fuzzified, and this fact is more reasonable to describe the real conditions.
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Appendix A


Each mapping from the Universe X into the [0, 1] is a fuzzy set. An element x of a fuzzy set   A ˜   is expressed either by the membership function,    μ   A ˜    ( x )  , or by α-cuts,     α   A ˜   . The α-cuts are crisp sets defined as follows:


    α    A ˜   =  { x ∈ X :  μ   A ˜    ( x ) ≥ α }   



(A1)







If α = 0, then it holds    μ  A ˜   ( x ) > 0   for all the elements   x ∈ X  .



A special kind of fuzzy sets comprises fuzzy numbers. A fuzzy number    Z ˜  ⊂ R   satisfies the following properties [65]:




	(1)

	
  Z ˜   is a normal set, i.e.,   ∃ x ∈ X   such that    μ  Z ˜   ( x ) = 1  ;




	(2)

	
    α   Z    must be a closed interval   ∀ α ∈ ( 0 , 1 ]  ;




	(3)

	
the strong zero cut,      0 +   Z  , which is called the support set of   Z ˜  , must be bounded.









The second property implies that a fuzzy number   Z ˜   is a convex set as well.



There are many types of fuzzy numbers. Trapezoidal fuzzy numbers are based on four points (elements of the set of real numbers   R  ), while triangular fuzzy numbers are based on three points (elements of   R  ). Typical shapes of these fuzzy numbers are presented in the Appendix A in Figure A1a,b, correspondingly. The membership function of a trapezoidal fuzzy number is described as follows:


   μ  Z ˜    ( x )  =  {    ( x − l ) /  c 1     i f   l ≤ x < m     1    i f   m ≤ x ≤ n      ( u  − x ) /  c 2     i f   n ≤ x ≤ u     0    o t h e r w i s e      



(A2)




where (x − l)/c1 is a continuous from the left and increasing function from    (  l , m  )  → [ 0 , 1 ]   and (u − x)/c2 is a continuous from the right and decreasing function from    (  n , u  )  → [ 0 , 1 ]  . The parameters c1 and c2 denote the fuzzy spreads of the fuzzy numbers. In the case of trapezoidal fuzzy number (Figure A1a), it holds c1 = m − l and c2 = u − n. In the case of triangular fuzzy numbers (Figure A1b), it holds m = n, and therefore, c1 = m − l and c2 = u − m.
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Figure A1. Typical shapes of (a) trapezoidal and (b) triangular fuzzy numbers. 






Figure A1. Typical shapes of (a) trapezoidal and (b) triangular fuzzy numbers.
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In fuzzy set theory, the principle that extends all crisp mathematical concepts to fuzzy sets is named extension principle. With the use of the extension principle, all operations of the crisp functions between fuzzy sets (fuzzy numbers) are allowed [66].



Let X be a Cartesian product of universes   X =  X 1  × … ×  X n    and     A ˜  1  , … ,   A ˜  n    be fuzzy sets in    X 1  ×  X 2  × … ×  X n   , correspondingly. If   f :  X 1  × … ×  X n  → Y  ,   y = f (  x 1  , … ,  x n  )  , then a fuzzy set    B ˜    in Y can be defined as follows [67]:


   B ˜  =  {   (  y ,  μ B  ( y )  )   |  y = f (  x 1  , …  x n  ) , (  x 1  , …  x n  )   ∈ X  }   



(A3)




where


   μ  B ˜   ( y ) =        sup    (  x 1  , … ,  x n  ) ∈  f  − 1   ( y )     min {  μ    A ˜  1    (  x 1  ) , … ,  μ    A ˜  n    (  x n  )   f o r    f  − 1   ( y ) ≠ ∅     0   o t h e r w i s e      



(A4)




where    f  − 1     is the inverse of   f  .



In the case of n = 1, then   f : X → Y  , therefore it holds:


   B ˜  = f (  A ˜  ) =  {   (  y ,  μ B  ( y )  )   |  y = f ( x )   ∈ X  }   



(A5)




where


   μ  B ˜   ( y ) =  {       sup    x ∈  f  − 1   ( y )    μ    A ˜  1    ( x ) ,   f o r  f  − 1   ( y ) ≠ ∅     0   o t h e r w i s e      



(A6)







The extension principle allows all algebraic operations between fuzzy sets to be performed. The relation between fuzzy sets is described by a crisp function.



In the general case, a fuzzy function is performed and a fuzzy relation (Equation (A7)), which is a fuzzy set, is produced even though the input is crisp number.


   R ˜  =  {   (  ( x , y ) ,  μ  R ˜   ( x , y )  )   |  ( x , y ) = f ( x )   ∈ X x Y  }   



(A7)







The generalization of the extension principle, i.e., a fuzzy mapping from X to universe Y,    f ˜  : X → Y  , is achieved with the use of composition of R1(X, Y) and R2(Y, Z):


   μ    R ˜  1  ∘   R ˜  2     ( z )  =   ∪  y ∈ Y     [  min  {   μ    R ˜  1     (  x , y  )  ,  μ    R ˜  2     (  y , z  )   }   ]    x ∈ X , y ∈ Y , z ∈ Z  



(A8)




where     R ˜  1  ( x , y ) ,   ( x , y ) ∈ X x Y   and     R ˜  2  ( y , z ) ,   ( y , z ) ∈ Y x Z   are two fuzzy relations [68]. By using the minimum intersection, the widely used max–min composition is produced. The use of algebraic product as fuzzy intersection in the composition is common too. The membership function    μ    R ˜  1  ∘   R ˜  2     ( z )    denotes the membership grades of the elements of the related fuzzy sets.




Appendix B




[image: Water 14 00107 g0a2 550] 





Figure A2. Typical shape of the crisp ranges regarding the criteria of piezometry (C9) and type of aquifer (C8). 






Figure A2. Typical shape of the crisp ranges regarding the criteria of piezometry (C9) and type of aquifer (C8).
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Figure 1. Geomorphology of the wider area and the alternative sites. 






Figure 1. Geomorphology of the wider area and the alternative sites.



[image: Water 14 00107 g001]







[image: Water 14 00107 g002 550] 





Figure 2. Geological formations of the area under consideration (modified map based on geological map of [54]. 
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Figure 3. Distance from the hydrographic network (from the Kosynthos River) of each alternative. 
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Figure 4. Distance from the road network of each alternative (based on World Street map). 
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Figure 6. Transmissivity divided into four fuzzy classes described by linguistic variables. 
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Figure 7. Graphical representation of the intensities of the relative importance of two criteria as triangular fuzzy numbers (TFN). 
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Figure 8. Fuzzy classes described by linguistic variables regarding the criteria (a) hydraulic resistance (C7) and (b) storativity (C6). 
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Figure 9. Fuzzy classes described by linguistic variables regarding the criteria (a) transmissivity (C5) and (b) distance from road network (C4). 
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Figure 10. Fuzzy classes described by linguistic variables regarding the criteria (a) distance from hydrographic network (C3) and (b) slope (C2). 
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Figure 11. Final evaluation of alternatives. 
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