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Abstract.The Sinos River basin (SRB) is one of the most polluted river basins in Brazil, leading to considerable efforts to mi-
tigate the impacts and achieve their recovery, is possible through adequate integral management. Aiming at the need for water
quality management through the analysis of the interrelationships among the different factors, which can be difficult given the
multiple connections between the variables involved. In this article, the authors presented a tool of multi-criteria decision me-
thod using Neutrosophic elements in AHP-TOPSIS models and linked to Fuzzy Cognitive Maps, which can contribute to better
environmental management to be carried out by the Basin Management Committee of the Sino River. This method, it is
possible for modeling the complex system and variables involved inthe determination of water quality, according to the Water
Quality IndexandusingNeutrosophic Analytical Hierarchical Process (NAHP) with Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) for ranking scenarios. The methodology exposed in this research shows an improved
method to be used by the SRB Committee when planning decisions. The applicability of the framework has been demonstrated
during the case study presented.
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1 Introduction

The complexity of socio-environmental management in a water basin, strongly impacted by anthropic actions,
is manifested in a considerable number of environmental problems that affect the health and well-being of the
populations of the region. Additionally,altered the biological diversity the abiotic components of the ecosystem
are eroded [1].

The present work focuses on the managing of water quality through the analysis of the interrelations between
the different factors. Considering the variables that compose the Water Quality Index (WQI) on the SinosRiver
basin(SRB)[2] and how they are influenced by actions such asincrease of industrial and domestic wastewater
treatment, improve legal systems and law enforcement, conservation or recovery of the gallery forest, wetlands
and swamplands areas. Moreover, the degree of the impacts to the biota, the people health,and the regional econ-
omy is determined.

The proposal consistsusingtheFuzzy Cognitive Maps (FCM) [3] as a tool to understand the complex nature of
environmental management, making easier the analysis of existent interrelations, the discussion, and
understanding of the problems complexity by the stakeholders, contributing to making the basin management
process more democratic. Additionally, the combination with the Neutrosophic Analytical Hierarchical
Process(NAHP)[4-6] and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [7]
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multi-criteria method allows making prospective management when analyzing and ranking of different
scenarios.

Most noteworthy, this is the first study, to our knowledge, that integrates FCM with Neutrosophic NAHP-
TOPSIS for water management. All these factsallow the analysis of different alternatives, ranking them and se-
lecting the best one, optimizing the decision-making processes into the social-environmental management by the

SRB Committee.

The paper continues as follows: Section 2 is about the SRB and his environmental issue and some important
concepts about fuzzy cognitive maps, AHP and TOPSIS. Methodological aspects are detailed in section 3. A
case studyisdiscussed and presented insection 4. Thisarticle ends with inferences and some recommendation for

future work.

2 Preliminary

In this section the SRB and its environmental problems are presented then FCM fundamentals are discussed.
Additionally necessary concepts about neutrosophic AHP and TOPSIS are presented.

2.1 The SRB social-environmental water problems

The SRB is one of the most polluted water basins in Brazil [8] which leads to tremendous efforts for its
recovery through adequate integral management. The SRB Committee is responsible for the environmental man-
agement but, due to the complex nature of the interrelations between the different factors involved in environ-
mental quality management becomes intricate and therefore requires the use of tools that facilitate decision mak-
ing.

The SRB (Fig. 1),positioned in the eastern portion of the Rio Grande do Sul State. It has an area of approx-
imately 3.696 km?, equivalent to 1.3% of the total area of the Rio Grande do Sul State and 4.4% of the Guaiba
Hydrographic Region [9], providing fresh water to nearly 1.3 million people in 32 municipalities [10].
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Figure 1:Sinos Rivers Basin

The SRBis frequentlycited as a highly degraded watershed due to the process of substantial economic devel-
opment disjoined from environmental conservation concerns [11]. The deficiency of urban planning proper
zoning hasstrong consequent in urbanization observed for the municipalities within the water basins [11].

The growth of towns and villages without following the guidelines of urban and territorial planning threaten
the basin ecosystem biota. Another factor threatening isthe occupation of flooding areas by people, the riparian
forest deforestation. Additionally,the domestic sewage with inadequate treatment threw into the water body, con-
tributes to the surface and ground waters degradation. However, the city grew along the river also brought about
an increase of industrial facilities, which pour, since the beginning until today, their rubbish into the streams of
the river basin. So the primary sources of pollution of the SRB are two: the industrial wastewater and the domes-
tic sewage [12].

The insufficient capacity of domestic wastewater and industrial effluents treatment has a negative influence
on the ecosystem life, increasing the concentrations of pollutants in the water, killing thousands of fish and other
types of life. [12, 13].It is also responsible for waterborne diseases such as hepatitis, enteritis,and

diarrhea[14], [15].
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The industrial waste pumped into the streams of the basin is the source of illness due to many substances like
chrome, nickel, iron, mercury, lead,and cyanide. These materials were found with values beyond the lim-
its accepted by Brazilian legislation[16, 17]. Furthermore, organic compounds were found, such asDiethyl phtha-
late; Fluorene; Dibenzofuran; Nitrobenzene; 4-Bromodiphenyl ether; Hexachlorobenzene; Phenanthrene; Carba-
zole; Di-n- butyl phthalate e Benzyl butyl phthalate[18].

Another pollution source of the SRB is the diffused pollution linked with the increasing vehicular traffics,
industrial air pollution and soil pollution by agricultural runoff [19]. The current situation shows the deficiencies
and the inability of the watershed committee to reach the goals and have a proactive action into the social-
environmental management. The SRB Committee need for new analysis tools that support decision making in
this situation.

2.2 Fuzzy Cognitive Maps Fundamental

Cognitive maps were firstintroduced by Axelrod [20], where arcs indicate either positive or negative causal
relations between nodes. fuzzy cognitive map (FCM)[3] extends cognitive maps with fuzzy values in arcs in the
[-1,1] interval. Recently FCMs have gained considerable research interest and are mainly to analyze causal sys-
tems especially in system control and decision making [21-23]. When neutrosophic is included in arcs weights
a neutrosophic cognitive is obtained [24].

In FCM there are three types of causal relations between nodes in the matrix: negative, positive and-
none. The matrix representation of FCM allows the making of causal inferences. In FCM the dynamic analysis
begins with the design of the initial vector state, which represents the initial value of each node. The value of a
concept is calculated in each simulation step using the following calculation rule:

AEHI) = (AL + 2L, AL X W) 1

Where AECH) is the state of the node i at the instant t+1 , W}; is the weight of the influence of j node over
the i1 node, and f(x) is the activation function. The hyperbolic tangent activation function is defined as follows
[25]:

5;(Ciy) = tanh(AC;,) 2)

The calculation halts if an equilibrium state is reached. The final vector reflects the state of the FCM nodes
after the system intervention [26, 27].

The interestin the use of FCM iscrescent, in the most recent years, as a participatory method for understand-
ing social-ecological systems [28]. FCM has been used in a different set of contexts reaching from invasive spe-
cies management [29] to agricultural policy design and communication [30]. The FCM is due mainly to its
transparent graphical models of complex systems useful for decision making, the ability to illuminate the core
presumptions of environmental stakeholders and to structure environmental problems for scenario development.

2.3Neutrosophic AHP

Smarandache[31] suggested the concept of a neutrosophic set, which usesthe truth-membership function, in-
determinacy-membership function,and falsity-membership function. Neutrosophic set theory should be utilized
to rationalize uncertainty associated with ambiguity in a manner analogous to a human in the decision-making
process [32]. A single value neutrosophic number 3 = {(a;, a,, as); o 65,B5) express a quantity approxi-
mately equal to a[33].

In this paper with the calculation of the weights through the analytical hierarchal process (AHP) using trian-
gular neutrosophic numbers[34].

In AHP the relative priorities are assigned to different criteria using a scale for comparison by pairs (Table 1).

Saaty Scale Explication Neutrosophic Triangular Scale

1 Equally influential 1= {(1, 1, 1);0.50,0.50, 0.50)
3 Slightly influential 3=— {(2, 3, 4);0.30,0.75, 0.70)
5 Strongly influential 5= {4, 5, 6);0.80,0.15, 0.20)
7 Very strongly influential 7= {(6, 7, 8);0.90,0.10, 0.10)
9 Influential 9= {(9, 9, 9); 1.00, 0.00, 0.00)
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Table 1. Priority scale of AHP criteria for pairwise comparison using triangular neutrosophic numbers [4].

Letbed = {(a;, a,, as); as 65,Bs) the neutrosophic comparison matrix it converted to its crisp form
by using score degree of a[4]:

s@=Ygla, +a, + as]x (2+az — 6;— B3) 3)
and the accuracy degree of a[4]:
A@=1/glas +az +as] x (2 + az — 05 + Ba) @)

NAHP has the same advantages of classical AHP for example user with a richer structure framework than
the classical AHP, fuzzy AHP,and intuitionistic fuzzy AHP. Describe the preference judgment values of the de-
cision maker efficiently handling vagueness and uncertainty over fuzzy AHP and intuitionistic fuzzy AHP be-
cause it considers three different grades “membership degree, indeterminacy degree and non-membership degree
[33,35].

2.4 TOPSIS

Decision-making at environmental projects requires consideration of trade-offs between sociopolitical,
environmental and economic impacts, making multi-criteria decision analysis (MCDA) a valuable methodology
in this situations. TOPSIS is MCDA method to do rank alternative from a finite set of one’s [36]. The chosen al-
ternative should have the farthest distance from the negative ideal solution and the shortest distance from the
positive ideal solution [37]. Some extensions for TOPSIS have been developed based on neutrosophic[38].

The algorithm for TOPSIS is as follows

Step 1: Determine the normalized decision matrix (R). The raw decision matrix (D) is normalized for criteria
comparability:

xij
rij = (5)
\ 2{:1xi2j

Step 2: Compute the weighted normalized decision matrix (V ) with weights obtained from Neutrosophic-
AHP. The weighted normalized value of can be computed by

vij :rij Wj (6)

where w; is the weight of the jth criterion and X2 w; = 1.

Step 3: State the positive-ideal (A*) and negative-ideal (A™) alternatives. The values of the criteria in the
positive-ideal and the negative-ideal alternative correspond to bethe best level and the worst level respectively
[39]:

A* ={(max;_,|j € I"]),(mini_y|j € I"D} = [v{,v7,...,vq],

and
A” ={(mini_,|j € I, (maxiL,|j € I"D} = [vy,vz,...,v0],
where I't and I~ are the criteria sets of benefit and cost type, respectively.

Step 4: Compute the distance measures with the Euclidean distance. The separation to the positive-ideal al-
ternative is:

df = /2}21(17” - v]fr), i=1,...,n @)

Additionally, the distance to the negative-ideal alternative is denoted as:
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d;:\/m,i=1,...,n ®

Step 5: Compute the relative closeness to the ideal alternative and rank the preference order. The relative
closeness of the ith to the ideal alternative concerning the ideal alternative is as follows:

+_ _ 4
G = af +d; ©)
A set of alternatives that can be preference ranked according to the descending order of C;* ; then larger

means a better alternative.

3Proposed Method

We propose an approach to support decision making in water management, made of some steps that range
from indicator selection to scenario comparison and ranking support decision making.

1. Select relevant indicators

Relevant indicators are selected, and the FCM representing causality is modeled. The data source or ex-
pert(s) could be used in this step. Several methodologies could be used in order to reach a consensus within a
group of participant experts [40].

2. Static Analysis

The concept in which the model can be categorized into one of three ways based on analysis: as driving
components, receiving components or ordinary components [41].

The following measures are calculated with the absolute values of the FCM adjacency matrix:

Outdegree od(v;) is sum the of absolute values in the row of a variable in the adjacency matrix. It shows
the cumulative strengths of connections (a;; ) departing the variable.

Indegree id(v;) is the sum of the absolute values in the colum of a variable. It shows the cumulative

strength of variables incoming the variable.

The centrality measureof a variable is the summation of its indegree and outdegree

td(v;) = od(v;) + id(v;) (10)

Later variables could be classified according to the following rules and be selected in scenario
development[42]:

a) Transmitter variables have a positive or indeterminacy outdegree, and zero indegrees.

b) Receiver variables have a positive indegree or indeterminacy and zero outdegree.

¢) Ordinary variables can be more or less a receiver or transmitter variables, based on the relation of thei-
routdegrees and indegrees measures.

3- Identify future scenarios

Scenarios are identified,and initial stimuli vector for each one are defined. A Stimulus vector is designed for
each scenario representing the initial value of each node. The simulation of the scenarios with the FCM is run
with the outcome in the form of concepts being ’activated’ at different levels after reaching equilibrium [38].

5- Rank and evaluate the different scenarios.

The Neutrosophic AHP-TOPSIS method is a combination of the NAHP method with the TOPSIS method. In
this case, the weights are calculated in the NAHP. At the first stage, NAHP is used to weight the relative impor-
tance of NODES when compared to each other. According to this, the positive-ideal scenario (PIS) and the neg-
ative-ideal one (NIS) are defined. Moreover, alternatives are ranked according to the TOPSIS algorithm [43].

4Results

Understanding the complexity of water pollution sources and their mitigation using the fuzzy cognitive maps
modeling to supporting decision making.
In Step 1 relevant indicators are selected (Table 2).

Concept Description

WQI The WQI was created to assess the quality of raw water in the public supply treatment sys-
tems. This indicator has limitations because not analyzeessential parameters such as toxic
substances, pathogenic viruses and protozoa,and others substances.

OD This indicator shows the level of free oxygen present in the water body. It iscrucial for all life
in the water.

Coliforms T The quantity of Thermotolerant Coliform bacteria is an indicator of domestic sewage pollu-
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tion in the water body.
pH pH is a measurement of water acidity or alkalinity, determined by hydrogen ions in the water

Water Temp This indicator is determined by solar radiation,orphysical-chemical processes and the variabil-
ity of the indicator could modify many water parameters such as surface tension or
viscosity,which can affect the growth, reproduction or life of aquatic organisms?

Nitrogen Total This indicator reflects the total quantity of nitrogen existing in the water from different
sources.
Phosphorus Total This indicator reflects the total amount of phosphorus present in the water from various

sources. High phosphorus levels in water are the leading causes of eutrophication.

Turbidity Turbidity indicates the degree of attenuation caused by the particles in suspension undergoing
a ray of light passing through the water

Total Solids The total residue is the remaining material after evaporation, calcination or drying of the wa-
ter sample for a determine time and temperature.

DBO5 The BDOS is the total of oxygen necessary to oxidize the organic substance present in the wa-
ter through aerobic microbial decomposition for five days.

Domestic Wastewater  This concept is wastewater from residential towns and services, such as houses, restaurants,
hotels; and which come up from toilets, bathrooms,and kitchens.

Industrial Liquid Water This wastewater can be the result of any process, industrial activity or commercial activity, of
the transformation of any natural resource or of operations with animals, such as feedlots,
chicken coops or dairies.

Diffuse Pollution Is the nonpoint source pollution, this term refers to the difficulty of adequately determining
the origin of the pollutant.

Health Impact It is the combination of methods, procedures,and tools through which can determine the rela-
tionship of certain phenomena and their effects on the health of people or animals, as well as
the spatial or temporal distribution of these effects.

Economic Impact It is the combination of methods, procedures,and tools with which can determine the relation-
ship of certain phenomena and their effects on the economy of a region, as well as the distri-
bution over time of these effects.

Biota impact It is the combination of methods, procedures,and tools with which can determine the relation-
ship of certain phenomena and their effects on the life of an ecosystem, as well as the spatial
or temporal distribution of these effects.

Wastewater Treatment [t js a process of elimination of pollutants from industrial and domestic wastewater. The phys-
Plant ical, chemical and biological processes are included that make it easier to eliminate these pol-
lutants and produce a safer discharge for the environment.

Law enforcement This indicator reflects as the system using which the members of society act in an organized
way to enforce the law, dissuading, rehabilitating or punishing people who violate the rules
and regulations that govern that society.

wetlands conservation  The objective of this indicator is to measure the degree of protection and preservation of areas
such as swamps, marshes,and wetlands.

Riparian forest conser- This indicator measures the conservation of riparian forests, given their importance for form-

vation ing a complex ecosystem and the occurrence of interrelationships between species of terrestri-
al and aquatic organisms, as well as the relationships between the biotic and abiotic compo-
nents.

Table 2.CFM Relevant indicators (Nodes) and their meanings.

In Step 1 an FCM based on expert is developed. Figure 2 shows an FCM model with obtained with 20
nodes and 63 edges.
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Healt Imp

Figure 2: FCM model

FCM Model of the WQI relationships. Blue lines show positive relationships and red lines point to negative
relationships and the fatness of the line represents the strength of the relationship.

In step 2 a static analysis is performed on centered on studying the features of the weighted directed graph
that represent the model, using graph theory metrics (Figure 3).

Concept Indegree Outdegree Centrality
WQI 2.91 2.86 5.77
OD 2.44 2.03 4.47
Coliforms T 0.81 1.36 2.17
pH 1.26 1.89 3.15
Water Temp 0.78 0.59 1.37
Nitrogen Total 1.39 1 2.39
Phosphorus 1.9 1.06 2.15
Total

Turbidity 2.25 1.5 3.75
Total Solids 1.38 1.16 2.64
DBO5 2.69 1.86 4.55
Domestic 0.34 4.53 4.87
Wastewater

Industrial 0.26 3.04 33
Liquid Water

Diffuse Pollu- 0.43 3.19 3.62
tion

Health Impact 2.81 0 2.81
Economic Im- 3.39 0 3.39
pact

Biota impact 47 0 4.7
Wastewater 0 0.58 0.58
Treatment

Plant

Law enforce- 0 0.03 0.03
ment

Wetlands con- 0 0.45 0.45
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servation

Riparian for- 0 1.8 1.8
est conserva-
tion

Table 3: Static Analysis

The most central nodes are WQI, Domestic Wastewater,and Biota impact. Receiver variables are Health Im-
pact, Economic Impact,and Biota impact. Transmitter variables are Law enforcement, Wetlands conservation,
Riparian forest conservation.Scenarios are identified and simulated (Table 4).

In step 3 scenarios are identified,and initial stimuli vector for each one are defined.

Scenario Description Initial Stimulation

S1 The actual capacity of wastewater treat- WTP 5%
ment in the basin of Sinos River

S2 increase the quantity and capacity of the WTP 35%
wastewater treatment system

S3 Increasing of natural or artificial Wet- Wetlands 35%
lands areas

S4 Increase the law enforcement Law Enforcement 35%

S5 Increasing Wetlands areas and Law en- Wetland 25% Law 30%
forcement

S6 Increasing of wastewater treatment plant, WTP 45% Law 25% Wetland 30%d

Wetlands areas,and Law enforcement

Table 4..Scenarios identification and stimulated.

Scenario planners calculate the FCM model for different input vectors that represent probable or desirable
combinations of concept states.[44] In this case, the hyperbolic tangent activation function is used[25].

The scenarios are further investigated the next step (Step 4) for ranking.Ending scenarios are exemplified
graphically in Figure 4.
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wal
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DBOS Coliforms T
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Healt Imp Water Temp
Diffuse Pollution Nt
industrial wastewater Pt

Domestic wastewater Turbidity

Total Solids

Figure 4: Scenarios’ results

Scenarios ranked with NAHP-TOPSIS. Pairwise comparison matrix was obtained using triangular neutro-
sophic numbers. Nodes are weightedaccordingto the AHP method as follows, see table 4.

Indicators Weights
WQI 0,15
OD 0,10
Coliforms T 0,08
Ph 0,08
Water Temp 0,07
Nt 0,06
Pt 0,06
Turbidity 0,06
Total Solids 0,06
Domestic 0,05
Wastewater

Industrial 0,05
Wastewater

Diffuse Pollution 0,04
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Health Imp 0,02
Economic Imp 0,02
DBO5 0,05
Biota Imp 0,01
Wastewater 0,02
treatment plant

Law enforcement 0,02
Wetlands Con- 0,01
servation

Riparian Forest 0,01

Table 5:Weights results

WQI and OD are the most important nodes. Theyjointly comprisethe 25% of the total weights. Additionally the
least important are Biota Imp, Wetlands Conservation and Riparian Forest comprising only 3% of the total
weights.

Then the weighted normalized decision matrix (V) is computed. The authorsadopt that all the nodes are clas-
sified as benefit (higher scores are better). After TOPSIS procedureoutcomesare displayed,and the scenarios are
ranked (Table 5).

Scenario Distance to Ideal Distance to Anti-Ideal Relative Degree Closeness Rank
S1 0.96 0,93 0,49 5
S2 1.04 1,01 0,49 5
S3 0.72 1,11 0,61 2
S4 1.05 1,13 0,52 4
S5 0.75 1,11 0,60 3
S6 0.67 1,29 0,66 1

Table 6: TOPSIS results

S6 rank as the best scenario and S1 is the less desirable scenario. Increasing of wastewater treatment plant,
Wetlands areas,and Law enforcement id the best scenario according to the method.The final ranking of scenarios
is as follows: S6 > S§3 > S5 > §4 > S§1 =S2.This result coincide with experts opinions consulted.

In this study, we presented a methodology based in FCM to obtain a better comprehension about the complex
relation of variables involved in water quality. The representation of relationships variables by FCM allows the
SRB Committee do participation exercisesand all of the stakeholders gain in knowledge aboutthe challenges of
social-environmental management and the water management specifically. Additionally scenarios are ranked
taking into account importance of the factor involved with the NAHP and the TOPSIS methods.

Conclusion

In this paper, the authors present a Neutrosophic AHP TOPSIS multi-criteria decision method tool that can
contribute for a better choice of environmental management in the watershed by the Basin Management Com-
mittee. With this technique, it is possible to use FCM to model the complex system of variables involved in the
determination of water quality, according to the WQI and TOPSIS for ranking scenarios. The methodology ex-
posed in this research shows an improved method to be used by the SRB Committee when planning decisions.
The applicability of the framework has been demonstrated during the case study presented above.
The originality of the approach shown in this document is to use the built scenarios, their evaluation and their
classification for water quality management. Future work should focus on extending the auxiliary proposal into a
neutrosophic decision map to work out the decision-making dependency of multiple criteria and feedback prob-
lems. The development of a full neutrosophic proposal is another area of future research.
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