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Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Doctor of Philosophy  

Abstract 

Robust Semi-Quantitative Fuzzy Cognitive Map Model for Complex 

Systems and Case Study: Mitigating the Water Scarcity Problem in 

Jordan 

 

by 

Mamoon Obiedat 

Many contemporary real life problems are characterised by uncertainty due to human-

environment interactions. Such problems are typically qualitative, participatory, complex 

and dynamic such that the domain knowledge (typically the perceptions of participants) can 

only be represented in the form of relevant factors linked to each other through imprecise 

cause-effect relationships and many feedback loops. A Fuzzy Cognitive Map (FCM) is able to 

deal with and model such problems. FCM is a qualitative soft computing approach that 

represents domain knowledge on a map by a way of nodes and imprecise directed 

connections between them to represent the factors and relationships, respectively. It 

incorporates uncertainty in relationships through imprecise values for connection strengths 

and allows feedback loops to appropriately represent systemic behaviour. An individual FCM 

can represent perceptions of a participant regardless of the level of their knowledge. FCM 

approach can combine different FCMs/perceptions into a group or social FCM/perception to 

obtain a comprehensive understanding of the problem. It also can simplify (condense) large 

FCMs that include a large number of nodes and connections to better understand the 

problem and gain meaningful insights. Finally, individual and group FCMs are to be analysed 

and simulated using what-if policy scenario simulations to reveal suggestions for solving a 

problem. All these aspects of FCM approach have limitations. Therefore, this thesis aims to 

address these aspects of the FCM approach in a systemic way and test its applicability and 

validity in a case study involving mitigating water scarcity in Jordan. 
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The first part of this thesis proposes the development of a robust semi-quantitative FCM 

model consisting of robust methods for adequately and accurately collecting, representing 

and manipulating imprecise data describing a complex problem. This model uses in-depth 

qualitative interviews based on open-ended questions to collect qualitative data about the 

problem from relevant stakeholders. These data are then transformed into factors and 

imprecise (linguistic expressions such as 'high', 'medium', 'low’, etc. or numeric expressions) 

connection values among these factors to produce different stakeholder FCMs. These FCMs 

could be further updated based on a review of their corresponding interviews. To deal with 

the different FCMs expressed by different imprecise values appropriately, they are 

represented in a unified format using a robust representation approach called 2-tuple fuzzy 

linguistic representation model. With this representation, it can combine imprecise linguistic 

and numeric values with different granularity and/or semantic without loss of information.  

To condense a large FCM, this thesis uses a semi-quantitative FCM condensation method 

that allows multi-level condensation. In each level of condensation, groups of similar 

variables are subjectively condensed and the corresponding imprecise connections are 

computationally condensed. In this regard, the credibility weights assigned to variables 

based on Consensus Centrality Measure (CCM) values of these variables are used. CCM is 

used to reflect variables’ importance and obtained based on the most common centrality 

measures of a variable in a directed network – Degree, Closeness and Betweenness. To 

obtain a realistic group FCM, this thesis uses a quantitative fuzzy method for FCM 

aggregation based on the 2-tuple model and the credibility weights of FCMs assigned based 

on their CCM values. These credibility weights reflect the importance of different levels of 

knowledge of stakeholders developed these FCMs. This thesis uses graph theory indices to 

analyse the structure of individual and group FCMs. It also makes comparisons between 

theses FCMs to examine different perceptions. This could be useful for planning simulations 

and understanding and interpreting simulation results. For FCM simulation, Auto-associative 

Artificial Neural networks (AANN) are used to implement various what-if policy scenarios on 

condensed or non-condensed group FCMs. This thesis also uses a number of criteria to select 

the most effective policies before making recommendations to decision makers.  

To reflect the robustness and effectiveness of the proposed model, the second part of this 

thesis examines an application of the proposed model to a case study representing a big 

real-life problem - "Mitigating the Water Scarcity Problem in Jordan". In this study, 35 face 
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to face recorded interviews were conducted in Jordan with 39 participants from 5 

stakeholder groups consisting of private sector, local people, water experts, managers and 

farmers. A well prepared questionnaire was used in the interviews to motivate the 

stakeholders in identifying relevant factors and connections. This data collection part lasted 

about five months and produced 35 original FCMs developed by the stakeholders. The 

recorded interviews and FCMs were reviewed one to three times to obtain comprehensive 

FCMs that include all important factors and connections mentioned in the interviews. The 

resulting FCMs included 186 different factors as original variables in total. These FCMs were 

condensed in two levels of condensation and then aggregated into five group FCMs and one 

social FCM using the proposed FCM model.  

The analysis of the interviews and the structures of the FCMs revealed a high level of 

agreement between stakeholder and group perceptions. The stakeholders defined many 

similar important original variables and drew relatively similar connections between them. 

The stakeholder perceptions for ending or alleviating the water scarcity focused toward 

increasing water supply and decreasing water demand. The stakeholder group FCMs and the 

overall social group FCM at the higher (second) level of condensation were used to simulate 

different policy scenarios. According to the analysis of the results of these simulations, an 

investigation process was carried out at the lower levels (first level of condensation and the 

original FCMs) based on some novel criteria to assess the appropriateness of variables at 

these levels to address the problem. Accordingly, this thesis recommends the following 

towards mitigating water scarcity in Jordan: a) implement rainwater harvesting, Disi and Red 

Sea-Dead Sea Water Conveyance projects as regardless of their high cost they would greatly 

help alleviate the problem b) improve water treatment technologies, especially wastewater 

treatment, c) implement effective management strategies and policies such as integrated 

and reformed management, effective and deterrent laws, stable plans and policies, regular 

maintenance of water networks, irrigation technologies, and securing rights to shared water 

with Israel and Syria, and d) involve the private sector in water management. 

Keywords: Uncertainty, complexity, dynamicity, real-life problems, soft computing approaches, fuzzy 

logic, auto-associative artificial neural networks, fuzzy cognitive maps, qualitative interviews, 2-tuple 

fuzzy linguistic representation model,  degree centrality, closeness centrality, betweenness centrality, 

consensus centrality measure, credibility weights, fuzzy representation, aggregation, condensation, 

policy scenario simulations, Mitigating the Water Scarcity Problem in Jordan. 
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Chapter 1 

Introduction 

1.1 Overview 

Humans have been interacting with nature from time immemorial. In recent decades, the 

interaction between humans and nature has grown extensively with increasing complexity. 

Complexity is a result of many factors and participants interacting with each other in a 

dynamic way within an environment of uncertainty. Increasing complexity and imprecision 

of problem domains, resulting from ever increasing and expanding human-nature 

interactions in contemporary real-world natural/environmental problems, have become a 

major challenge for solving them in a satisfactory manner. The complexity and imprecision 

are due to a number of factors, such as uncertainty, ambiguity, ill definition, inconsistency, 

multiple players or participants with diverse experiences and knowledge, a large number of 

influencing factors and relationships between them, and multiple dimensionality (social, 

political, economic, ecological etc.). The problems that include some or all of these 

characteristics are considered complex and dynamic. Most real-life problems share the 

above stated attributes and characteristics. Therefore, in order to study, address, synthesise, 

manage and/or control these attributes and characteristics, there is a need for 

computational systems that have the capability to mimic human thinking, understanding, 

and decision making.  This entails the ability to identify and extract relevant knowledge from 

complex dynamic problems of human-nature interactions, which is predominantly 

experiential or heuristic, and integrate them in a comprehensive model that allows 

simulation of the system behaviour that enables informed decision making. This research 

intends to produce a robust approach to deal with and model complex real-life problems 

and examine its utility in addressing one such problem.  

In general, hard computing approaches cannot provide complete or accurate solutions to 

problems associated with complex systems. On one hand, they rely on numerical or binary 

logic i.e., 0 or 1 and pursue exactness and linearity i.e., black or white. They also lack the 

ability to reflect the reality of approximation problem and as well they cannot provide low-

cost solutions. On the other hand, particularly in real-life problems involving uncertainty or 

partial truth, it is more natural for humans to express their perceptions in natural language 
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rather than using the discrete or quantitative values. Therefore, it is essential to shift the 

problem solving to holistic integrated approaches to cope with the attributes and 

characteristics that the present day problems are confronted with.  

Soft computing approach is an alternative to the hard computing approach. Soft computing 

approach, coined by Zadeh in (1994), was proposed to deal with the reasoning and 

approximation of complex problems. Zadeh (1994), in his article, defined the term of soft 

computing as: 

"Using soft computing rather than hard computing exploits the tolerance for 
imprecision and uncertainty to achieve tractability, robustness and low 
solution-cost. The soft computing mimics the ability of the human mind and 
learns in an environment of uncertainty and imprecision to effectively 
employ modes of reasoning that are approximate rather than exact".  

Zadeh (1994) also pointed the key techniques of soft computing: fuzzy logic, neural network 

theory and probabilistic reasoning, with emphasis on fuzzy logic technique for approximate 

decision making. Any combination of these techniques and other recently published 

techniques, such as genetic algorithm and Bayesian networks, with integrated domain 

knowledge constitute a hybrid soft computing approach such as intelligent systems and 

expert systems. Soft computing techniques have been applied to several problems and have 

proved their success in addressing and modelling several real-life problems such as  finance 

applications (Mochón et al., 2008), predicting stock-market trends (Mansukhbhai & Patel, 

2012; Rahamneh et al., 2010), and practical environmental solutions (Gestal Pose & Rivero 

Cebrián, 2010).  

Some environmental problems, such as global water problems, are complex and require a 

wide range of human knowledge/expertise to adequately address them and as such demand 

a significant soft computing approach to extract such knowledge/expertise. Fuzzy Cognitive 

Map (FCM) is a soft computing approach in the form of sufficient, flexible, and adaptable 

system models that can reflect the reality of various real-life problems and handle their 

complexity (Papageorgiou et al., 2010).  

FCM is a useful approach to model complex problems involving humans such as 

environmental problems (Ozesmi & Ozesmi, 2004). In the above article, the researchers 

suggested that such problems would benefit from models based on human knowledge such 

as FCM models. They identified four types of complex problems that are very difficult to get 
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insights from and predict the corresponding system behaviour, where the FCM model is very 

useful. These problems are: human behaviour and the impact of human actions on 

ecosystems, lack of scientific data but availability of peoples’ knowledge and experience, 

environmental problems with several dimensions and no accurate solutions, and finally 

public involvement is desired or even mandated by law in solving the problem (Ozesmi & 

Ozesmi, 2004).  

This research proposes a robust semi-quantitative FCM model for addressing and modelling 

complex real-life problems (complex systems) and applies the proposed model to mitigate 

the "Water Scarcity Problem in Jordan". The rest of this chapter is structured as follows: 

Section 2 gives a brief introduction to the general definition and structure of FCM. This 

section also highlights the advantages of FCM system over other soft computing systems, 

and presents the overall plan of the research. Section 3 briefly describes the significance of 

water and global water problems. After defining the goals and objectives of the thesis in 

Section 4, the structure of the rest of the chapters of the thesis is presented in Section 5.  

1.2 Fuzzy Cognitive Maps (FCM) 

FCM is a hybrid soft computing model incorporating robust properties of fuzzy logic, 

nonlinear systems dynamic models and neural networks techniques. The structure of FCM 

allows feedback loops. This structure gives the FCM approach significant capability to 

represent the domain knowledge of qualitative complex problems, capture their nonlinear 

systems dynamics, and help generate potential solutions to these problems.  

1.2.1 FCM Overview 

In his famous article, Kosko (1986a) presented the notion of fuzzy cognitive maps (FCMs) as 

an extension of cognitive maps (CMs) introduced by Axelrod (1976). Since then, researchers 

have considered FCM as a useful approach for modelling and controlling complex systems 

(Chun-Mei, 2008; Dickerson et al., 1994; Le et al., 2010; Mago et al., 2012; Stylios & 

Groumpos, 1999, 2004). 

Human perceptions produce uncertainty and incomplete data that necessitate a cognitive 

model to deal with these data. FCM has the ability to deal with uncertain and imprecise data 

(Kosko, 1988b, 1992b), depicts the knowledge from perceptions of the humans and 

represents this knowledge in a symbolic manner. FCM is a fuzzy signed directed graph with 
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feedback loops to allow for complex nonlinear systems dynamics. The significance of the 

FCM model lies in representing the factors and relationships of the problem in a fuzzy 

(imprecise) way (Kosko, 1986a). In other words, FCM consists of nodes, also known as 

variables or concepts, and imprecise causal connections, also known as cause-effect 

relationships among nodes. The nodes represent the related causal factors that describe the 

states, behaviours or characteristics of the domain knowledge. These factors correspond to 

variables, concepts, events, input, output, trends and other characteritics of the domain 

knowledge being modelled (Dickerson & Kosko, 1994). The imprecise connections among 

nodes represent their cause and effect relationships.  A connection between two nodes has 

a sign, magnitude and arrow to express type, strength and direction of the connection, 

respectively. The experts/designers draw their FCMs to model a variety of domain problems. 

This process is called FCM development or domain knowledge representation. 

Due to the flexibility and ability of FCM to represent human knowledge, FCM has been used 

for modelling numerous different ill-structured domain applications such as: political 

decisions and developments (Taber, 1991; Tsadiras & Kouskouvelis, 2005), modelling 

undersea virtual world of dolphins, fish, and sharks (Dickerson & Kosko, 1994), modelling the 

underlying mechanism of a complex control system (Stylios et al., 1997; Stylios & Groumpos, 

1998, 1999), geographic information systems (GIS) data analysis (Liu, 2003), analysing 

electrical circuits (Styblinski & Meyer, 1991), socio-ecological systems (Fairweather, 2010; 

Giordano et al., 2005a; Gray et al., 2012; Hobbs et al., 2002; Ozesmi & Ozesmi, 2003, 2004; 

Tan & Özesmi, 2006), economic demographics of world nations (Schneider et al., 1998), data 

mining (Hong & Han, 2002; Lee et al., 2002), information technology (Kardaras & Karakostas, 

1999; Sharif & Irani, 2006), Prediction of socio-economical market (Coban & Secme, 2005), 

behaviour analysis (Buyukozkan et al., 2009; Nasserzadeh et al., 2008), education (Cole & 

Persichitte, 2000), agriculture (Isaac et al., 2009; Papageorgiou et al., 2009), medical 

decision-making (Aguilar, 2001; Harary et al., 1965; Stylios et al., 2008), Soft system 

methodology (Hanafizadeh & Aliehyaei, 2011), catastrophic natural events, e.g., earthquakes 

(Strickert et al., 2009; Strickert et al., 2010), and water and drought management (Giordano 

et al., 2005b; Glykas, Giordano, et al., 2010; Glykas, Kafetzis,et al., 2010). 
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1.2.2 Why FCM Model? Advantages and features of FCM and Research aims 

Why FCM Model? 

FCM model can represent the knowledge of various complex problems and solve them in an 

appropriate way that other intelligent systems cannot. It can also play a significant role in 

helping the decision-maker in modelling the complex dynamics of the system, particularly if 

the system consists of different participants and stakeholders. Importantly, FCM model can 

combine different perceptions of stakeholders into a Group stakeholder map that represent 

overall perception. This process is called an FCM combination or aggregation. The 

aggregation process, usually, produces a large complex FCM with large numbers of nodes 

and connections. FCM model allows simplification of the large complex FCM into a simple 

one with a small number of nodes and connections (Ozesmi & Ozesmi, 2004). This process is 

called FCM condensation. Furthermore, FCM model can utilize graph theory indices and/or 

statistical methods to analyse the structure of the FCM (Ozesmi & Ozesmi, 2003, 2004). This 

process is called statical analysis of the structure of the FCM. FCM model can reveal the 

effects of nodes on each other and the whole system by simulating the FCM based on known 

initial state of nodes to find the final state of the nodes in the system.  This process is called 

FCM inference. Finally, it can perform different scenario simulations using several "what if" 

questions to see what state the model will reach if the initial state of some specific nodes are 

altered (Kosko, 1988b) in order to help in decision making to find more desirable outcomes 

for the system concerned. 

Advantages and features of FCM 

In some complex problems such as socio-ecological problems, it is useful to integrate varied 

types of knowledge (i.e, from lay experts to experts) and different kind of perceptions (i.e, 

from local people to high level managers) from many participants or related stakeholders 

(Ozesmi & Ozesmi, 2004).  This participatory knowledge would organize the complexity of a 

problem (Gray et al., 2012), and then lead to the encapsulation of a successful, flexible and 

adaptable system (Ozesmi & Ozesmi, 2003). FCM is an effective and useful approach for 

handling such problems. Based on the FCM theories proposed in (Kosko, 1986a, 1988b, 

1992b; Taber, 1991), Ozesmi and Ozesmi (2004) suggested some of the advantages of using 

FCM approach for modeling ecological problems. The FCM approach has the ability to deal 

with ill-defined variables and relationships between variables and describe the uncertainity 
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of them in a fuzzy way. It also allows feedback loops to model dynamical interactions, can 

extract different types of knowledge from experts as well as from lay experts, easily 

combines the knowledge/perceptions of different stakeholder groups and allows statistical 

anaylsis and  comparisons between them, and last but not least applies to test the dynamic 

effects of variables on each other and the resulting overall system state or temporal 

response under given initial conditions of the system.  

Moreover, a well developed FCM model can predict how external actions affect the system. 

This would help in assessing what would happen if some of the variables of the system have 

been changed (i.e, policy options (what-if scenarios)); in other words, what would be the 

results of model implemented scenarios. This is useful for developing new policies for 

managing or imporving the actual system.  Another interesting feature of the FCM model is 

the flexibility of the FCM development process: there are no restrictions on the number of 

FCMs in a knowledge domain or on the number of variables and connections within any 

FCM. Moreover, an FCM can be easily updated at any time (van Vliet et al., 2010). This 

means that the simple/flexible structure of FCM model allows to add and remove variables 

and connections as well as to modify the strength and sign of these connections (Eden et al., 

1992).  

Research Aims 

Despite its advantages and capabilities, FCM model still faces some limitations and building a 

robust and comprehensive model is still a challenge. The customary reliance on the 

knowledge of experts alone while ignoring other types of related knowledge is not the 

appropriate way in all applications. As stated earlier, the participatory or community 

applications such as ecological applications involve human participation. To develop a 

successful system for these applications, the knowledge of the experts and that of normal 

people (lay experts) should be included. Ozesmi and Ozesmi (2004) suggested a multi-step 

fuzzy cognitive mapping approach for ecological problems in order to overcome the 

limitation of the dependency on experts’ knowledge alone. The approach has proven to be 

useful and gained good results in addressing many of the environmental problems (Ozesmi, 

2006; Tan & Ozesmi, 2005). 

However, the participants, especially humans, would like to express their knowledge in a 

way that is natural to them rather than in ways that are artificial or enforced by the 
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researcher (system developer). Consequently, lack of an effective way to represent and deal 

with imprecise numeric values and/or linguistic expressions, and lack of satisfactory 

mathematical methods are still limiting the building of robust FCM models. To cope with 

these limitations, this research intends to advance the FCM development process. In terms 

of FCM representation, this research intends to use an appropriate fuzzy representation 

method to deal with imprecise numeric values as well as linguistic expressions, individually 

or together. In terms of mathematical computations, the research intends to use a fuzzy 

representation of the FCM and benefit from various intelligent systems, especially graph 

theory and fuzzy logic approaches, to handle imprecise data during the calculations. 

However, the difficulties are magnified in the event that the FCM approach deals with 

different perceptions of various participants and stakeholders and there is a need to 

combine these perceptions in order to obtain a group or social perception (Kosko, 1988b; 

Ozesmi & Ozesmi, 2003, 2004). There are two limitations in the FCM approach in relation to 

this. The first one is the lack of fuzzy persuasive method to aggregate the conflicting and 

shared perceptions in order to reach successful group consensus without loss of information. 

The second limitation is the inability to assign acceptable credibility weights to these 

perceptions that are more likely obtained from different levels of experiences. To overcome 

these two limitations, this research intends to enhance the FCM aggregation process by, 

firstly, using an appropriate fuzzy aggregation method, secondly, proposing a new method 

for calculating the credibility weights for FCMs and then using these credibility weights in the 

aggregation process. 

As stated before, when multiple FCMs are aggregated into a group or social FCM, the result 

of the aggregation process is often a complex map and it is very difficult to gain insights and 

much understanding from it. Therefore, there is a need to simplify the complex map into a 

simple one. A qualitative condensation method has been previously used to combine, 

subjectively, the nodes/variables into a higher level of abstraction called categories (Ozesmi 

& Ozesmi, 2004). After the categories are defined, a cognitive interpretation diagram (CID) 

(Ozesmi & Ozesmi, 2004) similar to neural interpretation diagram (Ozesmi & Ozesmi, 1999) 

is used to define the connections among new categories as well as their signs and weights. 

This qualitative condensation lacks adequate representation and calculation of the 

connections that resulted from the condensation process. To handle this issue, the research 

proposes to replace the qualitative or subjective condensation method with a semi-
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quantitative or subjective-objective condensation method and to use more than one level of 

condensation. The subjective part of the proposed condensation method is identification of 

the condensed variables in the higher levels, and this is based on the knowledge of the 

system developer about the concerned problem. The objective part is to use suitable 

calculation methods to condense the value of connections in order to transfer them 

reasonably and transparently from the level of original variables to the level of high 

abstraction or key themes at higher levels. The condensation method should also keep the 

meaning of condensed variables and connections among them and not distort their values in 

the higher levels of condensation.  

The fundamental aim of developing FCM models is to help understand a complex system and 

its behaviour better in order to improve its sustainable use and management. Therefore, the 

next part of the research involves analysis of the structure of individual, stakeholder group 

and combined total (Social) FCMs using graph theoretic measures. These would reveal the 

level of FCM complexity, density and important or central nodes and connections. The final 

part would involve approaches to make the map useful in decision making. For this purpose, 

FCM is treated as an Auto-associative Artificial Neural Network (AANN) where nodes pass 

information to each other dynamically through weighted feed forward and feedback 

connections displaying the dynamics of the system behaviour. In particular, the model allows 

simulation of effective policy scenarios that would lead to better system outcomes in terms 

of improved or more desirable states of nodes reflecting a better overall state of the system 

compared to the default or current state. The model’s utility in addressing a challenging 

complex problem can be used to ascertain its effectiveness and this research has selected 

the problem of mitigating acute water crisis in Jordan as the case study. Finally, the issue of 

model validation is discussed, first, in the broader context of complex socio-ecological 

systems and use this context as the backdrop to address validation of the proposed FCM 

model.  Next section provides details of the case study. 

1.3 Significane of Water and Management;  Addressing Challenging Water 
Problems; Case Study: Mitigating the Water Scarcity Problem in Jordan 

Water is an essential part of our daily lives. The importance of water lies in the fact that 

humans could forego many things and live for a long time, but they cannot survive even for a 

short time without water. This section presents, in brief, the significance and uses of water 

in our life, what the management of water resources means and why nations must manage 
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their water resources, and finally proposes a case study of a challenging real-life water 

problem - "Mitigating the Water Scarcity Problem in Jordan". 

1.3.1 Significance of Water  

We start the discussion on the significance of water with some excerpts from the foreword 

of the Secretary-General of the United Nations, Ban Ki-moon, in the 2009 UNESCO report 

(UNESCO, 2009): 

“It is well known that water is life; what this Report shows is that water also 
means livelihoods. It is the route out of poverty for individuals and 
communities. Managing water is essential if the world is to achieve 
sustainable development. This challenge is even more pressing as the world 
confronts the triple threats of climate change, rising food and energy costs, 
and the global economic crisis. Developing countries and countries in 
transition are striving to manage their water resources more effectively. 
This is important not only for development; it is a matter of security, too. 
Lack of basic services can contribute to political instability. There has been a 
widespread failure to recognize water’s vital role in providing food, energy, 
sanitation, disaster relief, environmental sustainability and other benefits. 
This has left hundreds of millions of people suffering from poverty and ill 
health…. Governments ….must make more and immediate investments in 
water management and related infrastructure. We must all work together 
to address this matter of life and livelihoods.” 

The above statement refers to the importance of the role of water as a major determinant of 

life and livelihoods. It is a key foundation not only for life and food security, but also for 

development, economy and security. In fact, the scarcity of water leads to poverty, diseases, 

political and social instability, and national and international conflicts. We cannot count the 

benefits and advantages of water, particularly fresh water. Some of the basic and essential 

uses of water are drinking, cleaning, irrigation (largest consumer use), greening, as well as 

water for health, energy, development, investment, urbanization, and maintaining 

environmental sustainability.    

1.3.2 Water Management 

The significant growth of global population and development indicate that the global water 

demands will exceed the available water resources by the next few years (WWAP, 2012). 

This would threaten the water supply and quality (Bigas, 2012) and lead many countries to 

suffer from severe water shortages. Therefore, there is an urgent need for managing water 

through appropriate strategies and considerations from both the governments and societies 

of all nations. The simple description of water management is to strike a balance between 

water supply and water demand. In other words, water management, on one hand, is 
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concerned with what can be done to improve water supply, and on the other hand, with 

what can be done to manage water demand. Such complex optimisation problems can 

benefit from advanced computing methods. Several soft computing techniques have been 

carried out and proved effectiveness in water resources management and engineering and 

they include artificial neural networks, fuzzy logic, genetic algorithm, neuro-fuzzy, etc. 

(Jaiswal et al., 2010; Kisi & Shiri, 2012; Tayfur, 2012). However, it is clear from literature that 

FCM approach has not been widely used in water applications. Kafetzis et al. (2010) used an 

FCM approach to analyse conflicts of stakeholder views on  water use and water use policy 

in relation to a regional Pinios river basin located in Greece, and in trans-boundary rivers in 

Maritza river basin shared between Bulgaria, Greece and Turkey (Glykas, Kafetzis, et al., 

2010). Ozesmi and Ozesmi applied their suggested multi-step fuzzy cognitive mapping 

approach to study and analyse the desires and conflicts of different stakeholder perceptions 

on different lakes and water bodies in Turkey  (Ozesmi & Ozesmi, 2004). These efforts have 

shown the effectiveness of FCM in addressing these challenging problems; however, they 

suffer from the limitations highlighted earlier in this Chapter. Therefore, the improvements 

proposed in this study should make the method more capable, effective and useful.    

1.3.3 Addressing Challenges of Water Problems; Case Study: Mitigating the Water 
Scarcity Problem in Jordan 

Increased growth of population, development, life-style, expectation horizons and 

urbanization accompanied with accumulated shrinking of water resources have created 

several challenges to national water security in most nations of the world. There is no doubt 

that water is one of the most important sources of lifelines for humans as well as 

governments. However, countries vary in their abundance of water resources. Some 

countries are fortunate to have adequate traditional water resources, and some have good 

economic conditions and access to water bodies such as seas to produce non-traditional 

fresh water resources through wastewater treatment and desalination projects. Some 

countries have both these options available to them. However, a country like Jordan lacks 

both. It is, in fact, a critical challenge. Jordan is considered the fourth water poorest country 

in the world (World-Bank, 2012). This problem poses a real threat to Jordanian society and 

consequently to the safety and stability of the country.  

If we consider the water challenge in Jordan, we rapidly discover that this challenge is a 

complex socio-ecologic problem. Since it is a social problem and not limited to one segment 
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or the other, all efforts from all members of the community with various levels of knowledge 

should be concentrated through encouraged participation to meet this crucial challenge. It is 

clear that addressing this problem requires a pluralistic approach incorporating diverse 

perceptions of different stakeholder groups. This would lead to identification of many 

factors relevant to water scarcity and relationships among these factors. Finally, this 

problem involves humans, and thus, uncertainty and ambiguity will invariably dominate the 

perceptions. Accordingly, to mitigate this problem and its risks, a suitable approach, such as 

FCM, should be used. This research intends to address this issue.  For this purpose, it intends 

to collect the knowledge and perceptions on "Mitigating the Water Scarcity Problem in 

Jordan" from the perspective of different stakeholders and shed light on the situation by 

developing and analysing FCMs. It also intends to benefit from the collected 

knowledge/perceptions to offer several meaningful recommendations for managing and 

improving the water scarcity situation in Jordan based on well-studied scenarios simulations 

carried out using the proposed FCM model. 

1.4 Goals and Objectives 

The research aims to achieve two key goals. The first goal is to provide a robust semi-

quantitative FCM model that is capable of modelling various qualitative, dynamical and 

participatory complex systems that represent many real-life problems. This goal highlights 

the following questions, and beyond these questions are a set of respective objectives to be 

investigated in order to achieve this goal:  

1. How can the FCM model be made able to obtain a wide range of perceptions? 

The first specific objective of the research is to collect a comprehensive set of data. To 

achieve this objective, the proposed FCM model proposes conducting many in-depth 

qualitative interviews with different groups of relevant stakeholders. Then, the 

stakeholders develop their FCMs by using different types and scales of imprecise values 

to express different qualitative data including variables and their relations. They can also 

update their FCMs at any time they want by adding, deleting or modifying their defined 

variables and connections among variables. Finally, each interview and corresponding 

FCM are reviewed to add to the FCM any missing variables and connections mentioned 

in the interview. 
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2. How can the FCM model represent and deal with different types of qualitative data? 

Some stakeholders tend to assign values for the strength of the connections by using 

vague linguistic expressions such as ‘low’, ‘medium’, ‘high, etc., rather than using 

imprecise numeric values, and vice versa. Incorporating these is a challenge to current 

FCMs. The second specific objective of this research is to make the proposed FCM 

approach able to deal with linguistic and/or numeric imprecise values in the 

representation and calculation processes. To achieve this, a 2-tuple fuzzy representation 

method is used to deal with the imprecise/vague values. The main advantage of this 

method is that it is a proper method for representing and dealing with imprecise numeric 

values and linguistic expressions without loss of information. In brief, the whole range 

possible for an imprecise value, be it numeric or linguistic, is first represented by a 

number of fuzzy subsets. A fuzzy subset can be described as having a mean and a limited 

spread around the mean and a popular example is triangular fuzzy subsets with labels 

‘very low’, ‘medium’, ‘high’, ‘very high’ etc. Typically, fuzzy subsets overlap making it 

possible to develop a continuous spectrum for the variable that makes dealing with 

imprecision easier. Fuzzy 2-tuple method translates each imprecise value into a pair of 

attributes (2-tuple) in relation to the fuzzy subset that most closely matches the 

imprecise value, out of the total number of sets that together define the whole range 

possible for the imprecise value.  Chapter 2 gives further description of this method and 

Chapter 3 shows how the research utilizes this method to serve the proposed FCM 

approach.   

3. How can the FCM model differentiate the FCMs obtained from different levels of 

user knowledge and assess the importance of variables in each FCM? 

The third specific objective of the research is to assign nonnegative credibility weights 

to FCMs and variables in FCMs according to their importance. These weights are used in 

further calculations. This is particularly relevant in participatory systems where 

participants’ knowledge of the system can vary greatly and an objective measurement of 

credibility of such knowledge/perception can provide more accurate insights and final 

recommendations from the modelled system. The way to achieve this specific objective 

is through the achievement of the fourth specific objective of this research which is 

identifying Consensus Centrality Measure (CCM) of variables of the FCM. The research 
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uses the 2-tuple fuzzy representation model and utilizes the following centrality 

measures from social networks theory: degree, closeness and betweeness measures to 

provide a novel approach to calculating CCM values of FCM variables. The values of 

degree, closeness and betweeness of variables in an FCM will be used to calculate the 

CCM value of the particular FCM. This process is repeated to calculate the CCM values of 

all variables and respective FCMs. Finally, the calculated CCM values of FCM variables 

and those of FCMs are exploited to define credibility weights of FCM variables and 

credibility weights of FCMs, respectively. Further explanation of these centrality 

measures is given in Chapter 2 with demonstrations. A detailed clarification and 

description of the calculations involved in the methodology along with how these novel 

methods serve the proposed FCM approach are presented in Chapter 3. 

4. What can be done to simplify a large FCM? And beyond this question arises another 

question: Does the simplified FCM still contain the original meaning and value or 

does it loose some of its meaning and value? 

The fifth specific objective of this research is to propose a novel semi-quantitative 

condensation method. The proposed method consists of one or more levels of 

condensation and has two parts. The first part is subjective and the second one is 

objective. In the subjective part and at any level of condensation, the selection of group 

variables to be condensed into a higher level category and assignment of the names for 

the new condensed variables are carried out by the developers of the whole system. The 

developers depend on their knowledge of the concerned problem to define, 

qualitatively, the condensed variables at a higher level of condensation. In the objective 

part and at any level of condensation, the calculation of the values of the condensed 

connections is done by a deliberate mathematical operation. This operation uses the 

credibility weights of variables being condensed and the 2-tuple fuzzy representation 

method to get straightforward connection values among condensed variables of the 

condensed FCM. A comprehensive description of condensation process is given in 

Chapter 3.  

5. What is the appropriate method for combining individual FCMs into group 

stakeholder FCMs and one social FCM?   
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The sixth specific objective of the research is to enhance the aggregation process of the 

proposed FCM approach by using an adequate fuzzy aggregation method. To achieve 

this, the research uses 2-tuple fuzzy representation method to represent the different 

values (connection strengths, credibility weights etc.) in FCMs by different fuzzy sets. 

These different sets are standardized into a standard fuzzy set before they are 

aggregated to each other. Finally, the proposed model augments each FCM with the 

inclusion of the distinct variables in all FCMs to make them compatible before 

aggregation. Then the method multiplies connection weights by the map’s credibility 

weight when combining it with other FCMs. Chapter 3 discusses and describes in detail 

the proposed fuzzy aggregation method.  

The second goal of the research is to investigate the applicability of the proposed model to 

the "Mitigating the Water Scarcity Problem in Jordan" case study. Modelling the "Water 

Scarcity Problem in Jordan" with its social, economic, political and environmental dimensions 

is a challenge. In such a comprehensive problem and to represent its knowledge 

appropriately, suitably selected representative samples of different stakeholder groups such 

as private sector, local people, water experts, managers and farmers must be considered. In 

addition, a well-prepared questionnaire consisting of several open-ended questions is used 

to urge and encourage participants to express their perceptions and help in 

data/perceptions extraction. Then, the proposed FCM approach is used to model this 

problem by firstly conducting interviews and then developing, representing, condensing and 

aggregating the perceptions/FCMs followed by map analysis and scenario simulations.  

The achievement of this goal is proof of the success of the research approach and requires 

answering the following questions: 

6. What can be done to study and analyse the perceptions? 

Answering this question achieves the seventh specific objective - Studying and analysing 

the water situation in Jordan based on the perceptions of multiple stakeholder groups 

on water scarcity issues in Jordan. The proposed FCM model intends to analyse the 

individual and group perceptions to identify similarities and dissimilarities and areas of 

consensus. Several statistical measures, especially the suggested CCM values of variables 

and FCMs, are used to study and analyse their structures. Different comparisons 
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between various FCMs or group FCMs, characterising the similarities and dissimilarities 

of the perceptions of stakeholder groups, and identifying the important variables in 

FCMs can be done. Chapter 4 presents the case study and quotations from the 

conducted interviews as well as explains in detail the process used to analyse the 

structure of FCMs. 

7. What can be done to investigate the current situation and obtain potential solutions 

through model simulations, and what benefits and opportunities does this deliver? 

Answering this question achieves the eighth specific object - Several helpful 

recommendations and suggestions for decision makers for mitigating stressful water 

scarcity situation in Jordan. The proposed approach investigates the water problem in 

Jordan using what-if questions representing various policy scenario simulations based on 

stakeholder perceptions embedded in the FCMs, and in particular, groups FCMs and the 

social FCM. For this purpose, the study uses Artificial Neural Networks (ANN) and 

benefits from the previous analysis and CCM values of variables in FCMs. Specifically, 

Auto-associative ANN (AANN) with feed forward and feedback loops represent the FCMs. 

At the beginning, the particular AANN based FCM system is investigated using initial 

state values for variables as pertaining to the current situation or existing policy option 

to run dynamical simulations until the system reaches a steady state considered to be 

status quo. Then, the FCM is tested using different simulation scenarios (potential policy 

options); for example, clamping (fixing) a predetermined number of highly effective 

variables at a high level throughout the simulation and running the simulations to assess 

the new state the system has reached. Based on the original steady states (status quo) 

and new (potential) steady states corresponding to implemented policy scenario 

simulations, the difference between them is easily calculated and this in turn gives an 

indication of the impact of the tested policy scenarios on the system. Based on useful 

criteria, a further investigation process is conducted into the outcomes of scenarios in 

order to reach appropriate recommendations based on the point of views of 

stakeholders. Finally, appropriate and useful recommendations that could help mitigate 

the stressful situation of water scarcity in Jordan are suggested to decision-makers. The 

simulation process, several scenario simulations and proposed recommendations are 

presented in Chapter 5. 
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1.5 Summury of Goals and Objectives  

The research aims to addresses some crucial limitations of existing FCM models, in 

particular, the inadequacy in the representation of qualitative data/perceptions on the FCMs 

and the limitations in FCM aggregation and condensation processes. Thus, this research 

intends to provide an enhanced FCM model that is easy to use, robust and applicable to 

representing in a proper way and handle any kind of qualitative perceptions describing 

various types of knowledge at any level of peoples’ experience. The enhancement of the 

approach comes from either improving the processes of existing FCM models themselves or 

by adding new computational techniques such as fuzzy methods to enhance the robustness 

and capability of the approach.  Also, the research aims to study and address the views and 

perceptions of the stakeholders of a complex real-life problem, which is "Mitigating the 

Water Scarcity Problem in Jordan". The proposed FCM approach is presented demonstrating 

all aspects of its implementation, from problem understanding and collecting data to 

obtaining dynamic simulations based policy outcomes. Last but not least, the study intends 

to provide some recommendations or solutions that would help the decision makers take 

appropriate and effective decisions to alleviate the critical situation of water scarcity in 

Jordan.   

1.6 Structure of the Thesis  

The thesis is divided into six chapters. Chapter 1, the current chapter, starts with an 

overview of the present-day complex problems and the role of soft computing and FCM 

approaches in addressing these problems. It also handles, in brief, the importance of water 

in our daily life and the potential consequences of water scarcity problems, with an example 

of Jordan. Ultimately, the current chapter ends with determining the goals and objectives of 

this thesis followed by an overview of the organization of chapters in the thesis. 

Chapter 2 provides a broad review of the FCM approach including the components of FCMs 

and a detailed description of each aspect of the FCM modelling processes. It discusses the 

limitations of the current FCM approaches that the proposed approach has addressed. This 

chapter also outlines the research techniques and methods used to develop the FCM 

methodology of the research, in particular, fuzzy logic, centrality measures adopted from 

social networks and 2-tuple fuzzy representation model. 
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Chapter 3 addresses the first to the sixth objectives. It describes the architecture of the 

proposed FCM model and how this model addresses and overcomes the limitations of the 

current FCM approaches. It also presents the methods and procedures proposed to 

overcome these limitations.   

Chapter 4 serves the seventh specific objective above. It presents and discusses in detail the 

research case study. It includes an overview of the water situation in Jordan, challenges, 

causes and consequences of water scarcity in Jordan. Then, it gives a detailed description of 

the interviews conducted and FCMs drawn and developed in Jordan for this problem.  

Chapter 5 serves the eighth objective. It discusses and explains the results obtained from 

implementing the proposed research approach on the research case study. This Chapter also 

presents suggested scenario simulations and discusses the outcomes of these scenarios and 

consequently the potential recommendations for decision makers.   

Chapter 6 ends this thesis. It firstly, discusses verification and validation of the proposed 

model. Then, it concludes the thesis. Finally, it presents the contributions of this work and 

potential relevant directions for future research. 
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Chapter 2 

Background and Literature Review – Towards new research 

approaches to enhance Fuzzy Cognitive Maps  

The aim of this chapter is to cover the background of FCM modelling and development, 

complex dynamical systems, and methods and techniques used for enhancing the proposed 

FCM model. The chapter is divided into six sections. Section 1 gives a brief overview of FCM 

history. It also discusses how to build an FCM and analyse it. In addition, this section explains 

the purposes of combining multiple FCMs and simplifying complex maps. Section 2 presents 

in brief the components of FCM, fuzzy logic and neural networks. Section 3 gives an 

overview of the development of FCM. It also presents, from the thesis research perspective, 

the deficiencies of past FCM models and what this research introduces to overcome these 

deficiencies. Section 4 gives a brief description of complex and dynamic systems, particularly 

socio-ecological systems. Section 5 discusses the methods used in this research for 

improving the FCM model. Finally, Section 6 summarizes the Chapter. 

2.1 Background to FCM Model  

The aim of this section is to give a historical overview of FCM and some background on the 

main processes that could be carried out in FCM modelling that this thesis research benefits 

from. It first discusses the basis of FCM - the Cognitive Map (CM). Then, it introduces in 

some detail the concept of FCM. Next, it presents how FCM is built and implemented to 

produce results. Finally, it discusses the methods used to simplify a complex FCM and to 

combine multiple FCMs into a single FCM. 

2.1.1 Historical Overview 

FCM is a soft computing approach that combines the characteristics of fuzzy logic and 

artificial neural networks techniques. The notion of FCM was presented in 1986 when Kosko 

(1986a) improved the CM approach, proposed by Axelrod (1976). The most significant 

improvement made by Kosko on the CM is the integration of the fuzzy logic concept. Before 

going through the detailed description of FCM model, a brief description of the notion of CM 

is discussed in the following subsection. 
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Cognitive Map (CM) 

Originally, the term CM was credited to Tolman (1948), when he suggested the foundation 

of cognition. Tolman (1948) investigated the cognitive activities of rats using some learning 

experiments on their choice of an appropriate path to food. He predicted that there would 

be benefits from these investigations for the clinical behaviour of humans. Then, a political 

scientist, Axelrod, first used the CM for representing social scientific knowledge to study the 

perceptual structure of decision makers in political science in 1970s. Axelrod (1976) used the 

knowledge of people to form the CM in the form of causal relationships between concepts 

to formulate decision making. 

CM is a qualitative model that consists of relevant domain factors, also called concepts or 

variables, and cause effect relationships, also called causalities or connections, among these 

concepts. Therefore, CM is a causal system. A better representation of the causal system 

could be obtained from several representative CMs of the system (Eden et al., 1979). Eden et 

al. (1992) suggested various techniques to explore CM and analyse its complexity. CM has 

been used in organizing decision making (Eden, 2004; Eden & Ackermann, 2004; Klein & 

Cooper, 1982), addressing the perceptions of policy makers in financial crises (Kim, 2005), 

and extracting, representing and analysing mental models (Carley & Palmquist, 1992). 

 

Figure 2.1 A CM constructed from Henry Kissinger’s article; it depicts the causal knowledge on 
the Middle East peace policy, (from Kosko, 1986a) 

CM is called a "directed graph" (digraph), which is also called "sign digraph". CM is based on 

representing factors or variables relevant to a specific domain as nodes
ic and causal 
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relationships ijw between nodes as directed arcs or arrows. Figure 2.1 , an example of CM 

discussed in (Kosko, 1986a), depicts the causal knowledge on the Middle East peace policy. 

In a signed digraph, the edges reflect the influence of one node on another. An influence is 

defined as a causal relation between two nodes. In CM, the connection between two nodes 

is assigned either positive sign (+) represented by +1 or negative sign (-) represented by -1, 

while nodes take any of the trivalent values −1, 0, and +1. The arrows between nodes 

indicate directions (see Figure 2.1). For example, the negative arrow from node (variable ) 

"Islamic Fundamentalism" directed to the node (variable) "Soviet Imperialism" indicates that 

the "Islamic Fundamentalism" negatively impacts the "Soviet Imperialism" (Palmer & Chung, 

1998).  

A positive connection from the "Soviet Imperialism" directed to the "Syrian Control of 

Lebanon" means that stronger "Soviet Imperialism" strengthens the "Syrian Control of 

Lebanon" and vice versa. A positive connection is also called an excitatory connection and 

negative connection is also called an inhibitory connection. 

Based on the causality relationship, a node is either cause or effect. A causal node is one that 

influences another; while the node that is influenced by another is called the effect node. 

According to Axelrod (1976), the CM with N nodes can be coded into NN  adjacency 

matrix (Harary et al., 1965). Table 2.1, presents the adjacency matrix of the CM in Figure 2.1. 

Numbers (1, 0, and -1) represent positive, no causal and negative relationship, respectively. 

Table 2.1  The adjacency matrix of the cognitive map in Figure 2.1. The –, + and no causal in CM 
are represented by -1, 1 and 0 in the adjacency matrix, respectively 

 
1c  2c  3c  

4c  5c  6c  

1c  0 -1 1 0 0 0 

2c  0 0 0 1 0 0 

3c  0 0 0 0 1 0 

4c  0 0 0 0 0 -1 

5c  0 0 0 -1 0 -1 

6c  0 0 0 0 0 0 
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FCM vs CM 

FCM resulted from the improvement of the CM by incorporating fuzzy logic approach into 

the CM model. FCM is more general than CM due to the ability of the connections between 

nodes to take on imprecise values in the interval [-1, 1] or in the form of linguistic 

expressions such as ‘low’, ‘high’ etc.  In general, FCM nodes represent the variables, events, 

goals, etc that are relevant to domain knowledge. FCM connections represent partial causal 

relationships among nodes, and thus it could represent these connections using fuzzy 

subsets that express imprecise values. Basically, FCM is an extension of a CM with two 

additional distinct characteristics (Kosko, 1986a, 1997). First, connections ijw between 

nodes are represented by imprecise/vague values. Second, FCM allows feedback loops. 

FCM enables the connections to have imprecise values either in the range [-1, 1] or by 

describing them in linguistic terms. According to the conventional FCM (Kosko, 1986a), the 

values 1 and -1 of causality represent a full positive and a full negative causality, 

respectively. The imprecise values give the FCM a significant ability to deal with imprecise 

and uncertain data. Moreover, these imprecise values provide the experts or developers of 

FCMs with much freedom and comfort in the assignment of connections between the nodes.  

 

Figure 2.2 A condensed FCM constructed from the thesis research case study, "Mitigating the 
Water Scarcity Problem in Jordan"; red arrow indicates negative effect, green arrow 

indicates positive effect and bidirectional arrows indicate two bidirectional 
connections 
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Figure 2.2 shows an example of FCM from our research case study, “Mitigating the Water 

Scarcity Problem in Jordan”.  It represents a condensed FCM of a stakeholder. It consists of 

13 nodes and 66 connections between nodes. The weights of connections ijw between 

nodes are represented in numerical imprecise values in the interval [-1, 1]. For clarity, the 

weights of connections are not shown in the graph; the negative connections are 

represented by red arrows, while positive connections are represented by green arrows and 

a bidirectional arrow between any pair of nodes means that each node has a direct 

connection with the other. 

The structure of FCM is that of a dynamic system and allows feedback loops (Kosko, 1986a). 

The feedback loops or cycles in an FCM mean that the effect of change in one node on other 

nodes can, in turn, affect the node initiating the change. 

Figure 2.2 shows many feedback loops. The minimal feedback loop in an FCM consists of two 

connections. For example, when one node affects another, then the latter, in turn, affects 

the first node regardless of the sign and strength of the connections. An example of a 

minimal feedback loop in Figure 2.2 is the loop between nodes 9c to 4c which includes a 

negative connection from node 9c to node 4c and a positive connection from node 4c to 

node 9c . On the other hand, the number of connections in the maximal feedback loop is 

equal to the number of nodes in the FCM. For example, when a chain of connections starts 

from a particular node and passes through all other nodes before returning back to this 

particular node. In Figure 2.2, the maximal feedback loop in the particular FCM, if it exists, 

should consist of 13 connections.  

In a typical network, there exists a number of feedback loops between minimal and maximal 

and such feedback loops make the system overlapping and dynamic, and consequently, very 

difficult to control as well as to represent and analyse using traditional mathematical 

equations or other computational approaches. FCM is a useful approach that is capable of 

solving such complex problems that include decision variables and overlapping connections 

among them (Glykas, Stach, et al., 2010). 
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Table 2.2, represents the adjacency matrix of the FCM in Figure 2.2. It shows the imprecise 

weights of the connections ijw in the interval [-1, 1] where each can take one of the three 

possible values (Kosko, 1992b): 

1. 0ijw , indicates direct (positive) connection between nodes ic and jc . That 

means an increase/decrease in node ic causes an increase/decrease in node jc For 

instance, in Figure 2.2, the positive connection between 9c "Technology" and 1c  

"Water Situation” indicates that if technological methods, such as wastewater 

treatment is improved, water situation will improve, and vice versa.  

2. 0ijw , indicates direct (negative) connection between the nodes ic and jc . That 

means an increase/decrease in the node ic causes a decrease/increase in the node

jc . In Figure 2.2, the negative connection between 13c "Causes of Water Scarcity" 

and 2c "Water Resources" nodes indicates that if, for instance, negative behaviours 

such as assaults on water resources and water pollution increase, this would result in 

decreased availability of water resources, and vice versa. 

3. 0ijw , indicates no relationship between the nodes ic and jc . 

Table 2.2  The adjacency matrix of FCM in Figure 2.2; it shows the imprecise weights of 
connections and their signs 

 
1c  2c  3c

 4c  5c
 6c

 7c
 8c

 9c
 10c

 11c  12c  13c
 

1c  
0 0 0 0.37 0 0 0 0.68 0 0 0 - 0.71 - 0.15 

2c  
0.76 0 0 0 0 0 0 0.27 0 0 0 - 0.31 - 0.26 

3c
 

- 0.71 - 0.13 0 0 0 0 0 - 0.36 0 0 0 0.26 0 

4c  
0 0.04 0 0 0 0.7 0.61 0.11 0.62 0 0 0 0 

5c
 

- 0.63 0 0 - 0.34 0 0 0 0 0 0 0 0 0 

6c
 

0.58 0.3 - 0.33 - 0.48 0 0 0 0 0 0 0 0 0 

7c
 

0.48 0.29 - 0.17 0 - 0.62 0.62 0 0 0.55 0.34 0.37 - 0.18 - 0.58 

8c
 

- 0.1 0 0.55 0.48 0 0 0 0 0 0 0 0 0 

9c
 

0.48 0.27 - 0.27 - 0.47 - 0.22 0.25 0.5 0.14 0 0 0.35 0 0 

10c
 

0 0 0 0 - 0.09 0.32 0.2 0 0 0 0.41 0 0 

11c
 

0 0 - 0.47 0 - 0.55 0.26 0.58 0 0.43 0.24 0 0 - 0.46 

12c  
0 - 0.21 0 0 0 0 0 - 0.51 0 0 0 0 0.26 

13c
 

- 0.17 - 0.63 0.63 - 0.34 0.31 0 0 0 0 0 - 0.17 0.42 0 
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From a graphical point of view, FCM is a signed weighted digraph with feedback loops. The 

structure of the graph is simple and consists of nodes and signed, weighted and directed 

arrows among them. The graph clearly shows the nodes that influence or are influenced by 

other nodes, and the type and strength of the influence, as in Figure 2.2. Thus, the structure 

of the graph depicts the knowledge of the domain embedded in the nodes, connections 

among nodes, and feedback loops. 

From a mathematical point of view, the state of each node and connection in the FCM take 

imprecise values in the ranges [0, 1] and [-1, 1], respectively. The values of the connections

ijw  are represented by NN  adjacency matrix, where N is the number of nodes in FCM. 

There are two attributes in the adjacency matrix. First, the diagonal values of the matrix are 

zero, 0iiw , on the assumption that no node influences itself (no self-inference or self-

feedback). Second, jiij ww  as the connections are not reversible, see Table 2.2. The state 

values of the nodes are represented by a N1 state vector in [0, 1]; for example,

),,,,,( 21 Ni AAAAC  , where
iA is the state value of node ic . Then, one-layer 

neural network calculation is used to calculate the next state vector of nodes (Kosko, 1987). 

In this layer, the state vector of nodes is multiplied by the adjacency matrixW , and the 

result will be the new state vector values of nodes. In essence, this means that all nodes 

calculate the weighted sum of inputs coming to them. A threshold function is used to tune 

the resultant state vector in the interval [0, 1]. This process repeats until nodes reach a 

steady state. The details of these calculations and the types of threshold function used are 

given later in this Section where inference from FCM is discussed.   

2.1.2 FCM Construction 

Understanding and learning how to construct FCM is quick and easy even for lay persons. 

Constructing an FCM is based on the extent of the knowledge and experience of relevant 

experts of the domain problem under consideration. The simple procedure for drawing an 

FCM includes the following steps; usually a suitable size of paper or white board is used for 

drawing the FCM: 

1. Identifying the number and type of the main causal variables or concepts (key 

factors) which represent the problem domain. These concepts describe the main 

properties or behaviour of the domain and they influence each other in a way that  
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represents the system dynamics (Dickerson & Kosko, 1994). Then, each concept is 

drawn in a circle to represent a node in the FCM, see Figure 2.2. 

2. Identifying the connections which represent the effects of identified concepts on 

each other. These connections define the degree, type, and direction of influence of 

one concept on another. Thus, three parameters should be considered when 

assigning the connection ijw between two concepts ic and jc  (Schneider et al., 

1998):  

a. The direction of connection, which indicates whether the concept ic causes a 

change in the concept jc or vice versa. This direction of connection is 

represented by a directed arrow that starts from the causal node and ends at 

the affected node. 

b. The sign of ijw , which indicates whether the connection between the two 

concepts ic and jc is direct (positive) or inverse (negative). The direct and 

inverse connections are represented by (+) and (-) signs, respectively. 

c. The strength or magnitude (imprecise degree) of ijw , which indicates how 

strongly concept ic influences concept jc . The magnitude of the connection 

is represented by either a number in the range [-1, 1] or a linguistic term such 

as ‘high’, ‘medium’, ‘low’ etc.  

Note that it is easy for FCM developers (experts or lay experts) to identify the direction and 

sign of the connection, but it is more difficult for them to assign the magnitude of the 

connection. 

2.1.3 FCM Inference 

The limit cycles or hidden patterns of states of FCM nodes represent the outcome or 

inferences on FCM behaviour (Kosko, 1988b). For this purpose FCM is viewed as an Auto-

associative Artificial Neural Network (AANN) where neurons repeatedly pass information to 

each other until they reach an equilibrium state (steady state); where the state of nodes 

cannot change. Outcome of FCM is estimated in simple mathematical calculations used in 

AANN. AANN is used to simulate FCM outcomes in the format of a one-layer neural network. 

Specifically, given the initial state vector of concepts ),,,( 21 NAAAC  , and the matrix 
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of connection weights ijw , the next state value of each node/concept ic is calculated 

analogous to threshold activation of neurons in an AANN as in Equation 2.1 (Kosko, 1992b; 

Reimann, 1998).  
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                                                    (2.1) 

where 1t

iA is the value of node ic at time 1t , N is the number of nodes, t

jA is the value 

of node
jc at time t , ijw is the value of interconnection between node

ic  and node
jc , 

and f is a nonlinear threshold function that forces the neuron (node) activation 

depicting the state of the node to take a value within bounds such as [0, 1]. 

The neurons in AANN represent nodes in FCM and connection weights between neurons in 

AANN represent connection weights ijw between nodes in FCM. Figure 2.3 depicts a 

graphical representation of the calculation of the state value of thi node. As seen from this 

figure, the neuron represents the thi variable (FCM node) that receives inputs carried by the 

arrows on the left. These inputs represent the state values of all nodes linked to the thi

variable in the FCM.  

 

Figure 2.3 A graphical representation of calculation of new state value of variable i using AANN. 
The neuron represents the variable. The inputs represent the state values of all 

variables linked to variable i in FCM 

The state values are represented in the interval [0, 1] and they reflect the importance or 

strength of the inputs. For example, 0 means no importance while 1 indicates the highest 

importance. Each input is multiplied by the corresponding connection weight to produce 

weighted inputs. Then, all weighted inputs are added together. Finally, a nonlinear function, 

such as a logistic function, is used to transform the weighted sum of inputs into the interval 
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[0, 1] to produce the output, the new state value of the thi node. This output is then used as 

an input (along with input from other relevant nodes) to calculate the state values of all 

other nodes connected to it. This process is repeated until a point is reached where outputs 

do not change. This point is called a steady state or equilibrium (Dickerson & Kosko, 1994; 

Ozesmi & Ozesmi, 2004; Strickert  et al., 2009). 

Four threshold functions are usually used. The bivalent function allows the activation 

concept to take the value of either 0 or 1. The trivalent function allows the concept to take 

any of the trivalent values -1, 0 or 1. When the activation is in the interval [-1, 1], the 

hyperbolic function )tanh()( xxf   is used where x is the weighted sum of inputs. 

Finally, the logistic function )1/(1)( xexf  , which is the most common, is used 

where the activation takes any value in the range [0, 1]. Tsadiras & Athanasios (2008) 

compared the inference capabilities of the aforementioned threshold functions using three 

different types of FCMs. The study proposed guidance for the user to choose the most 

appropriate function. However, the sigmoid threshold function has more significant 

advantages over other threshold functions; it offers a better representation of variables and 

it represents natural processes more realistically (Ozesmi & Ozesmi, 2004). It can also lead to 

producing useful what-if scenarios incorporating the state of nodes in the range [0, 1], rather 

than 0 or 1, and enabling comparison between these scenarios in order to reach a successful 

solution, particularly in environmental applications (Bueno & Salmeron, 2009). 

When the initial state vector of concepts is defined at a time t, the system is free to interact, 

and the new state vector is estimated at time 1t according to Equation 2.1. This 

interaction continues through number of iterations until the system reaches the steady 

state, and it could be (Dickerson & Kosko, 1994; Kosko, 1988a): 

1. A fixed point, where the new state vector of concepts remains stable for successive 

iterations at a fixed value.  

2. A limit cycle, where the new state vector of concepts falls in a loop for a specific time 

period such as: 

121 AAAA i  
 

                                                    (2.2) 
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3. Chaotic attractor, where the state vector keeps changing without repeating the 

states among iterations. This case, indeed, occurs in more complex FCM. 

For more explanation, consider the matrix of connection weights shown in Table 2.2 for the 

FCM in Figure 2.2, and assume the initial state vector of the 13 nodes, ),,( 131 cc  of this 

FCM is )83.0,83.0,5.0,5.0,67.0,83.0,67.0,5.0,67.0,33.0,1,33.0,33.0(C . 

This initial state depicts the current states of nodes and the result of the simulation (steady 

state or FCM outcome) indicates the eventual equilibrium state or outcome of the system 

based on the stakeholder defined interactions in the FCM. Table 2.3 shows the calculations 

up to steady state for this FCM. It shows that the system stabilized at a fixed point after 11 

iterations. 

Table 2.3  The calculations of steady state from the FCM in Figure 2.2 by using the suggested 
initial state vector, Equation 2.1 and the logistic function )1/(1)( xexf  , where  

x is the weighted sum of inputs. Note: Values are rounded to three decimal places 

 1c  2c  3c  
4c  5c  6c  7c  8c  9c  10c  

11c  12c  13c  

Initial 
State 

0.33 0.33 1.0 0.33 0.67 0.5 0.67 0.83 0.67 0.5 0.5 0.83 0.83 

Iter 1 0.457 0.428 0.571 0.367 0.349 0.751 0.716 0.416 0.687 0.586 0.633 0.538 0.369 

Iter 2 0.669 0.553 0.403 0.364 0.293 0.773 0.741 0.521 0.710 0.598 0.664 0.430 0.322 

              

 . . . . . . . . . . . . . 

 . . . . . . . . . . . . . 

 . . . . . . . . . . . . . 

              

Iter 10 0.739 0.589 0.406 0.416 0.276 0.787 0.755 0.619 0.724 0.603 0.675 0.350 0.285 

Iter 11 0.739 0.589 0.406 0.416 0.276 0.787 0.755 0.619 0.724 0.603 0.675 0.350 0.285 

Steady 
State 

0.739 0.589 0.406 0.416 0.276 0.787 0.755 0.619 0.724 0.603 0.675 0.350 0.285 

 

As seen from the table, the state value of the node
1c "Water Situation" is improved from 

0.33 to 0.739. This improvement is accompanied, on one hand, by the improvements in the 

state values of the nodes
2c 'Water Resources',

4c 'Economic Situation',
6c 'Water Projects',

7c 'Integrated Management and Low Enforcement',
9c 'Technology',

10c 'Acquired and 

conventional Knowledge', and
11c 'Community Participation'. On other hand, the state values 

of the nodes
3c 'Water Demand',

5c 'Wastage of Water',
12c 'Causes of Water Scarcity', and

13c 'Consequences of Water Scarcity' are downgraded. The state value of node 
8c

'Development and Urbanization' has declined slightly, and as will be explored in detail later, 
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this can be due to the restrictions on Agriculture development and hap hazard urbanisation 

that individual stakeholders emphasised in their FCMs. In conclusion, the steady state gives 

an indication of the effect of the interaction between nodes on each other according to the 

way the FCM perceives the system in status-quo. This can be used as the base for testing 

targeted policy scenarios for improving the water resources over and above the status-quo 

outcomes as will be discussed later.   

2.1.4 FCM Aggregation 

Large application problems, such as environmental problems, include different perceptions 

that might come from various relevant stakeholders/participants. FCM allows any number of 

participants to take part and each participant can build a different FCM with different 

variables and connections. Each participant can easily identify the relevant variables and 

connections among them, but identifying the relevant strengths of the connections, e.g. 

accurate strength values, is a challenge. This is compounded by the fact that the perceptions 

of individual stakeholders are generally dominated by their knowledge and preferences. 

 

Figure 2.4  A simple example of a graphical representation of aggregating two different individual 
FCMs into one group FCM 

However, a large sample size of FCMs or perceptions leads to finding out the relevant 

variables and connections among variables with more certainty (Mobolurin, 1997), reducing 

additional new variables, stable connection strength values as well as high reliability in the 
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combined knowledge (Kosko, 1988b), and a better representation of the problem (Eden et 

al., 1979). Moreover, a collection of different perceptions is particularly useful for decision 

making as it encapsulates a wide range of skills, interests and knowledge representation (Tan 

et al., 1995), and it leads to useful information (Nakamura et al., 1982). Therefore, to 

improve the accuracy of outcomes and obtain a reliable and acceptable consensus 

representation of knowledge from several individual stakeholders, the individual perceptions 

(FCMs) are aggregated into a group or combined FCMs (Kosko, 1986b, 1992a). 

Figure 2.4 shows a simple example of a graphical representation of FCM aggregation. It 

shows two FCMs, each described by a member of the stakeholder group of experts and local 

people, respectively, with imprecise numeric and linguistic values. It also shows that the 

group FCM resulting from the aggregation of the two maps includes all distinct variables in 

the individual FCMs and all possible connections among them. Different methods have been 

used to combine individual FCMs into a group FCM. 

The most common method that has been used for aggregating individual FCMs into a 

combined one is additive superimposition method (Dickerson & Kosko, 1994; Glykas & 

Salmeron, 2010; Kosko, 1988b; Ozesmi & Ozesmi, 2004; Strickert et al., 2009). In this 

method, each adjacency matrix of individual FCM 
iW is augmented by including all distinct 

variables from all individual FCMs. Every new variable in the augmented matrix of an FCM is 

encoded by zeros in its column and row. Then all augmented matrices are added together to 

form a combined or group FCM connection matrix W . 





N

i

iWW
1  

                                                                               (2.3) 

where W is the group FCM, N is the number of augmented FCMs, and 
iW is the 

augmented matrix of thi FCM. 

The group FCM could be normalized in order to present its connection weights ijw in the 

interval [-1, 1]. This could be done by averaging the group FCM to produce a group mean 

FCM matrix (Kosko, 1992b). 
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                                                                               (2.4) 

where W is the group mean FCM matrix. 

This method is easy and requires simple mathematical calculations. It also allows embedding 

any new FCM easy by adding its augmented matrix to the collection of FCMs. However, the 

main drawback of this method is that such combination of the causal connections from 

multiple individuals or experts may incorrectly reflect either agreement or disagreement of 

the individual FCMs. This is called conflicting causal connection. For example, when 

connection between two variables has opposite signs (disagreement) in two different maps, 

this will lead to weakening the combined connection or cancelling each other which is not a 

true representation of the situation. On the other hand, the agreement of connection 

between two variables will lead to reinforcing the combined connections.  

An appropriate way to combine conflicting knowledge of group participants is to involve 

their credibility weights in the combination (Kosko, 1986b). Each participant is assigned a 

non-negative credibility weight bi in the range [0, 1] (Kosko, 1988b; Taber, 1991): 





N

i

ii WbW
1  

                                                                               (2.5) 

where W is the group weighted FCM matrix, 
ib is the credibility weight of thi

participant (the developer of thi FCM), and 121  Nbbb  . 

Engaging credibility weights in the combination process gives a better representation of 

different levels of experience of participants in extracting knowledge. It also produces a 

weighted FCM that can reflect the conflicts in the knowledge of the participants (Kosko, 

1988b). In this thesis, we present an objective method to determine FCM credibility weights.  

2.1.5 FCM Condensation 

When an FCM includes a large number of nodes, it becomes complex making it harder to 

understand its structure and gain insight from it. The ideal number of nodes in an FCM is 

around 12 (Buede & Ferrell, 1993b), and then on, the more the number of nodes, the more 

complex FCM is. A large number of nodes might be identified in an individual FCM. After 
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combining the individual FCMs into a group FCM, even a larger number of nodes and 

interconnections result in the group FCM. Therefore, there is a need to simplify the complex 

FCM into a smaller FCM with fewer nodes and connections. This process is called 

condensation. The condensed FCM is more understandable, traceable and predictable than 

the larger one, and thereby leads to improved outcomes. There are two types of 

condensation: qualitative and quantitative condensation.  

In the qualitative condensation approach, as has been used in (Nakamura et al., 1982; 

Ozesmi & Ozesmi, 2004; Strickert et al., 2009; Strickert et al., 2010; Young et al., 2012), the 

experts or developers of the system concerned use their knowledge and judgement to 

group, in a subjective way, similar or related variables into high level categories (groups) 

(Harary et al., 1965; Simon, 1996). Thereafter, the connections among the variables are also 

condensed and then transferred to new connections among the groups. Ozesmi & Ozesmi 

(2004) suggested the cognitive interpretation diagram (CID) to identify connections among 

the groups and their signs and magnitudes. Another suggestion for identifying the weights of 

connections among groups was presented in (Young et al., 2012). In the latter article, the 

researchers converted the connection weights among variables in two groups into linguistic 

variables and summed them into an overall linguistic value, and then defuzzified this 

linguistic value into a numerical value in the interval [-1, 1] that became the new connection 

weight between the two groups of variables.  

In the quantitative aggregation, similar nodes are objectively aggregated into a single unit 

(Harary et al., 1965). Here, the map which is a digraph is divided into sub graphs. Each sub 

graph encompasses a group of strongly connected variables. Then each sub graph is replaced 

by a single unit and the connections between sub graphs are maintained. Another 

quantitative approach used by Samarasinghe and Strickert (2013) to aggregate FCM 

concepts is self-organising map that assembles nodes with similar connection weight vectors 

based on a distance metric. This requires a further step to condense original weights 

between variables into new weights between the discovered groups.   
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2.2 Main Components of FCM - Fuzzy Logic and Auto-associative Artificial 
Neural Networks  

2.2.1 Fuzzy Logic  

The concept of fuzzy logic and fuzzy sets introduced by Zadeh, in 1965, were proposed to 

address uncertainty inherent in human reasoning that is approximate rather than exact. In 

this case, humans have limited knowledge and/or cannot precisely define things and events, 

and hence they use natural language (statements/linguistic words) or a degree of truth to 

describe the relations and states of these things and events (Kosko, 1993). Tackling this 

difficulty requires using or incorporating fuzzy logic in solution systems. Fuzzy logic helps 

humans to use a degree of truth to express their judgments and ideas about things/events 

and relationships between things/events gradually rather than abruptly. The truth value in 

fuzzy logic takes a degree of membership in the range [0, 1]. This gives flexibility for humans 

to use words so that they may be true to a large extent, but they are also a little false, etc. 

(Kosko, 1993). 

The approaches that are developed on the basis of fuzzy logic are able to study, understand, 

and deal with systems characterized by complexity and ambiguity (Zadeh, 1973) and 

involving uncertain qualitative data and ideas (Dimitrov, 1997). Fuzzy logic allows decision 

making with uncertain data and fuzzy sets were designed to mathematically represent 

uncertainty and vagueness in order to deal with imprecision inherent in many real-life 

problems. Berkes and Berkes found out that  fuzzy logic is a useful and fitting approach to 

capture indigenous and local knowledge for dealing with complexity of ecosystems (Berkes 

& Berkes, 2009). Dimitrov, (1997) pointed out that fuzzy logic helps in managing and working 

with paradoxes and chaos caused by human perceptions and judgments arising from the 

complexity of social systems. The incorporation of fuzzy logic in FCM plays an important role 

in the ability of FCM to describe qualitative knowledge in the form of nodes and imprecise 

connections values among nodes.  

Fuzzy set theory was introduced as an extension of the classical (crisp) set theory. The 

membership of the elements in classical set theory is assigned by only two values; (1) if the 

element belongs to the set and (0) if the element does not belong to the set. On the other 

hand, the membership of elements, taken from what is called a universe of discourse, in 

fuzzy set theory is expressed using a graphical description called membership function and is 
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characterized by a degree of membership in the range [0, 1]. (0) value represents non-

membership, (1) value represents complete membership, and values in between represent 

degrees of membership (µ) between 0 and 1. The universe of discourse represents all 

elements in the context and can take a numerical range, for example [-1, 1], [0, 100], etc. 

Definition 2.1. Let X be a nonempty ordinary set called the universe of discourse. A fuzzy 

subset A in X is characterized by a membership function μA: X → [0, 1], with μA(x) 

representing the degree of membership of x in A for each x∈ X (Zadeh, 1965).  

Based on this definition, each fuzzy subset A in X is characterized by its own separate 

membership function. It should be noted that the terms fuzzy subset and membership 

function are used interchangeably. Various membership functions (Triangular, Trapezoidal, 

Gaussian, etc.) are used to represent the membership of elements in fuzzy subsets in the 

universe of discourse. This thesis is concerned with the most commonly used - triangular 

membership function. The triangular membership function for a fuzzy subset A in the 

universe of discourse X is defined by three parameters (a, b, c) where a ≤ b ≤ c and is 

calculated as follows: 
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where x is an element in the universe of discourse X and µA(x) is the degree of 

membership of x in the fuzzy subset A. 

Figure 2.5 shows an example of a graphical representation of a triangular membership 

function for a fuzzy subset expressed in the range [0, 1] universe of discourse. The 

parameters a, b, and c of this function are 0.3, 0.6, and 0.8, respectively. As can be seen from 

this figure, the membership value of element 0.5 is about 0.66.  
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Figure 2.5  Graphical representation of a triangular membership function 

Another term related to fuzzy set concept and concerned by this thesis is a linguistic 

variable. A linguistic variable is a fuzzy set defined in a universe of discourse and takes as 

values words or sentences in natural language. (Zadeh, 1975). For example, a linguistic 

variable ‘age’ could be defined in [0, 100] universe of discourse and may have values such as 

‘very young’, ‘young’, ‘old’, etc. Each value in the linguistic variable is called a linguistic term 

and represented by a membership function. The set of these values/terms is called a 

linguistic term set, or in short linguistic set or term set. The membership functions 

representing the term set of the linguistic variable could be varied and overlapping and the 

membership of an element in the universe of discourse has a degree of membership in all 

these functions, including a value of zero in some functions. A linguistic variable provides a 

linguistic model of data and would be a point of view (perception) about things in an 

uncertain context (domain). For example, the FCM connection weight in the FCM could be 

described as a linguistic variable in the range [-1, 1] universe of discourse, as seen in Figure 

2.6. In this figure, six triangular membership functions are used to represent the following 

possible values of the FCM connection weight: ‘-High’, ‘-Medium’, ‘-Low’, ‘Low’, ‘Medium’ 

and ‘High’.   
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Figure 2.6  An example of a linguistic variable consisting of six fuzzy subsets represented by six 
triangular membership functions 

With this representation, an imprecise connection weight could be expressed using either 

linguistic or numeric values. In the case of using a linguistic value such as ‘Medium’, the 

connection weight takes a complete membership (1) in the membership function 

representing this value and zero membership value in the rest of the membership functions 

of the linguistic variable. In the case of using a numeric value (an element in the universe of 

discourse), the connection weight could be expressed by more than one non-zero degree of 

membership. For example, connection value of 0.4 is represented by a non-zero degree of 

membership in the membership functions representing ‘Low’ and ‘Medium’ linguistic values 

and zero membership in the rest of the membership functions. It is worth mentioning here 

that the process of producing a crisp value from the degree of membership in a number of 

fuzzy subsets (membership functions) is called defuzzification. One of the common 

approaches to defuzzification is Centre of Gravity (COG). Here, the numerical equivalent of 

the ‘centre of gravity’ of the relevant fuzzy subsets thresholded by the corresponding degree 

of membership value represents the required crisp value.  Next section presents in brief the 

concept of Auto-associative Artificial Neural Networks (AANN) - the second component of 

the FCM.  

2.2.2 Auto-associative Artificial Neural Networks (AANN) 

AANN, often called neural networks or NN, is a mathematical model originally inspired by 

the biological neural network (Reimann, 1998). From a biological standpoint, AANN consists 
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of a collection of neurons that are interconnected with each other via a network structure to 

model the knowledge of a complex system (Kosko, 1992b; Özesmi & Özesmi, 1999). The 

interconnected network might be characterized by a nonlinear property that could not be 

modelled and understood using linear models. AANN offers a nonlinear structure that can 

produce more realistic results for a complex socio-ecological system.     

FCM incorporates AANN to make inferences and run simualtions of several scenarios 

representing potential actions on the system that could lead to more desirable system states 

from the perspective of system management or improvement (Kosko, 1988b; Ozesmi & 

Ozesmi, 2004; Strickert et al., 2009). To do so, a number of neurons, such as the one in Fig 

2.3, each representing a variable or component in the system are assembled into an 

interacting network. Such network has the same graphical form of the FCM that it 

represents. Starting with known initial state of variables and connection weights, the 

network at each time step calculates the output (state) of all neurons in the FCM as the 

weighted sum of respective inputs transformed by an activation function as in Equation 2.1. 

The computed neuron or variable outputs are then sent as inputs through forward and 

backward links between variables in the system. The state of the system is refreshed 

repeatedly with new inputs thus arrived after each iteration until the systems preferably 

stabilises into a pattern of behaviour such as fixed point of stability depicting a new 

equilibrium state of the system.   

2.3 Developments in FCM Approach  

In recent years, especially in the last decade, FCM has witnessed several studies and actions 

on improving and advancing its aspects. A book edited by Glykas, in 2010, and prefaced by 

Kosko, the founder of FCM, includes seventeen journal articles that address most of the 

recent advances in FCM approach and reflect the endeavours of the researchers in the 

development of theories, methodologies, applications and tools for FCM. Aguilar, in 2005, 

and Papageorgiou & Salmeron, in 2012, investigated some of these issues.  

In comparison with the number of fields where FCM has been applied, theoretical 

development in FCM is, to some extent, limited. In 1998, Schneider et al. utilized user 

provided data to construct FCM automatically based on global demographic/economic data 

obtained from individual countries in the world. In this method, the numerical 

measurements of each variable are represented by a numerical vector. Each element in the 
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numerical vector represents a measurement of the state of a variable in the FCM for one 

country. These numerical vectors are converted into fuzzy sets, where each element of the 

vector is assigned a degree of membership in these fuzzy sets. The method has used a 

distance-based concept in computing the closeness of relation between two vectors. The 

closeness of relation between two vectors represents the degree of similarity between 

them. The direct or inverse relation between any two vectors (variables) is determined 

depending on how the values in vector one are similar to corresponding values in vector 

two. If most of the values of vector one are similar to the corresponding values of vector 

two, the relation between the two concepts is direct. On the other hand, if most of the 

values of vector one are dissimilar to the corresponding values in vector two, the relation 

between the two concepts is inverse. After determining the closeness of the variables, the 

correlations among variables are determined, and these correlations in turn represent the 

causality among variables. 

Aguilar (2001) proposed a random fuzzy cognitive map model RFCM. In this approach, the 

variable state is estimated as a numerical value instead of symbolic value and a nonlinear 

dynamical system is used for the inference process. The main advantages of RFCM model 

are: simplicity, efficiency, and the provision of qualitative information about the inferences. 

To represent FCM in a non-monotonic cause-effect relationships, Khan et al. (Khan & Khor, 

2004) has utilized fuzzy rules to express these casualties. This framework represents the 

possibilities of effects of a causal variable on the ones it influences as fuzzy rules. In case of a 

single causal variable, the fuzzy rules are first expressed as degrees of membership and then 

defuzzified to obtain the new state of a variable affected by it. In case of multiple causal 

variables, the defuzzified output values of all causal variables are aggregated using weighted 

average operator before defining a new state of the variable.  

Stylios et al. (2008) introduced three FCM architectures for medical decision support 

systems: Competitive FCM (CFCM), Distributed m-FCM and Hierarchical architectures. CFCM 

is suggested when a decision is made to choose a single diagnosis over many diagnoses. 

CFCM includes two kinds of variables: factor variables (input variables) such as patient 

record, symptoms, test results etc., and decision variables (output variables) representing 

the possible diagnoses for the patient. All variables interact with each other to determine a 

single diagnosis for the patient. The Distributed m-FCM architecture is proposed when the 
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system is very complex and has many factors and relationships and needs to be decomposed 

into subsystems. Then, every subsystem is modelled by an FCM and all FCMs interact with 

each other to form a Combined Distributed m-FCM system. The purpose of the Distributed 

m-FCM architecture is to represent the connections among its FCMs and to form a general 

knowledge system from all subsystems (distributed m-FCM). The Hierarchical architecture is 

proposed to model the supervisor from all m-FCM that evaluates all the information from all 

the subsystems in order to accomplish a final decision. 

All the above are specialized approaches and each one of them serves a specific purpose. 

However, they were all developed using individual participant knowledge and lack the 

participatory knowledge of a group. 

Another common methodology is to develop the FCM depending on a group of experts 

(Glykas & Groumpos, 2010; Papageorgiou & Stylios, 2008; Stylios & Groumpos, 2000, 2004; 

Stylios et al., 1999; Young et al., 2012). Experts usually exploit their experience and 

knowledge to develop their FCM models. Firstly, they are asked collectively to identify the 

number and type of relevant factors/variables that describe the behaviour of the system. 

The experts based on their experience know the system factors and their influences on each 

other. Secondly, each expert individually exploits his/her experience to describe the 

direction, type, and degree of strength of connection (weights) among identified variables. It 

is worth mentioning here that experts typically share the same variables but not the same 

connections and connection weights. The experts describe the connection weights using 

either numeric values in the interval [-1, 1] or linguistic terms such as high, medium, low etc. 

Finally, the individual weight matrices of the FCMs are combined into one expert group FCM 

matrix (overall weight matrix of FCM). Different combination methods are used to obtain the 

overall weight matrix.  

In the case of using only numeric values, one of the combination methods is to use Equation 

2.4 to produce a group mean FCM. Another combination method is to use a threshold 

function, f, to set the values of the overall weight matrix in the interval [-1, 1] (Glykas & 

Groumpos, 2010): 
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Where W is the overall weight matrix of FCM, N is the number of FCMs or experts, 

iW is the FCM matrix of the thi expert, and f is a nonlinear threshold function that 

forces the overall weight matrix to take values in the interval [-1, 1]. 

In the process of considering different levels of experience of the experts, assigning different 

credibility weights for them are more applicable. In this case, an advanced combination 

method is to incorporate a non-negative credibility value of experts with the threshold 

function to produce a new and combined form of Equations 2.5 and 2.7 (Glykas & 

Groumpos, 2010; Kosko, 1988b; Stylios & Groumpos, 2000): 
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where ib is the credibility weight of thi expert and 121  Nbbb  . 

In this respect, we can ask the following important question: how should the credibility 

weights be assigned to the experts? The literature shows that most of the research studies 

have dealt with this issue in a subjective way. For example, most suggested that all experts 

are equal and assigned to all of them the credibility weight of 1. However, Stylious and 

Groumpos (2004) proposed an algorithm to assign credibility weights to experts as a useful 

endeavour to develop the FCM model. Initially, the algorithm assumes that the experts 

describe the connection weights using linguistic variables and the credibility weights of all 

experts are equal to 1. Then, for each particular connection at least 3/N  experts must agree 

on their connection weights, where N is the number of experts. Otherwise they are asked to 

reassign their weights for this particular connection. In the case of experts’ agreement on 

the particular connection weight, any expert linguistic weight that does not intersect with 

any linguistic weight of the agreed group is ignored from calculations and that expert is 

penalized by diminishing his/her credibility weight by a predetermined percentage. This 

approach basically attempts to ensure majority agreement and devalue deviations from the 

majority. 

Another attempt to modify the credibility weights of experts is in (Glykas & Groumpos, 2010) 

that suggested an algorithm to assign credibility weights to experts as well as to modify the 

weights of connections. This algorithm assumes, initially, an expected threshold to assess the 
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experts’ agreement on the sign of the connections. For each corresponding connection, if 

the number of similar signs is less than the required threshold, it means that the experts are 

not in agreement, and they are asked to reassign the weights for those connections. 

Otherwise, the credibility weights of those experts are penalized and their connections are 

excluded from the combination process in two cases: firstly, if the experts have different 

connection signs from the majority, and secondly, if the experts have the same sign but their 

connection weights are not close to the average of the particular connections.  

An apparent advantage of these algorithms is that it penalizes credibility weights of experts 

who are not in agreement or close to the majority or neighbourhood of weights, which in 

some ways simplifies the solution. However, they have two deficiencies. First, the experts 

are asked to change their connection weights, which is in some cases undesirable. The 

second deficiency of these algorithms is that they not only penalize the credibility weights of 

experts, but also remove their corresponding connections from the calculations of the 

combined weight of particular connections. Our research in this thesis overcomes these 

deficiencies by providing a new method to assign credibility weights to FCMs without 

modifying or excluding connection weights. This novel method calculates the credibility 

weight of an FCM depending on its importance relative to all the other FCMs developed for 

the problem domain of concern. Chapter 3 presents this method.  

In the case of using linguistic variables, a linguistic variable termed "Influence" is used to 

represent the linguistic values (terms) in the universe of discourse ]1,1[X  (Stylios & 

Groumpos, 2000; Young et al., 2012). The linguistic variable "influence" describes the degree 

of influence of one concept on another. Influence is interpreted as a linguistic variable taking 

values or terms represented in the [-1, 1] universe of discourse and its term set T(Influence) 

could be described as follows (Stylios & Groumpos, 2000): 

 T(influence) = {'negatively very high', 'negatively high', 'negatively medium', 'negatively low', 

'zero', 'positively low', 'positively medium', 'positively high', 'positively very high'} 
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Figure 2.7 The membership functions of the nine linguistic terms of the linguistic variable, 
Influence. The figure shows the corresponding membership functions of these terms 

from left to right as declared in T(Influence) 

The membership functions of the terms of the linguistic variable Influence could be 

represented as shown in Figure 2.7. The experts/stakeholders describe the influence of 

concept Ci on concept Ck (connection weight between Ci and Ck ) using a direct linguistic term 

from the set such as ‘The influence of concept Ci on concept Ck is positively very high’. Then 

for each connection, its linguistic terms (values) suggested by experts/stakeholders are 

aggregated using a SUM method to produce the overall linguistic value (Young et al., 2012). 

Finally a defuzzification method, i.e. Centre of Gravity (COG) method (Jang et al., 1997), is 

used to convert the overall linguistic variable value for the connection into a crisp value in 

the interval [-1, 1].    

The previous FCM approaches were based on the knowledge of experts or researchers for 

modelling the system or problem concerned. Hence, they either only required experts’ 

knowledge or ignored other relevant knowledge. However, as stated before, socio-ecological 

systems require extracting the knowledge not only from the experts, but also from other 

relevant stakeholders. In environmental management and decision making, involvement of 

public participation (multidisciplinary stakeholder teams) leads to a number of 

improvements that include the following: the quality and legitimacy of decisions, confidence 

and understanding among participants, more appropriate results and solutions to address 

the environmental issues and public concerns, transparency, controlling and managing 

uncertainty (Dietz & Stern, 2008; OECD, 2005), and environmental education and greater 

awareness by local people (House, 1999). Accordingly, to obtain an integrated and useful 
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knowledge base from socio-ecological systems, there is a need to involve, in addition to the 

knowledge of experts, the understandings and perceptions of the public. 

However, literature shows that FCM models have not been used widely for modelling socio-

ecological systems, particularly those systems which require local knowledge. A useful 

approach for ecological problems that included the knowledge of experts as well as lay 

expert is a multi-step fuzzy cognitive mapping approach, developed by Ozesmi and Ozesmi 

(2004). One of the most important goals of this approach is to develop a participatory 

management model combining the opinions of different stakeholders and stakeholder 

groups. The multi-step approach consists of nine standing steps that extend firstly from 

building individual FCMs and then combining these individual FCM into stakeholder group 

FCMs and then combining the latter into a combined stakeholder group or social FCM to 

finally analysing and simulating system outcomes.  

The multi-step approach was a pioneer approach that captured, using in-depth interviews, 

the knowledge of local people from their own perceptions. This approach analysed how 

these people, regardless of the level of their knowledge, perceive the system concerned. The 

approach used the qualitative condensation method to subjectively simplify a large FCM. It 

also combined different stakeholder perceptions into groups and compared between these 

groups to find out the similarities and dissimilarities among them. Different policy options 

were also carried out as part of this approach. All the resulted observations were then used 

to determine/address the concerns of the stakeholders for the socio-ecological system. 

Although the above approach has provided many advantages in addressing and modelling 

socio-ecological problems, this approach and other previous approaches discussed earlier 

used either numeric values or linguistic expressions in the participatory approach but not 

both numeric and linguistic values. Moreover, they still lack the following desirable 

attributes, which are discussed separately in the next subsection: 

1. An appropriate representation of the values of connections during FCM 

condensation and aggregation. 

2. A comprehensive aggregation method. 

3. A robust condensation method 

4. A robust approach to assign the credibility weights to FCMs and variables 
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2.3.1 Fuzzy Representation Method 

The main feature of FCM is that it incorporates the concept of fuzzy logic to deal with the 

uncertainty inherent in ill-defined and ambiguous problems. Thus, in order to properly 

represent and thereby gain more accurate results through all the processes of the FCM 

approach, the representation and calculations of imprecise numeric values and linguistic 

expressions can be better handled by using a formal fuzzy logic approach. However, the 

previous research studies have not addressed this significant issue and they have not used 

fuzzy logic techniques in their calculations, particularly the calculations of the different 

imprecise connection values resulting from FCM aggregation (Figure 2.4) and condensation 

processes. Thus, they have not gained the benefits of a full fuzzy representation and 

processing of FCMs.   

Consequently, our research aims to overcome this deficiency in previous works by using a 

novel fuzzy representation technique, namely 2-tuple fuzzy linguistic representation model 

(Herrera & Martinez, 2000a). This model can represent and deal with numeric and linguistic 

imprecise values concurrently. It represents these imprecise values in a novel way; each 

value is represented by a pair of symbolic values called a fuzzy 2-tuple, to avoid loss of 

information and increase the consistency of imprecise values through the representation 

and/or any computational processes that are carried out using these values. Furthermore, 

the 2-tuple fuzzy linguistic representation model has the ability to transform the resulting 

fuzzy values from any process, whether condensation or aggregation, into crisp values. Then, 

the simulation and qualitative and/or quantitative analysis based on these crisp values are 

carried out easily. Section 4 in Chapter 3 provides details of the fuzzy representation method 

and a detail description of the 2-tuple model is presented in Section 2.5.1. 

2.3.2 Fuzzy Aggregation Method 

As stated in the previous subsection, the best way to deal with imprecise values is by using a 

fuzzy method. Combining many FCMs into a collection of FCMs requires aggregating their 

connection weights. Since the connection weights are represented in a fuzzy way, the 

weights should also be aggregated using a fuzzy approach. However, current literature lacks 

a fuzzy aggregation method that combines numerical and linguistic imprecise values into 

collective fuzzy values. 
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To fill this gap, our research proposes a novel fuzzy aggregation method. The method is 

based on the same 2-tuple fuzzy linguistic representation model (Herrera & Martinez, 2000a) 

described earlier. It combines the fuzzy values without loss of information and retains their 

fuzzy representation during the combination process (Herrera et al., 2000; Herrera & 

Martinez, 2000b). Moreover, the proposed fuzzy aggregation method incorporates the 

credibility weight of each FCM in the system when combining its fuzzy connection weights 

with the corresponding fuzzy connection weights of other FCMs. Credibility weights of FCMs 

are discussed in Section 2.3.4 and details of the aggregation method are given in Section 8 in 

Chapter 3. 

2.3.3 Semi-Quantitative Condensation Method 

Typically, condensing a large FCM into a simple one is required in complex problems, 

especially socio-ecological problems. A simple FCM is easy to trace and analyse; however, 

how a group of variables and their corresponding connections in a large/complex map can 

be condensed into one representative variable and connection, respectively, is still an open 

question. Previous research studies subjectively condensed variables and used qualitative 

methods to determine connection weights between condensed variables (Ozesmi & Ozesmi, 

2004; Strickert et al., 2010). However, an appropriate objective calculation method to 

compute the values of the condensed connections between the condensed variables is 

absent in the literature.  

To tackle this drawback appropriately, this research proposes a persuasive and valid semi-

quantitative condensation method. This method allows more than one level of 

condensation. At each level of condensation, each group of variables to be condensed into 

one variable at a higher level is selected subjectively. This selection process should be 

performed by the developers of the system after the completion of data collection. The 

developers make many in-depth interviews with different participants and they help the 

participants to properly perceive the system and draw their FCMs. In the process, the 

developers become knowledgeable of and experienced in similar variables that can be 

condensed into groups. Once the group of variables are defined, acceptable connection 

weights between them need to be assigned. This research proposes proper mathematical 

calculations (quantitative method) to assign reasonable connection weights between 

condensed variables. These calculations use the 2-tuple fuzzy linguistic representation model 



 
 

46 

and utilize the credibility weights of variables within an FCM, which are discussed in the next 

section, to identify the signs and magnitudes of the condensed connections. This process 

transfers the values at a lower level to meaningful values at a higher level of condensation 

and protects these values from distortion or inconsistency.  

2.3.4 Credibility Weights 

The participatory approach involves multidisciplinary and multi-level knowledge of 

participants. Naturally, these participants perceive the system and depict their perceptions 

into FCMs according to their knowledge and preferences. Therefore, different credibility 

weights should be assigned to participants (FCM designers) to match their corresponding 

knowledge.  

Typically, the credibility weights for participants are qualitatively (subjectively) assigned. The 

literature shows that very few quantitative attempts have been implemented to obtain 

credibility weights for the participants of the system concerned (Glykas & Groumpos, 2010). 

However, these attempts are not sufficient and applicable in socio-ecological systems. 

This research provides a novel method for determining credibility weights for FCMs and for 

variables in FCMs. The identification of credibility weights for variables in an FCM is based on 

their importance in the particular FCM, while the identification of credibility weights for 

FCMs is based on their importance in the whole system. The previous studies have 

addressed the importance of a variable (node) in FCM according to its centrality degree 

measure only (Kosko, 1986a). Centrality degree uses the incoming and outgoing connections 

of a node to indicate a measure of its relative importance. However, the literature has 

shown other significant centrality measures, such as closeness (Sabidussi, 1966) and 

betweenness (Freeman, 1977) measures, that are very useful to assess the importance of a 

variable in a social digraph like FCM. These two measures view importance from the 

perspective of how quickly a particular node is reached from other nodes (closeness), and 

how frequently a node is on the path of communication between other nodes 

(betweenness). Thus, the proposed method proposes the following steps for identifying 

credibility weights for FCMs and its variables: 

1. Calculate the degree, closeness and betweenness centrality measures for each 

variable in an FCM. 
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2. Weight these measures relative to the importance of the three centrality measures 

and then combine them to obtain a consensus centrality measure (CCMs) for the 

variables. 

3. Utilize these CCMs of variables to assign credibility weights to the variables. 

4. Utilize the degree, closeness and betweenness centrality measures calculated for 

variables in step 1, to calculate the degree, closeness and betweenness centrality 

measures, respectively, for FCMs. 

5. Weight and then combine the measures that are calculated in step 4 to obtain 

consensus centrality measures (CCMs) for FCMs. 

6. Utilize the CCMs of FCMs to assign credibility weights to the FCMs in the system. 

A detail description of the calculations of credibility weights for FCMs and their variables is 

presented in Section 6 in Chapter 3. 

2.4 Complex Dynamical Systems- Social-Ecological Systems 

Dynamic system is a system whose behaviour changes over time. In a complex system, it is 

not easy to predict and describe the behaviour of that system from observing it (Sterman, 

2000). Typically, a dynamic system is characterised by complexity as it integrally connects 

diverse knowledge of dynamically interdependent entities, also called components or parts, 

with one another (Sterman, 2000; Stylios & Groumpos, 2004). These dynamic components 

interact and are interrelated via many causal connections and negative and positive 

feedback effects to produce the dynamical behaviour of the systems. A positive feedback 

positively changes one component instigating a chain of effects that change other 

components of the system, while a negative feedback inhibits its behaviour and invokes 

corresponding changes in the downstream components (Marten, 2001). Due to these 

feedbacks, the current state of the system is influenced by the previous states of the system, 

and thus the behaviour of the system changes with time in a correlated manner. 

Furthermore, feedbacks loops make the system behave in a nonlinear manner in reaching its 

final state, whether stable or unstable.    

A system that consists of interrelated components and displays features of nonlinear 

behaviour is considered an overlapping and coherent system, and it cannot be reduced into 

parts. Such systems require us to express, analyse and understand their behaviour as a 

whole system rather than a sum of the behaviours of its parts (Clayton & Radcliffe, 1996; 
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Juarrero, 2010; Stylios & Groumpos, 2004). This would produce complex systems that are 

not easy to demarcate (Juarrero, 2010), subject to possibilities of nonlinearity (Krasny et al., 

2010) and result in imperfection of decision making (Carvalho & Tome, 2000). However, this 

points to the emergence of a great demand for a significant approach to deal with these 

intertwined systems as wholes rather than dealing with their reductive parts. Socio-

ecological systems considered in this thesis are at the convergence of social systems and 

ecological systems. Therefore, holistic approaches to socio-ecological systems require 

understanding both these systems and their interplay.   

A social system is 'an orderly and systematic arrangement of social interactions' (Neeraja, 

2005). It consists of parts that interact with each other in different aspects of life to form a 

coherent whole (Parsons, 1975). The parts of the social system are coherent individuals 

(people) and everything related to them is interacted by a network of interactive, 

meaningful and interdependent relationships that shape their behaviours (Marten, 2001; 

Neeraja, 2005) (see Figure 2.8). The number of individuals in the social system can be any 

number more than two, for example from a small family to the entire population in the 

world (Marten, 2001). A dynamic social system is a complex system that may have complex 

interrelated components. A complex dynamical social system has negative and positive 

feedbacks that allow the system to change with social changes over time; however, despite  

these changes it typically does not lose its social equilibrium (Neeraja, 2005). That means, 

the social system is considered an adaptive system that has the flexibility to change in a way 

that maintains its existence and stability (Marten, 2001). 

 

Figure 2.8 A simple example of a social system 
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An ecological system or, in short, an ecosystem is a biological community in a particular area 

that describes the group of interactions among living organisms (humans, animals and 

plants) and between living organisms and their environment (water, climate and energy) 

(Campbell, 2008; Krebs, 2009; Marten, 2001; Schulze et al., 2005) (see Figure 2.9). An 

ecosystem can be of any size in terms of area, for example from a small land to the whole 

area of the world (Marten, 2001). An ecosystem thus comprises many parts (living and non-

living) that are interacted via many strong to weak interdependent relationships (Hartvigsen 

et al., 1998). It also has negative and positive feedback effects. An ecosystem has the ability 

to change with changes over time without losing its existence and stability. For these 

reasons, it is, like a social system, considered a complex adaptive dynamical system (Marten, 

2001).  

 

Figure 2.9  A simple example of an ecosystem 

If social systems and ecological systems are linked and integrated, they form social-

ecological systems or socio-ecological systems. Socio-ecological systems model the 

interactions between human actions and components of the ecological systems, see Figure 

2.10. The interaction dynamics here is interesting.  On one hand, humans affect ecosystems 

through their actions to meet their societal needs. On the other hand, ecosystems satisfy 

humans’ need to connect with nature and life and affect changes in them (Marten, 2001). 

Socio-ecological systems are considered persuasive examples of complex dynamical systems 

that have many intertwined components or parts. All socio-ecological systems have 

nonlinear behaviour; they include many negative and positive feedback effects that produce 

complex changes in their behaviours that may still keep them in valid states unless extremes 

of behaviour or limits of the system are not reached.  
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Figure 2.10  An interaction between a social system and an ecosystem 

In socio-ecological systems, humans interact with the components of the environment in 

reality; therefore, representing the aspects of reality and modelling and controlling these 

systems require, in addition to existing knowledge, taking advantage of human knowledge at 

all levels (Prell et al., 2007). Human thinking and reasoning are dominated by approximation 

rather than absoluteness in describing the knowledge and may vary in relation to time and 

space (Leon et al., 2010), and therefore, they produce ambiguous evaluations and uncertain 

data. Thus, an approach that mimics human thought and has the ability to cope with the 

ambiguity and uncertainty inherent in human reasoning is required. 

Typically, socio-ecological systems include a variety of stakeholders (participants) with 

different knowledge and diverse worldviews that probably produce uncertainty and/or 

conflicting understandings and challenges. Integrating relevant stakeholder (lay and expert) 

knowledge and sharing their knowledge in modelling such systems would overcome these 

challenges and provide a comprehensive understanding and socially desirable outcomes and 

solutions (Ozesmi & Ozesmi, 2004; Prell et al., 2007; Walker et al., 2002). This necessitates a 

strong focus on a participatory approach that can address, model and combine various 

groups of stakeholders and consequently exploit stakeholder engagement in extracting the 

knowledge of individuals and/or groups.  

Several quantitative approaches such as mathematical models, game theory etc. have 

proved their effectiveness in modelling many complex systems. However, these approaches 

have had limited success in handling and capturing knowledge of significance to systems 
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such as socio-ecological systems that embed interconnected parts, feedbacks, nonlinear 

behaviour, complexity, uncertain data and participatory issues (Kosko, 1992b; Ozesmi & 

Ozesmi, 2004; Zadeh, 1994). In such systems, hard computing approaches are difficult, costly 

or even impossible (Carvalho & Tome, 2000; Zadeh, 1994). In contrast, soft computing 

approaches based on fuzzy logic have the freedom and flexibility to model such systems. 

FCM is a qualitative and network approach that has the ability to represent and address the 

aforementioned complex issues. 

FCM approach is a causal system that incorporates fuzzy logic, allows feedbacks, exploits 

human knowledge and experiences , describes the behaviour of different components of the 

system and connections among them, draws a causal representation of the whole system 

behaviour in a symbolic manner using a directed graph, and helps in decision making (Kosko, 

1986a; Papageorgiou & Stylios, 2008). The research in this thesis proposes to enhance the 

efficiency and representativeness of the soft computing approach of FCM to model any 

complex dynamical system that consists of interrelated components that interact with 

positive and/or negative casual connections. The proposed enhancements of FCM approach 

are through new fuzzy representation and aggregation methods, a proper semi-quantitative 

condensation method, and novel methods for determining centrality measures and 

credibility weights for FCMs and their variables.  

A problem such as "Water Scarcity Problem in Jordan" can be considered a strong 

representative of a social-ecological system. It is one of the most critical problems that 

concern all people in the country and is associated with the most vital element in life, water. 

Figure 2.11 represents the components of the social system and ecosystem of this system as 

modelled by the FCM in Figure 2.2. The Figure illustrates positive (green arrow) and negative 

(red arrow) connections between the components of the two systems and among the 

components of each system. Due to these connections, negative and positive feedback 

effects are produced. These feedbacks in turn make the system display nonlinear behaviour. 

The interactions from the components of the social system to those of the ecosystem 

represent human activities and actions such as water projects, management, community 

participation, etc. On the other side, the interactions from the components of the ecosystem 

to those of the social system represent responses to human activities and actions such as 

changes in water situation, resources and demand.  
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Figure 2.11   A socio-ecological system representation of water scarcity situation in Jordan based 
on the FCM in Figure 2.2; the figure shows how much the components of the system 

are interconnected and mutually dependent 

Despite these complicated overlapping interactions and ensuing system changes, the 

system, at the end, may settle on a state of social equilibrium. FCM can perfectly address 

and model this system and determine its new state every time the system undergoes 

change. In this research, this complex dynamical system is investigated using the advantages 

of the enhanced FCM approach based on exploitation of the knowledge from different 

stakeholder perceptions depicting different levels of experience in describing the system. 

And beyond this investigation, this research offers an opportunity to provide useful 

knowledge and suggestions that could improve the current stressful situation of water in 

Jordan. The following section discusses the methods used by the research for enhancing the 

FCM approach, as well as how these methods can be used to promote addressing socio-

ecological systems leading to more beneficial outcomes than are currently possible.  

2.5 Research Methods 

The first aim of this research is to enhance the FCM approach. Consequently, the research 

uses effective and robust methods and models. This section reviews these methods and 

models and highlights the role of each in achieving this aim. It, first, discusses the concept of 
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the 2-tuple fuzzy linguistic representation model and its efficiency in representation and 

computation of imprecise values. Then, it gives an overview of some social network 

measures and discusses how these measures can be exploited to develop a new significant 

measure such as CCM to be used in this research for various aspects of FCM processing 

including the determination of credibility weight. 

2.5.1 2-Tuple Fuzzy Linguistic Representaion Model 

One of the important objectives of this research is to use a 2-tuple fuzzy linguistic approach 

(Herrera & Martinez, 2000a) for representing imprecise connections in a novel fuzzy way 

during different computational processes of FCMs. The main advantage of this approach is 

tackling the limitation of the loss of information existing in other classical representation 

models such as semantic and symbolic models. The information loss implies a lack of 

precision in the final results and it is caused by linguistic information processing such as the 

representation and computation processes performed on linguistic values.  

The 2-tuple fuzzy linguistic representation model offers a useful representation of linguistic 

values to enhance linguistic processes and frameworks based on linguistic information that 

could be used in solving various problems (Martinez & Herrera, 2012). A computational 

model based on the 2-tuple fuzzy linguistic approach is characterized by accuracy, 

consistency, and simplicity (Herrera & Martinez, 2001). Finally, and based on this approach, 

it is easy to combine linguistic and numeric imprecise values represented by linguistic fuzzy 

subsets with different granularity and/or semantic (Herrera et al., 2000; Herrera & Martinez, 

2000b). Due to the above characteristics and reasons, the 2-tuple fuzzy linguistic 

representation model has been used in various applications and group decision making 

problems (Delgado et al., 2002; Fan et al., 2009; Ju et al., 2012; Moreno et al., 2010; Wei, 

2010; Xixiang et al., 2008; Yeh, 2007; Yejun & Ling, 2008).  

As stated before, the proposed FCM model suggests enhancements to FCM’s ability to 

handle complex real life participatory systems. Indeed, these systems involve human 

judgments and perceptions that may be stated in linguistic words. These linguistic words are 

to be represented, aggregated and condensed. Thus, there is a need to avoid the distortion 

or loss of information during these processes. Therefore, this research intends to enhance 

the representation of knowledge in FCMs (i.e., connection weights) and FCM computation 
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processes, particularly FCM aggregation and condensation processes, using the 2-tuple fuzzy 

linguistic representation model.  

The 2-tuple fuzzy linguistic representation model is based on the concept of a symbolic 

translation (Herrera & Martinez, 2000a). It takes a symbolic linguistic model proposed in 

(Delgado et al., 1993) as the basis to represent the symbolic translation. The symbolic model 

represents linguistic information by an ordered linguistic term set, },,{ 0 gssS  , where

1g is the number of linguistic terms in S (cardinality). It uses the ordered structure of the 

set (term index) to perform the calculations, where: 

1. The set is ordered: jiiffss ji  ,  

2. There is a negation operator: igi ssneg )(   

3. There is a minimization operator: jiiji ssiffsssMin  ,),(  

4. There is a maximization operator: jiiji ssiffsssMax  ,),(  

For example, a linguistic term set S with seven terms could be given as:  

S = {s0='extremely low', s1='very low', s2='low', s3='medium', s4='high', s5='very high', s6='extremely high'} 

In order to explain the 2-tuple fuzzy representation of the above linguistic terms, we present 

below some definitions that will be explained in detail subsequently. 

Definition 2.2. Let 0{ , ,... }i gS s s s  be a linguistic term set and ],0[ g  the 

numerical result of an aggregation of the labelled indices i  in the linguistic term set S , i.e., 

the result of a symbolic aggregation operator. Let )(roundi  , where (.)round  is the usual 

round operation, and i   be two values, such that ],0[ gi  and )5.0,5.0[ ; then

is called a symbolic translation. For clarification, is a numerical value assessed in 

)5.0,5.0[ that support the “difference of information” between a counting of information

],0[ g obtained after a symbolic aggregation operation  and the closest value in },,0{ g

that indicates the index of the closest linguistic term in S (Herrera & Martinez, 2000a). 

It can be seen from Definition 2.2 that   value represents the difference between   value 

resulting from a symbolic aggregation operation and the index value, i , of the closest 
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linguistic term is  in S . Then, a pair of symbolic values ( , )i is  , Ssi  and )5.0,5.0[i , 

which represents the means of the 2-tuple linguistic representation model is defined. 

Definition 2.3. Let },,{ 0 gssS   be a linguistic term set and ],0[ g represents the 

result of linguistic symbolic aggregation, then the 2-tuple ( , )is   equivalent of  denoted 

by )(  is obtained from the following function (Herrera & Martinez, 2000a):  










)5.0,5.0[,

)(,
)(






i

roundiis

  (2.9) 

where is  has the closest index label to   and  is the value of the symbolic 

translation.  

Definition 2.4. Let },,{ 0 gssS  be a linguistic term set and ),( is  be a 2-tuple, then 

the equivalent numerical value   to 2-tuple ),( is  denoted by ),(1 is  is obtained 

from the following function (Herrera & Martinez, 2000a): 

  isi ),(1
 (2.10) 

Definition 2.5. Let  Ssi  be a linguistic term, then its equivalent 2-tuple representation is 

obtained by adding a value 0 as the symbolic translation (Herrera & Martinez, 2000a): 

)0,()( ii ss   (2.11) 

To show that the 2-tuple can deal with linguistic information without loss of information, it 

operates the following computations and operators (Herrera & Martinez, 2000a): 

1. Comparisons of 2-tuples: Let ),( 1ks  and ),( 2ls  be 2-tuples; the comparison of 

their linguistic information should achieve the following properties 

a. If lk  then ),( 1ks  is smaller than ),( 2ls ;  

b. If lk  then  

i. if 21   then ),( 1ks  and ),( 2ls  represent the same information; 

ii.  if 
21    then ),( 1ks  is smaller than ),( 2ls ; 
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iii. if 21   then ),( 1ks is bigger than ),( 2ls ; 

2. Negation Operator of a 2-Tuple: Let },,{ 0 gssS   be a linguistic term set and 

1g  is the cardinality of S , the negation operator over 2-tuples is defined as follows: 

))),(((),( 1  ii sgsNeg                                                                              (2.12) 

3. Aggregation of 2-Tuples: A 2-tuple model can deal with various aggregation 

operators to combine the linguistic information, and the result of this aggregation is 

represented in a 2-tuple.   

However, the 2-tuple described before deals with positive linguistic information in a 

linguistic term set },,{ 0 gssS  and the information (FCM connection weight) used in 

this research is represented by positive and negative linguistic and numeric imprecise values. 

Therefore, this research proposes enhancements on the 2-tuple model to accept negative 

information while keeping its functions operating as they are. These enhancements do not 

change its purpose or conflict with its definitions, propositions and rules, and they are: 

1. The linguistic information is represented by },,,,{ 0 gg sssS  linguistic term 

set, where 2 * g + 1 is the number of linguistic terms in S (cardinality). 

2. ],[ gg  

3. ))),(((),( 1  ii ssNeg   

In this research, 2-tuples based on a linguistic term set },,,,{ 0 gg sssS  are used to 

represent linguistic and numeric imprecise connection weights in the FCM and their 

equivalent β numeric values are used to perform calculations (i.e. aggregation and 

condensation calculations). Each linguistic term si in S is represented by real valued 

triangular parameters ),,( iii cba  (i.e., triangular membership function).  A 2-tuple value of a 

linguistic weight represented by a linguistic term si in S, is directly obtained using Equation 

2.9, and its equivalent β value is calculated using Equation 2.10. It is important to mention 

here, that different linguistic sets are normalized into one standard set before any 

calculations. In case of a linguistic weight being represented by a numeric imprecise value in 

the range [-1, 1], its β value is calculated at first and then its equivalent 2-tuple value is 

obtained using Equation 2.9. To find β value of a numeric imprecise value (n), the 
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membership function of value n associated with is ( )(n
is

 ) is calculated  using the following 

Equation: 




























otherwise
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(2.13) 

Then, β value is the result of a symbolic aggregation of membership functions over labels i 

assessed in S and obtained using the following Equation:  









 g

gi is

g

gi is
i






 

                                                                (2.14) 

Now we demonstrate the application of above definitions in the 2-tuple representation for 

the two FCMs from the ‘expert’ and ‘local people’ stakeholder groups described in Figure 2.4. 

Suppose numeric and linguistic imprecise connection weights in these FCMs are expressed 

using [-1, 1] numeric interval and {'negatively very very high', 'negatively very high', 

'negatively high', 'negatively medium', 'negatively low', 'negatively very low', 'none', 

'positively very low', 'positively low’, 'positively medium’, ‘positively high’,  'positively very 

high'  'positively very very high'} linguistic expressions, respectively.  

Let the linguistic set S = {s-6, s-5, s-4, s-3, s-2, s-1, s0, s1, s2, s3, s4, s5, s6} is used to represent 

these weights in 2-tuple and β values using 2-tuple model. Let linguistic terms in the 

linguistic set S are represented by triangular membership functions (fuzzy subsets) as shown 

in Figure 2.12. 
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Figure 2.12 A graphical representation of the 13 triangular membership functions used to 
represent the 13 terms in the linguistic term set S over [-1, 1] universe of discourse 

The connection weights in the ‘local people’ FCM are linguistic values, and hence, their 2-

tuple and β values are calculated using Equations 2.11 and 2.10, respectively. On the other 

hand, the connection weights in ‘expert’ FCM are numeric values, and hence, their β values 

are calculated firstly using Equations 2.13 and 2.14, and then equivalent 2-tuple values of 

these β values are calculated using Equation 2.9. Table 2.4 and Figure 2.13 show the 

resulting representation of the connection weights of both FCMs in β and 2-tuple values, 

respectively, using the 2-tuple representation model. 

Table 2.4  The representation of connection weights of ‘expert’ and ‘local people’ FCMs in β 
values using 2-tuple representation model 

The connection weights of Expert FCM represented in β values 

 

Water 
Situation 

Water 
Resources 

Water 
Demand Technology 

Wastage of 
Water 

Water Situation 0 0 0 0 0 

Water Resources 5.412 0 0 0 0 

Water Demand -6 0 0 0 0 

Technology 0 3.588 -1.813 0 -4.188 

Wastage of Water -2.412 0 1.188 0 0 

The connection weights of Local People FCM represented in β values 

 

Water 
Situation 

Water 
Resources 

Water 
Demand 

Water 
Projects 

Economic 
Situation 

Water Situation 0 0 0 0 3 

Water Resources 5 0 0 0 0 

Water Demand -6 0 0 0 0 

Water Projects 0 4 0 0 -5 

Economic Situation 0 0 -3 4 0 
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Figure 2.13  The representation of connection weights of ‘expert’ and ‘local people’ FCMs in 2-
tuple values using 2-tuple representation model 

Two features of the 2-tuple linguistic representation model can be induced from the above 

definitions. Firstly, the model treats the linguistic set as a continuous set on its universe of 

discourse rather than a discrete set. This guarantees expression of any counting of 

information, avoiding loss of information, and expressing the results of linguistic information 

processing in terms of the initial linguistic set. Secondly, the model can transform the 

numerical values represented as   numeric fuzzy values into 2-tuples and vice versa 

without loss of information using respectively the functions  , defined in Equation 2.9, and 

1 , defined in Equation 2.10 (Herrera & Martinez, 2000a). This allows the model to combine 

linguistic and numerical information without distorting information (Herrera & Martinez, 

2000b). This also gives the model the flexibility to utilize any numerical aggregation operator 

in the aggregation process such as arithmetic mean, weighted average, weighted harmonic 

averaging, ordered weighted aggregation, ordered weighted harmonic averaging operators, 

etc. (Herrera & Martinez, 2000a; Wei, 2011).  

As the primary domains modelled by the proposed FCM approach are complex applications 

that involve public participation where their perceptions can fall within a wide spectrum of 

uncertainty and might be expressed using imprecise numeric and/or linguistic values, it is a 

main concern of this research to address these important issues in order to produce more 

accurate representations and outcomes. To do this, the research benefits from the attractive 

features and advantages of the 2-tuple fuzzy linguistic representation model. The research 

utilizes this model to represent the imprecise numeric or linguistic values of FCMs in 2-tuple 

values to avoid loss of information. These 2-tuples values are transformed into   values to 
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make it easy to perform computational processes such as condensation and aggregation of 

FCMs and determine the credibility weights of FCMs and nodes in FCMs. In addition, this 

research utilizes the properties of the 2-tuple model to combine the numerical and linguistic 

values of FCMs and to use the credibility weight value as an aggregation operator in the FCM 

aggregation process. Next section discusses other important methods used to enhance the 

proposed FCM approach; specifically, the use of social network centrality measures to obtain 

a more comprehensive measure of centrality of nodes in an FCM. 

2.5.2 Social Network Centrality Measures 

A common and suitable way to represent and analyse complex interconnected systems with 

many connections and feedbacks is by using network models. Social networks are network 

models which have grown rapidly in the last decades in the Social Sciences (Knoke & Yang, 

2008). Typically, socio-ecological systems are represented by coherent social networks that 

can represent the interactions in both social and ecological systems as well as the 

interactions between them. The key aspects of social networks are network analysis and 

connections that determine the interactions among nodes (Schultz-Jones, 2009; Wasserman 

& Faust, 1994). Social networks can be modelled by graphs of nodes and connections 

between these nodes (Boccaletti et al., 2006; Carrington, 2012), which can then be easily 

analysed using graph theory methods (Younger, 1972). A graph could be directed or 

undirected or weighted or unweighted. The attention of this research is a directed weighted 

graph. 

Recently, the study of the structure of complex directed networks has attracted a great deal 

of interest (Boccaletti et al., 2006; Zeng & Lü, 2011). Social network analysis is a 

methodology applied to study the behaviour of a social network. It is an appropriate and 

useful method to better understand and analyse the structural properties- "influential nodes 

and connections, patterns and implications of connections, information flow and exchange, 

and network dynamics" of social networks (Haythornthwaite, 1996; Reid & Smith, 2009; 

Wasserman & Faust, 1994). Recently, social network analysis has witnessed a fast growth; it 

has been applied to understand and analyse properties of many domains that can be 

represented by social networks, such as human dynamics in complex systems (Quinn et al., 

2012), structure of health systems (Blanchet & James, 2012), and human interactions in 
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nursing research (Pow et al., 2012). A good literature review on articles that used social 

network analysis is provided by (Otte & Rousseau, 2002; Schultz-Jones, 2009). 

As stated before, any complex social network can be represented as a graph. As a result, 

social network analysis uses graph theoretic methods to understand many aspects of the 

system. One of the most important of these is 'centrality' of a node that helps identify its 

importance in the network/graph (Wasserman & Faust, 1994). The most important graph 

theoretic measures used for this purpose are centrality measures: degree, closeness and 

betweenness (Alvin Chin, 2007; Del Pozo et al., 2011; Freeman, 1977, 1978). Degree 

centrality introduced by (Harary et al., 1965) is the simplest centrality measure. It identifies 

the importance of a node  depending on its communication activity in the network 

(Freeman, 1978; Nieminen, 1973). Closeness centrality developed by (Beauchamp, 1965; 

Moxley & Moxley, 1974; Sabidussi, 1966) measures the importance of a node based on how 

close it is to other nodes in the network (Freeman, 1978). Betweenness centrality introduced 

by (Bavelas, 1948; Shaw, 1954) and developed by (Freeman, 1977, 1978) emphasizes the 

value of the communication control of a node in order to estimate the importance of its role 

in information flow in the network (Del Pozo et al., 2011). 

Basically, the concept of centrality has been proposed to assess the importance of nodes in 

networks based on two notions: neighbourhoods and distances (Borgatti & Everett, 2006; 

Freeman, 1978; Hanneman & Riddle, 2005; Koschützki et al., 2005). The notion of 

neighbourhood refers to the direct connections of a node to other nodes that are adjacent 

and is expressed by a local measure - the degree measure. On the other hand, the notion of 

distance refers to the cost of shortest paths, also called geodesics, of a node to reach other 

nodes and it is expressed by global measures such as the closeness and betweenness 

measures. 

An intuitive example to clarify the concept of centrality is the graph of a star network, as 

shown in Figure 2.14. It is intuitively acceptable that the centre node of the graph, the hub 

node (
3C ), is the most central node. This is because this node has three distinct properties 

over other nodes. First, it is connected to all nodes, while other nodes are only connected to 

it, and hence, it has maximum directed connections (maximum degree centrality). Second, it 

is located between all nodes, and hence, the flow of information should be through it 

(maximum betweenness centrality). Finally, it is close to all nodes, and this means it has a 
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minimum distance to reach other nodes (maximum closeness centrality). These properties 

give a hub node a high level of importance in the network; since a hub node has a strategic 

position and can influence quick exchange of information, it can produce more significant 

changes and have more serious implications on the network than other nodes, in the case 

that it has been changed or influenced. 

 

Figure 2.14  A star network consisting of five nodes and four connections, where the hub of the 
network, node C3, is the most central node 

FCM is a digraph consisting of a network of nodes and weighted connections that can 

represent any social structure (Obiedat et al., 2011). Kosko in (Kosko, 1986a) introduced the 

concept of centrality to depict and understand the contribution of a node in an FCM. He 

used the degree centrality measure to reflect the importance of that node in that 

contribution, i.e., a node with higher degree value is of higher importance to the causal flow 

of information in the FCM. Beyond Kosko, few researchers have used the degree centrality 

to identify important nodes in FCMs and used this information on importance for various 

purposes. Ozesmi and Ozesmi in (Ozesmi & Ozesmi, 2003, 2004) utilized the degree 

centrality to characterize the most central/important nodes of their social FCMs in order to 

understand and analyse the structure of these FCMs. In these articles, Ozesmi and Ozesmi 

pointed out that the important nodes play a large role in an FCM by influencing and/or being 

influenced by other nodes.  

Another attempt to use the most important nodes based on their degree centrality in social 

group FCMs was presented in (Strickert et al., 2009). In this article, the authors utilized the 

importance of nodes to define decision nodes that could be useful in scenario simulations, 

i.e., the altered state of these decision nodes represent a particular policy scenario and these 

nodes are fixed (or clamped) at their respective state throughout the simulation process to 
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ascertain the final state of the other nodes in the system under this policy scenario. Altay 

and Kayakutlu (2011) exploited the degree centrality of the FCM to suggest a method for 

factor (concepts) elimination in decision making. Once the concepts used for decision 

making are defined, an FCM of these concepts (nodes) and connections among them can be 

established. The degree centrality measures of concepts are then easily obtained. According 

to these values, the concepts are prioritised to show their importance. Finally, the least 

important concepts are removed based on a predefined cut-off value to make decision 

making more realistic and robust, especially in complex applications.  

In the feedback cycle of FCM, the effect of a node in one cycle may influence other nodes 

through a chain of connections among them. This means that the influence of a node is not 

only on its adjacent nodes, but it may extend far out in complex ways affecting and/or 

transferring the accumulated effects of other nodes on all nodes existing in the path of the 

feedback chain. This issue poses a challenge that lies in two questions: what are the most 

important nodes in an FCM that can make influential changes? And how can such nodes be 

defined? Thus, this issue inherent in the dynamics of an FCM should be considered when 

identifying the most important nodes in the FCM. The previous studies show that the only 

measure that has been used to define the importance of a node in an FCM is the degree 

centrality measure. 

The degree centrality measure is considered as a straightforward and efficient measure to 

identify the centrality of a node in an FCM. This measure is simple and easy to calculate. It 

articulates the direct connections of a node in an FCM to other nodes (Ozesmi & Ozesmi, 

2004). It measures the contribution or activity of a node in an FCM and gives a strong 

indication of the effective nodes that can be useful for understanding and analysing the 

structure and other characteristics such as system dynamics of the FCM. 

However, a node connected with a small number of highly effective nodes may be more 

powerful and influential than a node connected with a large number of lowly effective 

nodes. In this case, local measures, such as the degree centrality measure, are less relevant 

and therefore,  global measures such as closeness and betweenness can be more suitable in 

identify a node’s centrality and can give better results (Chen et al., 2012). Moreover, a node 

may have a strategic location, i.e., if a node is located in between and/or close to other 

nodes, it may have a considerable influence on the flow of information (communication 
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control) through that node. This feature can be taken into account through the 

consideration of the concept of the shortest paths rather than direct connections between 

nodes. Thus, the degree centrality measure might be less effective as it only emphasizes the 

direct connections of a node and shows how much the node is central in a local 

neighbourhood. On the other hand, the closeness and betweenness centrality measures 

take into account the indirect connections of a node by emphasizing the shortest paths 

between this node and the other nodes to show how a node could be globally quite central 

in the whole network rather than just locally (Hanneman & Riddle, 2005). 

Actually, the selection of a suitable centrality measure or a combination of the above three 

measures depends on the context of the application concerned (Freeman, 1978). Therefore, 

this research provides a novel method to derive a new centrality measure, called "Consensus 

Centrality Measure" (CCM) (Obiedat et al., 2011), to define a node’s centrality in its FCM. It 

combines with the degree measure the two significant centrality measures just described - 

closeness and betweenness. CCM combines the three measures using the weighted average 

operator. The aim of using weighted measures is to take into account the importance of a 

certain measure over other measures. A detail description of the CCM methodology is found 

in Section 5 in Chapter 3. The rest of this section gives an overview of each of the degree, 

closeness and betweenness centrality measures and describes their formulation along with a 

demonstration of the respective calculations.    

Degree Centrality Measure 

The degree centrality measure is the simplest measure used in social network analysis. It is 

considered a local measure as it only focuses on direct connections in the network or graph. 

In a directed graph, two components, in-degree and out-degree centrality measures, are 

used to find the overall degree centrality of a node (Bougon et al., 1977; Harary et al., 1965; 

Koschützki et al., 2005). In a signed weighted digraph like FCM, the in-degree centrality of a 

node equals the sum of its absolute incoming connection weights from its neighbours:  
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where )( icid is the in-degree centrality of the node ic , N  is the number of nodes 

connected to node i  in FCM, and jiw  is the weight of the connection entering node

ic  from node jc .  

The in-degree centrality of a node measures the cumulative strength of connections entering 

the node (Ozesmi & Ozesmi, 2004). Thus, the in-degree centrality reflects the prominence or 

prestige of the node as other nodes seek to directly connect to it (Hanneman & Riddle, 

2005). In other words, if a node has a high in-degree, this indicates that the node may have a 

high prestige or prominence. 

In contrast, the out-degree centrality of a node in an FCM equals the sum of its absolute 

outgoing connection weights to its neighbours:  
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where )( icod  is the out-degree centrality of node ic .  

The out-degree centrality of a node measures the cumulative strength of connection weights 

exiting the node. The out-degree centrality indicates the influence of the node on other 

nodes. A node that has a high out-degree has a strong influence on other nodes affecting 

more changes in them (Hanneman & Riddle, 2005). 

The overall degree centrality of a node in FCM is the summation of its in-degree and out-

degree (Bougon et al., 1977; Kosko, 1986a): 

)()()( iiiD codcidcCen                                                               (2.17) 

where )( iD cCen  is the degree centrality of the node ic .  

The degree centrality of a node measures its role and activity in an FCM depending on how 

this node is directly connected to other nodes. A node with more connections with larger 

weights is more central and influential and makes a greater contribution to the dynamics of 

an FCM. It is worth mentioning that a node with a small number of connections could be 
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more central than a node with a large number of connections if the connections of the 

former carry larger weights (Kosko, 1986a). 

Closeness Centrality Measure 

The closeness centrality is considered a global centrality measure because it is based on the 

shortest paths (geodesic distances) concept (Beauchamp, 1965; Sabidussi, 1966). It finds the 

sum of geodesic distances between a given node and the remaining ones. In this sense, the 

lower the sum is, the higher the centrality. To reflect this idea, the inverse of the sum is 

taken to express the closeness centrality. Like degree centrality, this research considers two 

aspects of closeness centrality measure, in-closeness and out-closeness, to obtain the 

closeness centrality of a node in an FCM. In addition, the distances between nodes are to be 

represented by the absolute value of the connection weights. Thus, the in-closeness 

centrality of a node in an FCM measures how much other nodes are close to this node, and it 

is expressed as follow:   
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where ict  , )( icic is the in-closeness centrality of the node ic , N is the number of 

nodes in FCM, and ),( iG ctd  is the shortest path from a node t  to node ic .  

The out-closeness centrality of a node in FCM measures how much this node is close to 

other nodes, and it is expressed as follow:   
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                                                           (2.19) 

where ict  , and )( icoc is the out-closeness centrality of the node, and ),( iG ctd  is 

the shortest path from the node ic   to a node t  in the FCM. 

The closeness centrality of a node in FCM is the summation of its in-closeness and out-

closeness, and it is defined as follows: 
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)()()( iiiC cocciccCen                                                               (2.20) 

where )( iC cCen  is the closeness centrality of the node ic .  

According to the general definition of closeness centrality in a social network, and 

particularly in a directed network, discussed in (Beauchamp, 1965; Del Pozo et al., 2011; 

Koschützki et al., 2005; Sabidussi, 1966), the closeness centrality of a node in an FCM 

measures the cost for it to reach other nodes and the cost of other nodes to reach it. A high 

closeness centrality of a node in the FCM reflects its efficiency and quickness in 

communicating with other nodes, and consequently it is worth highlighting it as a useful and 

important node in analysing the structure and behaviour of the FCM. 

Betweenness Centrality Measure 

Like closeness, the betweenness is a global centrality measure based on the concept of 

shortest paths. The betweenness centrality of a node is determined by summing the 

proportion of shortest paths between node pairs that go through that node (Bavelas, 1948; 

Freeman, 1977). To find the betweenness centrality of a node in an FCM, the absolute value 

of the connection weights between nodes represents the distances between these nodes, 

and hence, the betweenness centrality of a node is defined as: 
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(2.21) 

where icts  , )( iB cCen is the betweenness centrality of the node ic , st  is the 

number of shortest paths from node s  to node t , and )( ist c  is the number of 

shortest paths from s  to t  that passes through node ic . 

The betweenness centrality of a node in an FCM based on its definition in social directed 

networks discussed in (Bavelas, 1948; Del Pozo et al., 2011; Freeman, 1977, 1978; Koschützki 

et al., 2005) measures to what extent this node could play a role as a mediator between the 

other nodes in the FCM. The higher the betweenness centrality of a node, the larger the 

number nodes that reach other nodes through this node, which in turn expresses the 
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importance of the node in mediating between other nodes in transferring information 

through the FCM.     

A novel CCM is proposed in this research based on the above three measures to identify the 

node centrality in an FCM in terms of both its direct and indirect connections. It also gives 

the developer of FCM full liberty and depending on his/her in-depth understanding of the 

context of FCM to prioritize between these measures by assigning a considerable non-

negative weight for each of the measures in the interval [0, 1]. This means that the CCM can 

endow a measure with a preference over others if the weight of this measure takes on a 

high value, for example, close to 1, or even ignore one or two measures form calculation if 

they are given zero or very low values. 

2.6 Chapter summary 

This Chapter has explained the concept of the FCM model and its main processes. It also has 

presented various outstanding issues and methods proposed in this thesis research. 

Although current FCM models have proved their efficiency in addressing a number of 

complex problems, they still have important limitations as stated in the Chapter. They are 

mainly the lack of an adequate representation and inability to deal with multiple types of 

imprecise values in an FCM during its various processes. In addition, an expressive and 

comprehensive technique to find the central nodes in an FCM does not exist in the current 

FCM literature. These limitations impede the development of robust FCM models, 

particularly when the model is developed to study and model complex participatory 

problems that involve much uncertainty and ambiguous data extracted from perceptions of 

different stakeholders with different levels of experiences.  

The Chapter has also shown how this research aims to address these issues and then 

presented the development of a robust FCM model by introducing a flexible fuzzy 2-tuple 

modelling approach for representing and dealing with numeric and linguistic imprecise 

values. Finally, this research utilizes widely used social network centrality measures to 

produce a novel measure for assessing the centrality of nodes in an FCM. These centrality 

values are to be used to obtain credibility weights of nodes and FCMs. How these various 

aspects fit together to advance the proposed FCM model is presented in Chapter 3. 
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Chapter 3 

A Robust Semi-Quantitative Fuzzy Cognitive Map Model for 

Qualitative Complex Dynamical Systems 

This Chapter presents several enhancements proposed in this research to make current FCM 

models more robust computationally and practically. These enhancements, achieved 

through an appropriate representation of data, make FCM models more suitable for, and 

effective in, addressing a range of currently challenging real-life problems dominated by 

uncertainty and imprecise data. They also enable the proposed FCM model to accurately and 

powerfully manipulate FCM data throughout different stages of FCM processing using a 

number of novel computational approaches. Specifically, the model includes eight advanced 

processes, making it coherent and robust. Figure 3.1 shows in sequence the configuration of 

the 8 steps involved in the proposed FCM model and these steps are put in an overall 

context in the following outline of the chapter.     

To describe the details of the proposed FCM model, this Chapter is structured as follows: 

Section 1 describes the interview process with stakeholders as the first step of the model 

(step 1 in Figure 3.1). After the completion of an interview, the next step is to depict the data 

obtained from the interview in the form of FCM (step 2); this is discussed in Section 2. 

Typically, the interview may include rich data that has not been immediately depicted in the 

FCM. Therefore, it is recommended to review the interview and FCM (step 3). Section 3 

introduces the review process. Thereafter, Section 4 describes a fuzzy representation 

process of FCM data (step 4).  Section 5 proposes a new method for obtaining a Consensus 

Centrality Measure (CCM) for FCMs and their nodes. Following this, another method is 

proposed in Section 6 to assign Credibility Weights to FCMs and their nodes. Section 7 

proposes a novel method to condense a typically large and complex FCM into a smaller and 

simpler representative map (step 5). Then, a fuzzy weighted aggregation process for FCM is 

introduced in Section 8 to obtain a single Group FCM representing all the stakeholders (step 

6). After the completion of the above FCM processes for the domain of interest, it is now 

easy to understand and address challenging domain problems through analysis (step 7) and 

simulation (step 8) of the developed FCM models. These processes are discussed in Section 9 

and 10, respectively. Finally, Section 11 summarizes the Chapter.  
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Figure 3.1  The configuration the eight processes of the proposed FCM model 

3.1 The Interview Process 

In problem solving involving participation of people (participatory systems), one of the most 

common methods to collect useful data about the problem is to conduct a significant 

number of in-depth qualitative interviews with relevant respondents or stakeholders 

(Ozesmi & Ozesmi, 2004). The qualitative interviews are attempts to understand the 

problem from people’s point of view and to uncover the meaning of their experiences 

(Kvale, 1996). The interview process precedes the FCM development process to collect the 

data from the respondents through a face-to-face conversation that typically includes many 
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open-ended questions. The interview may take a long time and generate a lot of data, and 

hence it is highly recommended that the interview is recorded and useful notes are taken. 

This helps in the subsequent processes of the development and review of FCM. More details 

about the qualitative interviews are found in Chapter 4.  

3.2 The FCM Development Process 

Once the interview ends, the data obtained from it are reported. These data are converted 

into causal concepts/factors/variables and relationships/causalities between them. These 

variables may represent actions, events, inputs, outputs and other states that could affect 

each other either negatively or positively, and this in turn describes the behaviour of the 

domain problem. To develop an FCM depicting the data collected from the interviews, the 

variables are transferred into nodes and the causalities into connections to draw the FCM in 

a suitable media. This process is called the development of FCM. Figure 3.2 presents an 

example of an FCM developed by a stakeholder, and drawn on a white board, from the 

thesis project "Mitigating the Water Scarcity Problem in Jordan".    

 

Figure 3.2  An example FCM developed from an interview with a stakeholder in the study on 
"Mitigating the Water Scarcity Problem in Jordan". (Translated from the Arabic 

version of the original FCM) 
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3.3 The FCM Review Process 

Typically, an FCM developed immediately from an interview may not be comprehensive or 

reflective of all the important data that have been made available in the interview. One of 

the reasons for this situation is the generally limited time available for the interview and 

FCM development processes considering the enormity of the domain problem tackled. 

These processes usually take a long time, particularly if the problem concerned is 

substantial, and an interview includes many open-ended questions to investigate most of 

the influential factors and relationships between them with respect to the problem. 

Accordingly, the development of FCM may also take a long time if many factors and 

connections are defined. Another reason is the difficulty in depicting all the identified factors 

as nodes in FCM and then tracing the connections between all of them. To handle this issue, 

there are two options available for the developer of the system. The first is to encode the 

FCM into an adjacency matrix and then send it to the interviewee to trace it and then update 

it, if it requires updating. This option is not practical in most cases due to participants’ lack of 

familiarity with such activity.  

The second option is to hold an FCM review process by the system developer (person who 

conducted the interviews). This process is beneficial and practical. The review process 

includes reviewing each developed FCM, recorded interview and written notes to determine 

if there are any missing important factors and connections mentioned in the interview but 

not included in the developed FCM. Accordingly, the system developer makes any necessary 

updates to the FCM so that it includes all important factors and connections, and thereby 

the FCM becomes reflective of what has been revealed in the interview. 

3.4 The Proposed Fuzzy Representation of FCM Data  

To enhance the data representation in FCM, this research uses the 2-tuple fuzzy linguistic 

representation model stated in Chapter 2. This model can represent and deal with imprecise 

numerical and vague linguistic data either separately or together. It represents these data in 

the form of pairs of symbolic values. It can also transform these pairs of symbolic data into 

numeric β values and vice versa for easier handing in further computations. The option of 

selecting between numerical values and linguistic words for connection strengths gives the 

FCM designer the freedom in the expression of FCM connection weights, especially when it 

is difficult to give a straight forward or explicit value.   
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The steps in representing the weights of an FCM using the 2-tuple model are described in 

Algorithm 3.1. The calculations are carried out on MATLAB software1. The MATLAB code for 

the algorithm for the calculations involved in the 2-tuple fuzzy representation of FCM 

connection weights is found in Appendix A.1.  

Algorithm 3.1.    Steps in the calculation of the 2-tuple fuzzy linguistic representation of  
FCM connection weights 

1. Read the adjacency matrix of the FCM connection weights. 

2. Determine a linguistic term set, S, consisting of an expressive number of linguistic 

terms (membership functions) for all FCM weights. 

3. If FCM weights are expressed in linguistic values Then 

 Represent  FCM weights in 2-tuple values (pairs of ),( is ) (Equation 2.11) 

 Find equivalent β values to 2-tuple values (Equation 2.10) 

Else "FCM weights are expressed in numerical values ([-1, 1])" 

 Convert the FCM weights into fuzzy subsets (membership functions) in S by 

calculating the membership function values for each weight (Equation 

2.13). 

 Transform the membership values into linguistic 2-tuple assessed in S by 

calculating their equivalent β values (Equation 2.14). 

 Represent β values in pairs of ),( is  fuzzy linguistic value (Equation 2.9) 

End if 

4. Repeat steps 1 to 3 for all FCMs in the system. 

Example 3.1 Consider the FCM in Figure 2.2 in Chapter 2 and its numeric connection weights 

described by adjacency matrix shown in Table 2.2. Assume that the expressive linguistic term 

set S consists of 13 linguistic symbolic terms si which express the numerical values in the 

interval [-1, 1] or linguistic values "negatively very very high (-VVH), negatively very high (-

VH), negatively high (-H), negatively medium (-M), negatively low (-L), negatively very low (-

VL), zero (Null), positively very low (VL), positively low (L), positively medium (M), positively 

high (H), positively very high (VH), positively very very high (VVH)" as follows: 

),,,,,,,,,,,,( 6543210123456 sssssssssssssS                         (3.1) 

                                                           
1
 Student Version 7.10.0 (R2010a) licensed to Lincoln University. 
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And assume that these symbolic terms are represented by 13 triangular membership 

functions on [-1, 1] universe of discourse as shown in Figure 3.3. 

 

Figure 3.3  A graphical representation of the triangular membership functions of the 13 linguistic 
symbolic terms 

In the case where the FCM connection weights are numerical values, the next step is to 

convert FCM connection weights into fuzzy subsets in S. For each FCM connection weight

)( jkw , its membership function value associated with every si in S, ( )( jks w
i

 ), where, for 

this example 66i , is calculated using Equation 2.13 in Chapter 2. Thus, all 

membership values of )( jkw  in the functions associated with the linguistic term set S, (

)( jkw ) will be as follows: 

)},(),,(,),,(),,{()( 66555566 bsbsbsbswjk                         (3.2) 

where )( jkw  are the membership values of )( jkw in the functions associated with 

the linguistic term set S; for example, ]1,0[6 b  is the membership function value of 

)( jkw  associated with the linguistic term 6s , and so on. 

Based on the membership values )( jkw , we can obtain a (numerical) β value for )( jkw

using Equation 2.14 (Herrera & Martinez, 2000) which for this case is: 



 
 

75 















6

6

6

6
)( i

i

i

i

i

i

w

b

bi

jk
  (3.3) 

where )( jkw is the numerical   value of the FCM connection weight )( jkw . 

Table 3.1  The β values representing the adjacency matrix of FCM connection weights in the 
example 

 
1c

 2c  3c
 4c  5c

 6c
 7c

 8c
 9c

 10c
 11c  12c  13c

 

1c  
0 0 0 2.21 0 0 0 4.09 0 0 0 - 4.27 - 0.87 

2c  
4.54 0 0 0 0 0 0 1.60 0 0 0 - 1.89 

- 1.59 
 

3c
 

- 4.28 - 0.77 0 0 0 0 0 - 2.18 0 0 0 1.57 0 

4c  
0 0.24 0 0 0 4.21 3.65 0.64 3.69 0 0 0 0 

5c
 

- 3.76 0 0 - 2.07 0 0 0 0 0 0 0 0 0 

6c
 

3.44 1.78 - 2.01 - 2.89 0 0 0 0 0 0 0 0 0 

7c
 

2.85 1.78 - 0.98 0 - 3.69 3.72 0 0 3.27 2.07 2.22 - 1.04 - 3.47 

8c
 

- 0.61 0 3.27 2.88 0 0 0 0 0 0 0 0 0 

9c
 

2.89 1.63 - 1.63 - 2.80 - 1.32 1.47 3.02 0.80 0 0 2.10 0 0 

10c
 

0 0 0 0 - 0.56 1.95 1.16 0 0 0 2.48 0 0 

11c  
0 0 - 2.84 0 - 3.30 1.49 3.45 0 2.60 1.43 0 0 - 2.76 

12c
 

0 - 1.22 0 0 0 0 0 - 3.03 0 0 0 0 1.55 

13c
 

- 1.01 - 3.78 3.76 - 2.06 1.90 0 0 0 0 0 - 0.98 2.51 0 

 

Then, we apply the previous step to all FCM connection weights in the example to obtain the 

β values for all FCM connection weights. These β values of the weights are shown in Table 

3.1. Finally, from these β values, we can obtain their equivalent 2-tuple ( , )is  values using 

Equation 2.9 in Chapter 2.  The 2-tuple ( , )is   values of the weights are shown in Table 3.2 

below. 

If the FCM matrix includes linguistic values for connection weights, Equation 2.11 in Chapter 

2 is used to obtain their 2-tuple values and based on these 2-tuple values, Equation 2.10 is 

used to obtain their equivalent β values. Briefly, the β and 2-tuple values of the stated 

linguistic value will be the index of the linguistic term and (sindex, 0), respectively. For 
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Example, the β and 2-tuple values of a stakeholder stated linguistic value '-VVH', which is 

expressed by the linguistic term s-6, are -6 and (s-6, 0) respectively.  

Table 3.2  The 2-tuple values that are equivalent to β values of weights in Table 3.1 

 
1c  2c  3c  

4c  5c  6c  7c  8c  9c  10c  
11c  12c  13c  

1c  )0,( 0s  )0,( 0s  )0,( 0s  )21,.( 2s  )0,( 0s  )0,( 0s  )0,( 0s  )09,.( 4s  )0,( 0s  )0,( 0s  )0,( 0s  )27.,( 4 s  )13,.( 1s  

2c  )46.,( 5 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )4.,( 2 s  )0,( 0s  )0,( 0s  )0,( 0s  )11,.( 2s  )41,.( 2s  

3c  )28.,( 4 s  )23,.( 1s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )18.,( 2 s  )0,( 0s  )0,( 0s  )0,( 0s  )43,.( 2 s  )0,( 0s  

4c  )0,( 0s  )23,.( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )2,.( 4s  )35.,( 4 s  )36.,( 1 s  )31.,( 4 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  

5c
 

)24,.( 4s  )0,( 0s  )0,( 0s  )07.,( 2 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  

6c  )44,.( 3s  )22.,( 2 s  )01.,( 2 s  )11,.( 3s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  

7c  )15.,( 3 s  )22.,( 2 s  )02,.( 1s  )0,( 0s  )31,.( 4s  )28,( 4 s  )0,( 0s  )0,( 0s  )27,.( 3s  )07,.( 2s  )22,.( 2s  )04.,( 1 s  )47.,( 3 s  

8c
 

)39,.( 1s  )0,( 0s  )27,.( 3s  )12.,( 3 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  

9c
 

)11.,( 3 s  )37.,( 2 s  )37,.( 2s  )2,.( 3s  )32.,( 1 s  )47,.( 1s  )02,.( 3s  )2.,( 1 s  )0,( 0s  )0,( 0s  )1,.( 2s  )0,( 0s  )0,( 0s  

10c  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )44,.( 1s  )05.,( 2 s  )16,.( 1s  )0,( 0s  )0,( 0s  )0,( 0s  )48,.( 2s  )0,( 0s  )0,( 0s  

11c  )0,( 0s
 

)0,( 0s  )16,( 3s  )0,( 0s  )3.( 3 s  )49,.( 1s  )45,.( 3s  )0,( 0s  )4.,( 3 s  )43,.( 1s  )0,( 0s  )0,( 0s  )24,.( 3s  
12c  )0,( 0s  )22.( 1 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )03.,( 3 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )45.,( 2 s  
13c  )01.,( 1 s  

)22,.( 4s  )24.,( 4 s  )06.,( 2 s  )1.,( 2 s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )0,( 0s  )18,.( 1s  )49.,( 3 s  )0,( 0s  
 

Table 3.3 shows the β and 2-tuple values for all linguistic values relevant to Example 3.1. 

Table 3.3  The β and 2-tuple values of weights expressed in linguistic values for Example 3.1 

Linguistic Value 2-Tuple Value  Value 

-VVH )0,( 6s  - 6.0 

-VH )0,( 5s  - 5.0 

-H )0,( 4s  - 4.0 

-M )0,( 3s  - 3.0 

-L )0,( 2s  - 2.0 

-VL )0,( 1s  - 1.0 

0 )0,( 0s  0 

+VL )0,( 1s  1.0 

+L )0,( 2s  2.0 

+M )0,( 3s  3.0 

+H )0,( 4s  4.0 

+VH )0,( 5s  5.0 

+VHH )0,( 6s  6.0 
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3.5 The Proposed Consensus Centrality Measure (CCM) 

In this section, we propose a novel method for obtaining a new centrality measure called 

Consensus Centrality Measure (CCM). This measure is used to calculate the centrality of 

FCMs and nodes in order to identify the importance of an FCM in the entire system and a 

node in an FCM, respectively. The CCM values of nodes help in analysing the structure of an 

FCM. In addition, this research utilizes the CCM of nodes and FCMs to assign credibility 

weight values for the nodes and FCMs, respectively, which are then used throughout other 

processes of the FCM model. The CCM is calculated based on three common centrality 

measures described in Chapter 2 - degree, closeness and betweenness. CCM is a weighted 

average of these three measures with weighting indicating their priority. In this research 

prioritisation weights are subjectively assigned by the developer of the system. The 

developer assigns a non-negative weight for each measure according to the measure’s 

effectiveness in determining node centrality. The following and next sections present the 

proposed methods for obtaining CCM for nodes and FCMs, respectively. 

3.5.1 Calculating CCM for nodes in an FCM 

In this section, a new method for calculating CCM for nodes in an FCM is proposed. It uses 

FCM weights represented by   values in calculating CCM. Algorithm 3.2 presents the 

sequence of this method. The MATLAB code for these calculations can be found in Appendix 

A.2.1. 

Algorithm 3.2.    Steps in the calculations of CCM for nodes in an FCM. 

1. Call Algorithm 3.1 to obtain   values of FCM weights. 

2. Convert negative   values to positive values. 

 Note: the centrality measures are calculated using zero or positive values of 

connection weights because the calculation of these measures depends on the 

strength and shortest paths between connections, regardless of their sign. 

3. For each node in FCM do the following: 

3.1 Calculate the degree centrality of the node using Equations 2.15, 2.16 and 

2.17 in Chapter 2. 

3.2 Calculate the closeness centrality of the node using Equations 2.18, 2.19 and 

2.20 in Chapter 2. 
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3.3 Calculate the betweenness centrality of the node using Equation 2.21 in 

Chapter 2. 

4. Repeat step 3 for all nodes in FCM. 

5. Normalize the values of each centrality measure in the interval [0, 1] in order to 

get all three measures in the same range.  

6. Transform the above normalized values into   values using Algorithm 3.1 with 

the exception that the term set S  consists of the following 7 linguistic symbolic 

terms is  and their membership functions are expressed on [0, 1] universe of 

discourse: 

),,,,,,( 6543210 sssssssS                         (3.4) 

7. For each node in FCM do the following: 

7.1 Calculate its CCM value by combining its three calculated normalised 

centrality measures in the form of   using a weighted operator as follows:  

 

where )( iCons cCen is the CCM of node ic , 1i to the number of nodes 

in FCM, )( iD cCen , )( iC cCen and )( iB cCen are the corresponding 

values for the degree, closeness and betweenness centrality values of 

node ic , respectively, and Db , 
Cb  and Bb  are the prioritization weights 

for the degree, closeness and betweenness measures, respectively, 

where 1 BCD bbb .  

8. Repeat step 7 for all nodes in FCM. 

9. Repeat steps 1 to 8 for all FCMs in the system.  

Example 3.2. The results of   values for the degree, closeness, betweenness, and CCM 

centrality measures of FCM nodes considered in Example 3.1 are shown in Table 3.4. As 

stated earlier, the calculation of these measures requires non-negative values for FCM 

connection weights. Therefore, the first step of these calculations is to transform the 

negative   values of FCM weights into positive values by taking their absolute values. The 

degree centrality of a node in an FCM is calculated by the summation of its in-degree and 

out-degree (Equation 2.17). The in-degree of a node is equal to the sum of its incoming 

)()()()( iBBiCCiDDiCons cCenbcCenbcCenbcCen                 (3.5) 
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connection weights (Equation 2.15), while its out-degree is equal to the sum of its outgoing 

connection weights (Equation 2.16).    

Table 3.4  The β values for Degree, Closeness, Betweenness, and CCM centrality measures of 
FCM nodes considered in Example 3.1 

Node Degree 
Centrality 

Closeness 
Centrality 

Betweenness 
Centrality 

CCM 
Centrality 

1c  5.66 4.12 1.27 3.69 

2c  2.52 5.45 2.81 3.59 

3c  3.06 0.71 0.38 1.38 

4c  3.95 3.11 2.56 3.21 

5c  1.56 0.75 0.5 0.94 

6c  2.99 0 0 1 

7c  6 1.74 0.5 2.75 

8c  2.14 3.6 1.13 2.29 

9c  3.93 3.17 0 2.37 

10c  0 2.28 1.27 1.18 

11c  3.58 3.78 3.56 3.64 

12c  1.68 2.37 0.25 1.43 

13c  3.71 6 6 5.24 

The calculation of the closeness and beweenness centrality of a node requires firstly 

identifying the shortest path between each pair of nodes in the FCM. The shortest path 

between two nodes in an FCM is the minimum sum of the weights of the path between the 

first node and the second one. In this research, the calculation of the closeness centrality of 

a node is based on its in-closeness and out-closeness centrality measures (Equation 2.20). 

The in-closeness of a node is equal to the inverse of the sum of the shortest paths from all 

other nodes in the FCM to this node (Equation 2.18). The out-closeness of a node is equal to 

the inverse of the sum of the shortest paths from this node to the rest of the nodes in the 

FCM (Equation 2.19). However, if there is no path, for example, between node ic and node 

jc ( ic cannot reach jc ), then the value of the shortest path from ic to jc will be infinite, 

),( jiG ccd . This causes a problem in calculating the in-closeness of node jc and the 

out-closeness of node ic . To avoid this, before calculating the in-closeness and out-

closeness of nodes in an FCM, the infinite values are replaced by a high value, called a Finite 
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Conversion Constant that must be greater than the maximum possible value for all other 

shortest paths in the FCM (Botafogo et al., 1992; Obiedat et al., 2011) as follows:  







 



otherwiseK

ccdifccd

ccd

jiGjiG

jiG

)),((),(

),(
                       (3.6) 

where ),( jiG ccd  is the shortest path from ic to jc , 1, ji to the number of nodes in 

FCM, K is a finite conversion constant that usually takes a value related to the number 

of nodes as explained below.  

The maximum possible value for all other shortest in an FCM could be the highest 

connection weight multiplied by the number of nodes after subtracting one from it as no 

shortest path from a node to itself. In this example, we suggest the number 100 as a value of

K . This is because the highest connection weight represented by   is 6 and the number 

of nodes is 13. Then, the maximum value of all other shortest paths is 72)113(6  , 

which is less than the suggested K value. Once the in-closeness and out-closeness of a node 

are calculated, it is easy to calculate the closeness centrality of a node by applying Equation 

2.20. 

The calculation of the betweenness centrality is much harder than that of the degree and 

closeness. Refer to Equation 2.21 for the calculation of the betweenness centrality of node

ic ; it is determined by summing the proportion of the shortest paths between node pairs 

that go through node ic (Freeman, 1977). This requires first calculating the length and 

number of shortest paths between all node pairs (Brandes, Erlebach, Koschützki, et al., 

2005). Then, for node ic , consider all possible node pairs excluding ic . Now, sum the 

proportion of the number of the shortest paths between all node pairs that pass through 

node ic  to the total number of the shortest paths between these pairs. For more 

clarification, please see the MATLAB code for these calculations in Appendix A.2.1. 
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After calculating the degree, closeness and betweenness centrality of a node, it is easy to 

calculate the CCM of this node by the weighted aggregation of these measures expressed by 

Equation 3.5. As stated before, the weighted operator is subjectively assigned to these 

measures before they are aggregated. In this example, we consider that all these measures 

are equally important and so have the same weight (i.e., 0.33). Then, Equation 3.5 calculates 

the CCM of a node, see Table 3.4.  

The advantages of CCM of nodes are in its usefulness in analysing the structure of FCM and 

utilizing it to assign a credibility weight to the node as explained in Section 3.6. These 

credibility weights in turn will be used in FCM condensation process as described in Section 

3.7.  Another useful purpose of CCM of nodes is to rank the nodes from the most central 

(important) node to the least important. Then, this ranking could be utilized to simplify a 

large and complex FCM with many nodes by removing a number of excess nodes with the 

least importance (smallest centrality). It could also be used in what-if scenario policy 

simulations, for example, by manipulating the most important nodes, such as keeping them 

at a high level, in the scenarios. The next section proposes a new method for obtaining CCM 

for individual FCMs.  

3.5.2 Calculating CCM for FCMs in the System 

In this section, we propose a new method for calculating CCM for individual FCMs. Algorithm 

3.3 presents the sequence of this method, and Appendix A.2.2 presents the MATLAB code 

for these calculations. 

Algorithm 3.3.    Steps in the calculations of the CCM for individual FCMs. 

1. For each FCM in the system do the following: 

1.1 Call from Algorithm 3.2 the calculated degree, closeness, and betweenness 

centrality values of FCM nodes in the form of  . 

1.2 Find the maximum value of degree centrality values.  

1.3 Calculate the degree centrality of FCM using the following Equation 3.7  

1

))((

)( 1

*









N

cCenCen

FCMCen

N

i

iDD

jD
                       (3.7) 
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where )( jD FCMCen is the degree centrality of jthFCM (
jFCM ), 1j

to the number of FCMs in the system, *

DCen  is the maximum degree 

value, )( iD cCen is the degree value of node ic , and N is the number of 

nodes in 
jFCM . 

1.4 Find the maximum value of closeness centrality values.  

1.5 Calculate the closeness centrality of FCM using the following Equation 3.8: 

)3/()2)(1(

))((

)( 1

*
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                       (3.8) 

where )( jC FCMCen is the closeness centrality of jthFCM (
jFCM ),

1j to the number of FCMs in the system, *

CCen  is the maximum 

closeness centrality value, )( iC cCen is the closeness centrality value of 

node ic in 
jFCM . 

1.6 Find the maximum value of betweenness centrality values.  

1.7 Calculate the betweenness centrality of FCM using the following Equation 3.9:  

1

))((

)( 1
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                      (3.9) 

where )( jB FCMCen is the betweenness centrality of jthFCM (
jFCM ),

*

BCen  is the maximum betweenness centrality value, )( iB cCen  is the 

betweenness centrality value of node ic in 
jFCM . 

1.8 Standardize the values of three centrality measures in the interval [0, 1]. 

1.9 Transform the above normalized values into   values.  

1.10 Calculate the CCM centrality value of jFCM in the system by combining its 

three calculated measures using a weighted operator as follows:  

 

 

)()()()( jBBjCCjDDjCons FCMCenbFCMCenbFCMCenbFCMCen        (3.10) 
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where )( jCons FCMCen is the CCM of jFCM , and
Db , 

Cb  and Bb  are the 

prioritization weights for the degree, closeness and betweenness 

measures, respectively, where 1 BCD bbb .  

2. Repeat step 1 for all FCMs in the system. 

Once the FCM centrality is determined for all FCMs in the system, it is easy to rank them 

from highest to least centrality value to identify the central (important) FCMs compared to 

others. In the case that the system consists of a large number of FCMs, it could be simplified 

by removing the least important FCMs.  

Example 3.4 In this example, we calculate the CCM of the FCM considered in the previous 

examples. First, we need to calculate the degree, closeness and betweenness centrality of 

this FCM. To do this, we recall from Example 3.3 the degree, closeness and betweenness 

centrality of FCM nodes (Table 3.4). For each of these measures, we first need to determine 

the maximum nodal centrality value. Then, apply Equations 3.7, 3.8 and 3.9 to calculate the 

Degree, Closeness, Betweenness centrality, respectively, of FCM. Finally, apply Equation 3.10 

to calculate the CCM for FCM, taking into account that the aggregation weights of the three 

measures used in this calculation are equal. Then all FCM centrality values are represented 

by  values. The Degree, Closeness, Betweenness and CCM centrality values of the FCM are 

shown in Table 3.5. 

Table 3.5  The β values of Degree, Closeness, Betweenness and CCM centrality measures of the 
FCM considered in Example 3.1 

Degree 
Centrality 

Closeness 
Centrality 

Betweenness 
Centrality 

CCM 
Centrality 

3.10 3.09 4.81 3.67 

The advantage of CCM of FCMs is in its usefulness in assigning credibility weights to 

individual FCMs, as explained in the next section. These credibility weights in turn will be 

used in FCM fuzzy aggregation process, as discussed later on in this Chapter. 

3.6 The Credibility Weights for Nodes and FCMs 

Based on the previously calculated CCM of nodes and FCMs, this thesis research proposes a 

method to assign credibility weights (CW ) to nodes and FCMs, respectively. This proposition 

has been developed from the idea that if a node/FCM is more central (important) than other 
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nodes/FCMs, this means that it occupies a higher or more powerful position with greater 

ability to influence and change the domain of concern compared to other nodes/FCMs. 

Consequently, this node/FCM should take a higher value of credibility than other 

nodes/FCMs, and so on. As stated before, the CCM is more expressive about the centrality 

than other measures because it combines the three most common centrality measures. 

Therefore, this research utilizes this measure to assign credibility weights in the interval [0, 

1] to both nodes and FCMs. Algorithm 3.4 describes this method, while Appendix A.3 

introduces the MATALB code of the algorithm used for the calculations. We combine the 

assignment of credibility weights to both nodes and FCMs in the same algorithm because 

they are calculated by following the same steps. 

Algorithm 3.4.    Steps in the assignment of the credibility weights CW to nodes and FCMs. 

1. Recall CCM β values of nodes/FCMs. 

2. Convert CCM β values of nodes/FCMs in interval [0, 1]. 

3. Sum the converted CCM values of nodes/FCMs. 

4. For each node/FCM do the following: 

4.1 Divide the converted CCM value of a node/FCM by the sum resulting from step 

3 and assign the resulting value as icw  for ic / 
iFCM  

4.2 Repeat step 4 for all nodes/FCMs 

Example 3.5. In this example, we utilize the CCM values of nodes in our example FCM to 

assign credibility weights to them. Table 3.6 shows the CW values of nodes in the FCM.  

As shown in the above Algorithm 3.4, first, recall the calculated CCM  values of nodes. 

Then, transform these values into the interval [0, 1]. The advantage of the 2-tuple fuzzy 

representation model is that it can convert the linguistic 2-tuple ( , )is  or values into [0, 

1] or [-1, 1]. The transformation process is presented in (Herrera & Martinez, 2000). This 

process uses the function   to compute two 2-tuples from   value based on the 

membership degree that supports the same counting of information, as follows:  

 ),(),1,()( 1   hh ss                        (3.11) 
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where )(trunch  , trunc is the usual trunc operation, h  , and hs  and 1hs are 

linguistic terms in S . 

Then it uses the function to convert these two 2-tuples into a numerical value assessed in 

the interval [0, 1] or [-1, 1]  as follows: 

)()()1()()),(),1,(( 11    hhhh sCVsCVss                        (3.12) 

where )(CV is a function providing a characteristic value like one of the defuzzification 

techniques. 

Table 3.6  The credibility weight values of nodes of the example FCM 

Node 
CCM in  

β Values 

CCM in  
[0, 1] icw , 

131i  

1c  3.69 0.616 0.113 

2c  3.59 0.601 0.11 

3c  1.38 0.231 0.042 

4c  3.21 0.535 0.098 

5c  0.94 0.159 0.029 

6c  1 0.169 0.031 

7c  2.75 0.457 0.084 

8c  2.29 0.380 0.07 

9c  2.37 0.392 0.072 

10c  1.18 0.199 0.036 

11c  3.64 0.609 0.112 

12c  1.43 0.239 0.044 

13c  5.24 0.87 0.159 

Total 1 

In this example, we use the Mean of Maximum (MoM) defuzzification method, see Appendix 

A.3. The numerical values of CCM of nodes in  values and assessed in [0, 1] are shown in 

Table 3.6 (Column 3).  The next step of calculating the credibility weights is to find the sum 

of these numerical values. Finally, for each node ic ,  its CCM numerical value is divided by 

the resulting sum to obtain its icw  value ( Table 3.6, Column 4).  
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3.7 The Proposed FCM Condensation Process 

In large complex domain problems, many factors and relationships among these factors are 

likely to be defined. As a result, the FCMs designed by the relevant stakeholders could be 

very complex and include a large number of nodes and connections. In addition, these FCMs 

may need to be aggregated to obtain stakeholder group FCMs or social FCM. In group or 

social FCM, the number of nodes could reach hundreds and the number of connections 

could be up to thousands. In such FCMs, it is a big challenge to understand, analyse or gain 

insights from them. The FCM condensation process handles this challenge by condensing the 

large number of nodes (variables) into a small number of higher level categories (groups of 

variables) and accordingly, small number of condensed connections.    

In this section, we propose a novel method for FCM condensation process. It is based on 

multi-level condensation. The number of condensation levels is determined by the system 

developer. The developer of the system should take into account several issues when 

choosing the number of condensation levels, such as the size of FCM, the strength of 

interdependence between nodes, the smoothness and easiness of the transition process 

from the lower level of condensation to a higher level, and how to categorize the nodes and 

connections at the lower level into new nodes (groups) at the higher level without loss or 

distortion of information in the FCM. The proposed condensation method uses several 

robust calculations and utilizes the credibility weights of nodes at the lower level in the 

process of transferring the nodes and their connections into a higher level. Moreover, the 

values used in this method are represented by β fuzzy values in all computational processes 

to avoid loss of information. Consequently, this novel method can be considered as a semi-

quantitative fuzzy method proposed to overcome the shortage of previous qualitative 

condensation methods.  

There are two major phases of this method. The first phase is subjective; it considers the 

identification of the groups of nodes at the higher level. The system developer uses his/her 

knowledge and experience in the problem domain to identify these groups at the higher 

level of FCM condensation. The second phase is objective; it includes all steps and 

calculations to secure a valid and accurate transition of data from the lower level to the 

identified higher level. These steps and calculations are described in Algorithm 3.5. The 

MATLAB code for the proposed condensation process is detailed in Appendix A.4.1.     
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 Algorithm 3.5.    The steps in the condensation process of a large FCM into a small one. 

1. Define the number of levels of condensation 

2. For each level of condensation do the following:  

2.1 Recall β form of connection weight values of FCM at the lower level  

2.2 Recall the credibility weight values CW of FCM nodes at the lower level  

2.3 Define the new nodes at the higher level of condensation (groups of 

condensed nodes) and  

2.4 Determine for each group its nodes at the lower level and store the groups 

and their nodes in a Lookup Table 

2.5 Call Algorithm 3.6 (see below) to refine the connection weight values of FCM 

at the lower level. This is done to redistribute original weights between nodes 

within a group to nodes in other groups (Note: Algorithm 3.6 below and 

paragraphs above and below it explain the steps 2.1 to 2.5. After this 

refinement of weights, the calculation proceeds to step 2.6)   

2.6 Initialise an adjacency matrix( G ) for the groups of condensed nodes at the 

higher level and fill its elements (connection weight values between groups) 

by zero values  

2.7 For each connection weight ijg in the matrix G between group ig and group

jg do the following: 

2.7.1 Obtain from the Lookup Table the nodes at the lower level that belong 

to ig and jg groups, respectively, at the higher level  

2.7.2 Initialise two dimensional matrix ( ijGrp ), 1i to the number of nodes 

in ig and 1j to the number of nodes in jg   

2.7.3 Store in ijGrp the connection values at the lower level from nodes in ig

to nodes in jg   

2.7.4 Select from ijGrp the nodes in both ig and jg groups that have at least 

one non-zero connection value and do the following: 

i. Reassign new credibility weights kicwNew _  to each node of 

the above selected set of nodes as follows: 
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where 
gidicwNew_

 
is the new credibility weight of a selected 

node di  in ig , Ddi 1 , D  is the total number of selected 

nodes in ig , 
gidicw is the lower level credibility weight of the 

selected node di  in ig , and )(
giDcwsum is the sum of credibility 

weights at the lower level of all selected nodes in  group ig  

ii. Repeat step i for all selected nodes in group ig  

2.7.5 Assign new weight value to the connection ijg between ig and jg

groups at the higher level as follows: 

)__( ijdjdiij wcwNewcwNewsumg
gjgi
                       (3.14) 

where )__( ijdjdi wcwNewcwNewsum
gjgi
 is the sum of all connection 

weights at the lower level between nodes in ig and nodes in jg after 

multiplying each connection weight between two nodes by their new 

assigned credibility weights 

2.8 Repeat step 2.7 for all connection weights in matrix G at the higher level  

2.9 Construct from the matrix G the condensed FCM at the higher level 

2.10 Call Algorithm 3.2 to calculate the CCM for nodes in the condensed FCM 

2.11 Call Algorithm 3.4 to calculate the credibility weights for nodes in the 

condensed FCM  

3. Repeat step 2 for all levels of FCM condensation 

A brief overview of steps 2.1 to 2.5 of Algorithm 3.5. The computational phase of 

condensation starts with the subjective phase, including the determination of the number of 

levels of condensation and the identification of groups at every higher level. Then and for 

every level of condensation, the matrix of connection weights as well as the CW of nodes 

at the lower level are to be identified. Typically, the FCM may have nodes and connections at 

the lower level, which are condensed to the same group at the higher level. Rather than 

eliminating or disregarding these connections, it is desirable if these connection weights are 

refined before proceeding with the above condensation process. The refinement process 

)(/_
giDdidi cwsumcwcwNew

gigi
                       (3.13) 
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redistributes them to nodes in other groups as appropriate. The steps in this process are 

described in Algorithm 3.6 and the MATLAB code of the calculations is detailed in Appendix 

A.4.2. 

Algorithm 3.6.    The steps of the refinement of the FCM before the condensation process  

1. For each node ic in the group of nodes that require redistribution of connections at 

the lower level to nodes in other groups do the following: 

2. Obtain from the Lookup Table the group at the higher level to which the node ic

belongs:  

2.1 For each node jc in the same group do the following: 

2.1.1 If there is a connection between ic and jc ( ijw ) , then  

i. If there is a connection between jc and any node kc ( jkw ) outside 

this group in the FCM, then   

a. assign a new connection between ic and kc as  follows: 

jkjijiik wcwNewwcwNewwNew  ___                       (3.15) 

where ikwNew _ is the new connection between ic and kc , and

icwNew_ and jcwNew_  are the new credibility weights for ic

and jc nodes, respectively, where )/(_ jiii cwcwcwcwNew   

and )/(_ jijj cwcwcwcwNew  . 

b. If the absolute value of ikwNew _  is greater than the absolute 

value of ikw , then ikw   ikwNew _  

ii. Remove the connection ijw   

2.2 Repeat step 2.1 for other nodes in the group 

3. Repeat step 1 for the lower level nodes in other groups in the FCM as required  

The objective of the refinement process described in the above method is to remove self-

reference in the resulting FCM at the higher level, at each level of condensation. Although 

this can be easily done by cancelling every connection between any two nodes located in the 

same group, we propose the above method because such simple cancellation may adversely 
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affect the behaviour of the FCM; for example, when a node influences another node in the 

same group and the latter in turn influences other nodes in other groups. To overcome this 

problem, in our novel method described in Algorithm 3.6, the indirect influences of 

connections between nodes in different groups are converted to direct influences between 

them. The method calculates the weights for the newly created direct influences by 

considering the connection weight and credibility weights of nodes that established the 

indirect influences. Equation 3.15 expresses this calculation. Finally, if the nodes which 

formed the newly created direct influences have already connection weights between them, 

then the highest of the absolute value of the newly created direct influence and the existing 

weight is assigned as the connection weight between these nodes (Algorithm 3.6 and 

Appendix A.4.2).  

After the refinement process, condensation process resumes with the return to step 2.6 in 

Algorithm 3.5. The process from here involves computing new weights between groups at 

the higher level. The first step in this process is to initialize to zero values the connection 

weights between groups at the higher level. Then, for the connection between two groups, 

we identify at the lower level only the non-zero connections between nodes in these groups. 

For the identified nodes in each group, we utilize their calculated CW  at the lower level to 

calculate a new CW for them using Equation 3.13. Then, Equation 3.14 uses these new

CW of nodes and their connections at the lower level to calculate a condensed connection 

between the two groups at the higher level. These steps are repeated until all connections 

between all groups at the higher level are calculated. As a result, the adjacency matrix of the 

condensed FCM is created. It is easy from this matrix to draw the condensed FCM and show 

the connections between its nodes (groups). The CCM and CW values for the nodes in the 

condensed FCM can also be easily calculated using Algorithm 3.2 and Algorithm 3.4 

respectively. These values are required for the next level of FCM condensation process. After 

the completion of all levels of the FCM condensation process, a simpler FCM with few nodes 

and connections is constructed. In this case, it is easy to gain insight into FCM and analyse its 

structure as well as apply it for simulating what-if scenarios. It also helps to produce a simple 

group FCM resulted from combining condensed individual FCMs. Next section presents the 

proposed aggregation process that can combine FCMs in a group (such as a stakeholder 

group) as well as combine multiple group FCMs (such as multiple stakeholder groups) into a 

social FCM.  
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3.8 The Proposed FCM Fuzzy Aggregation Process 

According to the literature, obtaining a consensus FCM from a group of different FCMs 

pertaining to stakeholders with diverse perceptions is currently a challenge. The FCMs are 

typically developed for complex domains characterised by uncertain and imprecise 

knowledge. As such, the issue of conflicting perceptions between the stakeholders 

(designers of FCMs) is natural to arise. In real-life problems, the incorporation of the human 

dimension through human perceptions/opinions has become a necessity to fully characterise 

and study such problems. However, people vary in the level of knowledge and experience 

and their opinions should be taken accordingly when they are combined into an overall 

expression for a group. Hence, the FCMs that depict these perceptions should be weighted 

according to an objective credibility measure. This issue constitutes a barrier for developing 

a valid and accurate group FCM that describes a consensus perception. Another issue that 

has been stressed throughout this thesis is that different people may need different 

measures to express their knowledge in the form of nodes and connection between nodes. 

Some of them could use linguistic terms; others could use numeric values; or they may use 

different scales of linguistic and numeric measures. Finally, as complex problems addressed 

by FCM are typically characterised by ambiguity and uncertainty, the imprecise values 

describing the connections between nodes in FCM should be represented by a suitable 

model that retains the accuracy when combining weights expressed in different formats in 

different FCMs. This important issue and the other issues stated above make proposing an 

appropriate and robust FCM aggregation method a challenge.  

Our FCM fuzzy aggregation method has been proposed to overcome this challenge. The FCM 

aggregation can be applied on the FCMs before or after condensation process, or even at 

any level of it. In this method, the imprecise connection values between nodes in FCMs are 

represented in a novel fuzzy way throughout the FCM aggregation process by using a robust 

fuzzy representation model. As described previously, for this fuzzy representation of the 

imprecise connection values, the proposed method uses the 2-tuple fuzzy linguistic 

representation model to represent them in fuzzy β values. The aggregation method also 

takes into consideration the importance of these connection values by weighting them 

according to the credibility weight of their FCMs before combining them with the connection 

values in other FCMs. The calculation of the credibility weight kcw  for each 
kFCM was also 

explained previously. Finally, the proposed fuzzy aggregation method can deal with multiple 
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linguistic and numeric scales that describe these imprecise connection values. In other 

words, the method allows describing the imprecise connections by different fuzzy sets as 

appropriate. Fuzzy sets could include different number of linguistic terms represented by 

different membership functions (fuzzy subsets) to deal with multiple linguistic and/or 

numeric scales. The different linguistic sets are to be converted into one uniform set called 

Base Linguistic Term Set (BLTS) (Herrera et al., 2000; Herrera & Martinez, 2000). The BLTS 

is chosen such that it contains a number of Linguistic Terms appropriate to represent the 

overall group of FCMs being assembled. This process is called the normalization of the 

linguistic sets and will be described later on in this section. Algorithm 3.7 describes the 

proposed FCM fuzzy aggregation process of multiple FCMs (original or condensed) into a 

single FCM (group or social) and Appendix A.5 includes the detailed MATLAB code and the 

description of the calculations. 

Algorithm 3.7.    The steps of the fuzzy aggregation of multiple FCMs into a group or social 
FCM 

1. Identify FCMs to be combined into a group or social FCM 

2. Define a uniform linguistic term set as a Base Linguistic Term Set ( BLTS ) to deal 

with all possible linguistic terms that represent the connection weight values of 

the identified FCMs 

3. Count the number of distinct nodes in all identified FCMs ( NC ) 

4. Initialize an adjacency matrix ( Soc ) for the group or social FCM and fill its 

elements by zero values as follows: 

 }1,0 NCjiSocij    

 

(3.16) 

Where ijSoc
 
represents the connection weight between node ic

 
and node jc

 
in 

the group or social FCM 

5. For each FCM (
kFCM ) do the following: 

5.1 Recall the β connection weight values of
kFCM  

5.2 Recall the credibility weight kcw of
kFCM  

5.3 Convert the β values of 
kFCM  into the interval [-1, 1]  

5.4 Define the linguistic term set S  that represents the weight values of 
kFCM  
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5.5 Make the weight values of 
kFCM  uniform with BLTS  by converting these 

values represented by membership functions assessed in S to values 

represented by membership functions assessed in BLTS (Normalization 

Process) 

5.6 Convert the resulting values into β values 

5.7 Augment its matrix to include all distinct nodes in all FCMs 

5.8 Fill the columns and rows of new nodes by zero weights 

5.9 Weight 
kFCM connection weight values using its credibility weight kcw

 
as 

follows: 

kkwk cwFCMFCM    
 

(3.17) 

where wkFCM  is the resulting weighted matrix of FCM obtained from 

multiplying the FCM connection weight values kFCM  by its kcw  

5.10 Combine the weighted augmented matrix, 
wkFCM  with the group/social 

matrix, Soc , as follows: 

wkFCMSocSoc    

 

(3.18) 

6. Repeat step 5 for all identified FCMs 

The FCM aggregation process given in Algorithm 3.7 can be briefly summarised as follows: 

The process starts by identifying: the FCMs to be aggregated into an FCM group, BLTS, and 

the number of distinct nodes in these FCMs. According to the number of distinct nodes, we 

initialize a zero adjacency matrix for the group FCM to include all possible nodes and 

connection weights between them that could result from combining the FCMs into the 

group. Then, for each 
kFCM

 
in the group, we recall its   connection values, kcw , number 

of nodes, and type of linguistic term set and number of terms in this set. Before combining 

any FCM, the proposed method converts the fuzzy subsets of FCM into fuzzy subsets in the 

BLTS. The objective of this process is to manage the imprecise connection values of FCMs in 

a way that prevents any loss of information during the aggregation process by normalizing 

the fuzzy subsets representing these imprecise values into a standard set, BLTS (Herrera et 

al., 2000). To do so, we convert the   connection values of FCMs into the interval [-1, 1]; 
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the procedure for this step was explained previously. Then, we transform the linguistic set of 

FCM into the BLTS. 

Let ),,( pp ssS   be the linguistic set of an FCM and ),,( gg ttBLTS   be the 

linguistic set of the BLTS, such that gp  , then the function BLTSST   defines each fuzzy 

subset of S in the BLTS  as follows (Herrera et al., 2000) 

SsgktsT i

i

kkiBLTSS  }},,,0{),,{()(                         (3.19) 

)})(),((min{max yy
ki ts

y

i

k    

 

         (3.20) 

where max and min are the usual maximum and minimum operations, respectively, y is 

a (connection) value on [-1, 1] universe of discourse, and )(y
is  and )(y

kt
  are the 

membership functions of the fuzzy subsets associated with the terms is  and kt , 

respectively.  

For further explanation about this normalization process, please see (Herrera et al., 2000). 

Appendix A.5 also describes its calculations. As the next step in the process, using the 

transformed uniform linguistic set of FCM, a conversion of its connection values in the 

interval [-1, 1] back to β values is performed. This step is followed by an FCM augmentation 

process; here, the adjacency matrix of each 
kFCM  is augmented to include all nodes in all 

FCMs. The column and row of each new node added to the matrix are filled with zero values. 

The augmented matrix is then multiplied by the FCM credibility weight kcw (Equation 3.17). 

Finally, the weighted augmented matrix is aggregated with the adjacency matrix of group 

FCM (Equation 3.18). The above steps of the FCM aggregation process are repeated until the 

last FCM in the group has been added to the group FCM. 

To aggregate the example ‘expert’ and ‘local people’ FCMs presented in Figure 2.13 in 

Chapter 2 into a group FCM, consider their β values in Table 2.4 in Chapter 2. Suppose the 

results of calculating the credibility weights of the ‘expert’ and ‘local people’ FCMs are 0.6 

and 0.4, respectively, and suppose the linguistic term set S used to represent their 

connection weights is BLTS itself. Therefore, there is no need for the normalization 

process. Applying the steps of the fuzzy aggregation in Algorithm 3.7, the β values of the 

resulting group FCM are presented in Table 3.7. This table shows that the group FCM 
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includes all distinct nodes and all possible connections between these nodes that existed in 

both FCMs. Figure 3.4 shows ‘expert’ and ‘local people’ and resulting group FCMs. It shows 

the connection weights of these FCMs are represented by 2-tuple values. 

Table 3.7 The β values of the group FCM resulting from the fuzzy aggregation of the ‘expert’ and 
‘local people’ FCMs presented in Chapter 2 

 

Water 
Situation 

Water 
Resources 

Water 
Demand Technology 

Wastage 
of Water 

Water 
Projects 

Economic 
Situation 

Water Situation 0 0 0 0 0 0 1.200 

Water Resources 5.247 0 0 0 0 0 0 

Water Demand -6.000 0 0 0 0 0 0 

Technology 0 2.153 -1.088 0 -2.513 0 0 

Wastage of Water -1.447 0 0.713 0 0 0 0 

Water Projects 0 1.600 0 0 0 0 -2.000 

Economic 
Situation 0 0 -1.200 0 0 1.600 0 

 

 

Figure 3.4 A graphical representation of aggregating ‘expert’ and ‘local people’ FCMs presented 
in Chapter 2. The connection weights of all FCMs are represented by 2-tuple values 

In addition to individual (original) FCMs, the condensation and aggregation processes create 

a number of diverse FCMs (group FCMs and a social group FCM) to be analysed and 

simulated. This allows us to reach towards a comprehensive knowledge and understanding 

of the problem and allows access to a wide range of individual and group perceptions, such 
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that analysing and simulating these perceptions lead to many reliable suggestions or 

potential solutions to solve the problem.  

3.9 The FCM Analysis Process 

After the completion of the various FCM processes described in the previous sections, the 

developer of the system becomes familiar with the details/issues of the problem and has the 

understanding and experience to initiate FCM analysis and simulation processes. Analysing 

the outcomes of the group FCM and simulating different policy scenarios are considered a 

dynamic analysis. For a static analysis, it is easy to utilize the graph theory measures to 

analyse the structure of individual FCMs and group FCMs including: the CCM of FCM and its 

nodes, FCM density, identifying the important FCMs and nodes, etc. It can also use different 

statistical measures to find the similarities and dissimilarities between nodes among 

different FCMs, and between FCMs among different FCM groups. Chapter 4 provides details 

of these analysis processes.  

Next section discusses the FCM simulation process. The FCM simulation process could 

benefit from the results of the FCM analysis process. For example, nodes identified as 

important in the analysis of the FCM structure could be considered as effective nodes that 

could play a significant role in the scenario simulations. These effective nodes can be given 

high importance (nodal inputs fixed at high levels) throughout the simulation process, 

depicting strong policy leverage, to affect greater changes in the outcomes. 

3.10 The FCM Simulation Process 

The last process of the proposed FCM model before developing opportunities 

(recommendations, solutions, etc.) for policy development and decision improvement is the 

simulation process. The aim of the simulation process is to test policy scenario options in 

order to find their effectiveness in solving the problem. This process is called FCM inference 

and was described in Chapter 2 in FCM inference Section. Initially, and based on the FCMs of 

the stakeholders, the simulation process uses Auto-associative Artificial Neural Networks 

(AANN), as described previously, to find the eventual state of the system (outcome) in 

response to its current state, which can be considered as the status quo policy outcome. The 

outcome of an FCM is calculated by simulating the state of its nodes in a number of 

iterations until equilibrium (steady state) of nodal states is reached. In each iteration, each 
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node state is calculated by summing the weighted inputs from other nodes linked to it and 

normalising the result using a sigmoid function. Then, this state value of the nodes is sent as 

input to other nodes linked to them and the iterative process continues until a final steady 

state is reached. 

With the knowledge of the status quo steady state, it is possible now to make predictions 

about what will happen to the systems (state of nodes) if some of them are altered to a 

desired level. This is referred to in this context as conducting policy scenario simulations. For 

example, a policy consists of fixing the states of effective nodes such as important nodes at 

high values during the simulation and running until a new steady state is reached. The 

results of each scenario simulation are compared with the status quo outcome of the FCM 

simulation previously conducted to ascertain how changes to these important nodes change 

the states of other nodes to potentially more desirable values thereby shifting the system to 

a better space overall. The different policy scenarios can also be compared to find out the 

similarities and dissimilarities between them that helps identify policies that have a 

significant potential to influence and change the state of nodes in a better direction 

effectively. Theses policy scenarios can be carried out on stakeholder, group or social FCMs 

at any level of condensation. As a result, this could lead to the development of useful 

recommendations and solutions for improved decision making on the system. More details 

on the simulation process and the implementation of different policy scenarios are found in 

Chapter 5. 

3.11 Chapter Summary 

This Chapter introduced a semi-quantitative FCM model to improve the existing qualitative 

approaches. The proposed model includes several new calculations based on robust 

methods and models making it more computationally effective. The coherent and consistent 

processes used here make the proposed approach capable of and suitable for addressing 

various complex dynamic problems such as participatory real-life or environmental 

problems. The proposed FCM model starts from raw data collected based on in-depth semi-

structured interviews with relevant stakeholders, relying on a set of well-prepared open-

ended questions. For each interview, and based on data collected from it, the key causal 

factors and their relationships that show the influences of these factors on each other are 

identified to develop stakeholder FCM. The nodes and connections in the FCM represent 
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these factors and relationships, respectively. Typically, however, in large complex problems 

that require a long time for conducting interviews, it is quite possible that the factors and 

relationships depicted on an FCM do not reflect the whole information content revealed in 

the corresponding interview, and the developed FCM, therefore, may not completely depict 

the perception of the stakeholder. To overcome this, it is proposed to review the interview 

content and FCM and then update the FCM accordingly to include any important missing 

information from the interview.   

Nevertheless, due to the complexity and human involvement in the participatory problems 

that the proposed FCM model attempts to address, the data of FCMs, particularly the 

connection weight imprecise values, are likely dominated by ambiguity and uncertainty. In 

addition, these data are used in several computational processes. Therefore, a fuzzy model 

for representing these imprecise values throughout all FCM computations is required. The 

proposed model utilizes the 2-tuple fuzzy linguistic representation model to represent the 

imprecise FCM connection values. We select this model for many reasons. First, it uses a pair 

of symbolic fuzzy values to represent the imprecise values to avoid loss of information and 

keep the consistency throughout any calculations conducted on these fuzzy values. Second, 

it can convert the pairs of symbolic fuzzy values into numeric fuzzy values (   values) for 

easy calculations, and vice versa. Third, it can deal with imprecise numeric and linguistic 

values defined by stakeholders at the same time in values representation and combination. 

Finally, it is able to convert the  fuzzy values into crisp values, and vice versa.  

Large complex participatory problems, especially if the problem includes a range of 

stakeholder groups, result in large and complex FCMs and therefore, in their raw form, FCMs 

are not amenable to addressing such complex problems. On one hand, it is not easy to 

analyse a complex FCM with a large number of nodes and connections. On the other hand, 

there is a need to combine different perceptions of different groups to handle their conflicts 

and agreements in order to reach a consensus perception. To handle the former issue, the 

proposed FCM model proposes a new condensation method, while a new aggregation 

method is proposed to address the latter. The proposed condensation method is a semi-

quantitative method and simplifies a large FCM into a simple one in a novel way. This 

method consists of multi-level condensation and includes qualitative and quantitative 

phases. In the qualitative phase, the developer or researcher of the domain problem 

subjectively determines the similar nodes in the lower level to be condensed into groups at 
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the higher level and identifies the names of the groups. The quantitative phase includes 

novel calculations to condense the connections between nodes at the lower level into 

connections between groups at the higher level. It uses the credibility weights of nodes at 

the lower level, which are assigned based on the CCM of these nodes, to calculate the 

connection values at the higher level. It also uses a proper way to refine the connections at 

the lower level before condensing them into connections at the higher level to avoid self-

reference connections in the resulting FCM and avoid the loss of indirect interactions 

between nodes prevailing at the lower level before condensation.  Finally, it uses the 2-tuple 

model to represent the values throughout its calculations.  

The proposed FCM aggregation method is a fuzzy weighted method. Seen across all FCMs, 

the 2-tuple fuzzy model can represent the different types of imprecise values of connections 

using different type and size of fuzzy sets. These different sets across FCMs are normalized, 

before aggregating them, into a standard set called BLTS to avoid the loss of information 

during the aggregation process. In addition, the proposed aggregation method takes into 

account the differences in stakeholders’ credibility reflecting the different levels of 

experience and knowledge. Therefore, the stakeholder FCMs are weighted, before 

aggregating to each other, according to their credibility. The credibility weights of 

stakeholder FCMs are obtained based on their importance in the domain problem; the 

importance of the FCM is calculated depending on its CCM value. These deliberate steps in 

the aggregation process could lead to a better and more realistic consensus perception 

obtained from a group or social FCM resulting from aggregating multiple stakeholder FCMs.    

Following the above processes, a lot of FCMs are available containing rich information for 

the analysis and simulation. Thus, it is easy to use graph theory indices such as the proposed 

CCM, most mentioned nodes, density, etc. to analyse the structures of different FCMs such 

as those for individual stakeholders, stakeholder groups FCMs and the social FCM and then 

make comparisons among them. In addition, the CCM index identifies the importance of 

FCMs and nodes in FCMs, and based on this, the most important (central) nodes are 

determined. These important nodes have good contributions to their FCMs and could be 

used as influential instruments to change the behaviour and outcome of the FCMs when 

these FCMs are simulated. Based on the results of the analysis process, different FCMs can 

be simulated. The first step of simulating any FCM is to simulate the FCM from the current 

(initial states of nodes) until steady state is reached. This steady state is the status quo 
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outcome of the FCM. From this point, different policy scenarios (what-if questions) can be 

applied to test the state the new scenario leads to. The policy scenario means holding one or 

more nodes such as important nodes at fixed states in each iteration of the simulation 

process until equilibrium (new steady state) is reached. Then, a comparison between this 

new state and the status quo steady state of the FCM reveals the changes occurred on the 

states of nodes.  Finally, the analysis and comparison between the results from simulating 

multiple policy scenarios would help explore potential solutions to the problem. These 

solutions are introduced to decision makers as recommendations that could help them in 

making effective decisions. 
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Chapter 4 

Study and Understanding of Socio-Ecological Systems 

Case Study: Mitigating the Water Scarcity Problem in Jordan 

Comprehensive understanding of a complex socio-ecological system needs a holistic view 

encompassing both ecological and human dimensions. This necessitates the understanding 

of components and conditions as well as how they play out in the interaction between the 

two dimensions. Humans play an important role in conserving such systems by maintaining 

their components and shaping their developments. The goal of this chapter is to give a 

multidisciplinary perspective on "Water Scarcity Problem in Jordan" as one of the most 

urgent issues threatening the long term stability of the country; and it puts the problem in 

an integrated systems framework that is amenable to further analysis and simulation 

(Chapter 5) that allow crucial insights into the dynamics of the situation/system.  

The study shows how this problem has been exacerbated, especially in recent years, by the 

political conflicts surrounding Jordan, causing mass influx of refugees into Jordan. The study 

also shows the role of diverse players in the society and the multitude of conditions in 

controlling and affecting the problem. To achieve the stated goal, this Chapter is structured 

as follows: Section 1 briefly provides an overview of "Water Scarcity Problem in Jordan" and 

why this problem has been selected as a case study for this thesis research. Section 2 gives 

an overview of the Hashemite Kingdom of Jordan. Some background on water situation in 

Jordan is presented in Section 3, including rainfall, water resources, water uses, and water 

supply and water demand. Section 4 presents in detail the case study of this thesis 

"Mitigating the Water Scarcity Problem in Jordan". First, it introduces the problem. Then, it 

discusses the qualitative interviews conducted with stakeholders regarding water scarcity - 

causes, conditions and potential solutions etc. Then, it discusses and analyses all FCMs 

developed either by stakeholders or the researcher and presents some results, accordingly.  

4.1 Introduction 

Challenging nature and the urgency of the solutions many real life problems currently 

demand, many complex problems, ranging from water resources to climate change, have 

drawn the attention of researchers. Because water is critical to survival and a significant 
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matter for the safety and stability of any society, and many countries are currently facing 

severe water crises and there are signs of increasing water problems globally, all nations are 

paying great deal of attention to address water issues. Research is a vital part of this 

solution. 

Jordan is a naturally water poor country and its climate is classified as arid and semi-arid 

(Humpal et al., 2012). It is the fourth water poorest country in the world (World-Bank, 2012). 

As a result of  increasing water demand and diminishing water resources, the annual per 

capita share of water in Jordan has dropped to less than yearm /145 3  in recent years from 

yearm /600,3 3  in 1946 (JoRIEW, 2009; MWI, 2004b), while the world water poverty line is 

at yearm /000,1 3 . If the water demand continues to increase and the resources are not 

developed, the per capita share is projected to decline to approximately yearm /90 3 in 

2025, putting Jordan in the category of 'absolute water shortage' causing it to face serious 

problems, particularly in development, pollution, public health, and water conflicts (El-

Naser, 2012; Humpal et al., 2012; Jiries, 2011; Nortcliff et al., 2008).  

High water demand in Jordan has been driven by several factors. The most significant is the 

population growth resulting from natural (predictable) and unpredictable growth, causing an 

increase in population from about 350,000 in 1946 (Munther J. Haddadin, 2000) to about 

6,388,000 in 2012 (DOS, 2012). The unpredictable growth started mainly with the forced 

migrations of Palestinians in the years 1948 and 1967 in droves into Jordan (JoRIEW, 2009; 

MOPIC/UN/Jordan, 2010). Then, the 1st Gulf War in 1991 and the 2nd Gulf War in 2003 forced 

many of the Jordanian employees in the Gulf countries to return to Jordan and an influx of 

Iraqi refugees into Jordan (Munther J. Haddadin, 2000; Humpal et al., 2012; 

MOPIC/UN/Jordan, 2010). Furthermore, the Jordan population has seen accelerated growth 

due to regional political instability (Arab Spring) that has driven an influx of refugees from 

Libya and recently from Syria to Jordan (Altz-Stamm, 2012; JoRIEW, 2009). Other main 

causes of rising water demand in Jordan are the improvements in the lifestyle and 

urbanization and developments in the agricultural, industrial and tourism sectors (Al-

Kharabsheh & Ta'any, 2005; JoRIEW, 2009).  

The unprecedented demand for water in turn has led to severe accumulative water 

shortages, driving water resources to depletion and consequently has created a chronic 
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“Water Scarcity Problem in Jordan”. Consequently, this problem has negatively impacted on 

most aspects of societal development and environmental sectors and constrained the 

economic growth. It also threatens the government and people to face serious problems 

arising from more stressful water scarcity conditions in future if it is not well addressed. Such 

problem poses a serious challenge, which is understood by the whole population in Jordan, 

with King Abdullah II bin Al Hussein, King of the Hashemite Kingdom of Jordan at the 

forefront of the issue: 

"Our Water situation forms a strategic challenge that cannot be ignored. 
We have to balance between drinking water needs and industrial and 
irrigation water requirements. Drinking water remains the most essential 
and the highest priority issue"2. 

Indeed, this challenge must be met by serious, systematic and comprehensive studies and 

functional procedures at all levels of responsibilities; individuals, private and public (JoRIEW, 

2009). In order to reach supply-demand water balance, the studies should aim to improve 

the water situation in terms of its quality and quantity. This is achieved by working in two 

directions: water demand management and improvement of water resources. In fact, a 

study on a problem of such magnitude requires first of all gaining a deep knowledge and 

understanding of the problem through the involvement of all relevant sectors of the society. 

As a useful attempt in this direction, this thesis introduces "Mitigating the Water Scarcity 

Problem in Jordan", as a research case study in order to explore and understand the water 

situation in Jordan with a view to providing recommendations that would help decision 

makers in managing supply-demand water imbalance and improving the water situation by 

enhancing, protecting and sustaining water resources in Jordan.  

The study of the water situation in Jordan is a crucial one as it impinges on livelihood, 

development and urbanization and is a threat to social stability. Because Jordan is 

experiencing extreme risks and future challenges due to water scarcity, to come out or at 

least alleviate this problem, it needs urgent and futuristic solutions. This chapter introduces 

the study and presents an in-depth view from the perspective of multiple stakeholders. It 

also analyses the structure of the produced FCMs using some graph theory indices. The 

results from this chapter form the basis for simulation of a number of scenarios in the next 

chapter that aims to suggest solutions through practical recommendations. 

                                                           
2
 H.M. King Abdullah II, November 7, 1999. 
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4.2 The Hashemite Kingdom of Jordan 

The Hashemite Kingdom of Jordan (known as Jordan) is located in the heart of the Middle 

East, between latitudes N 3329   and longitudes E 3935  . Jordan is bordered by Saudi 

Arabia in the south and south-east, Iraq in the north-east, Syria in the north, and West Bank 

and Israel in the west, see Figure 4.1. Jordan’s population is about 6.4 million in 2012, with a 

growth rate of 2.2 %, living in an area of about 2318,89 km (DOS, 2011), with approximately 

90% of the area being steppe and desert (IRIN, 2007). 

 

Figure 4.1  Map of the Hashemite Kingdom of Jordan. Source: (http://www.terhaal.com/jordan-
map) 

Geographically, Jordan is made up of three different distinctive geographical areas: Jordan 

Rift Valley, Mountain Heights Plateau (highlands), and Eastern Desert or the Badia region. 

The Jordan Rift Valley, also called Jordan Valley, forms the western boundary of Jordan that 

extends from Lake Tiberius (sea of Galilee) at 220 m below the sea level to the Red Sea. The 

Jordan valley is part of a great rift that extends from central Mozambique in south east 

Africa through the Red Sea to the northern Syria (French, 2012). It is characterised by arid 

climate conditions with a rainfall between 50 and 300 mm/year. It consists of two sections 

separated by the Dead Sea.  

The Dead Sea, controlled jointly with Israel, is the lowest point on earth, at 407 m below sea 

level (The Hashemite Kingdom of Jordan 2013). It is fed by the Jordan River and has no drains 

http://en.wikipedia.org/wiki/Saudi_Arabia
http://en.wikipedia.org/wiki/Saudi_Arabia
http://en.wikipedia.org/wiki/Iraq
http://en.wikipedia.org/wiki/Syria
http://en.wikipedia.org/wiki/Israel
http://www.terhaal.com/jordan-map
http://www.terhaal.com/jordan-map
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and water is consequently evaporated acquiring very salty and mineral-rich conditions, nine 

times saltier than the Mediterranean sea (French, 2012). Owing to this and its warm climate, 

the Dead Sea is frequented by many national and international visitors from all over the 

world for medical treatment and relaxation, especially in the cold seasons.  

The northern section of the Jordan Valley, known in Arabic as Al-Ghor, extends from the Sea 

of Galilee in the north of Jordan to the Dead Sea. It hosts the Jordan River that originates 

from several sources in the Anti-Lebanon Mountains in Syria, runs through Lake Tiberias, and 

then drains into the Dead Sea. The Jordan River has tributaries and springs flowing from the 

Mountain Heights Plateau into the river. Because of the abundance of water in the Jordan 

River and the warm climate, this section has been used for agriculture, particularly 

vegetables, citrus and bananas (Fardous et al., 2004).  

The southern section of Jordan valley is known as Wadi Araba, and it starts from the 

southern part of the Dead Sea down to the Gulf of Aqaba. Wadi Araba is characterized by 

dry landscape, hot climate, sandy soil, and less than 50 mm annual precipitation. However, 

some agriculture is found in the northern Wadi Araba. 

The highlands of Jordan separate the Jordan Rift from the plains of the Eastern Desert along 

western boundary. The altitude of these highlands ranges from 600 m in the north to about 

1,500 m above the sea level in the south. The northern and central highlands receive the 

highest rainfall, about 600mm/year, and are characterized by Mediterranean climate. These 

areas host most of the population in the country including the main cities in Jordan: Amman, 

Zarqa and Irbid. The highland region is considered to be the most vegetated areas in Jordan. 

It is famous for producing olives and almonds as well as forests of oak, cinnabar and pine. In 

addition, a significant part of its territory is used to cultivate field crops like cereals (DOS, 

2011). 

The Badia region is part of what is known as the North Arab desert that stretches into Syria, 

Iraq and Saudi Arabia. This region consists of the eastern desert steppe that covers around 

80% of the territories of the Jordan (French, 2012). The elevation of this region ranges from 

600 to 900 m above sea level. Most of this region receives less than 50 mm/year of rainfall, 

and its climate is dry, windy and arid. It is characterized by short term and sparse vegetation 

cover and an abundance of livestock. 
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4.3 Water Background in Jordan 

4.3.1 Rainfall 

The long-term average rainfall in Jordan is about 8,200 million cubic metres (MCM) annually 

falling in the whole area of Jordan, reaching up to about 12,000 MCM in wet years and 

dropping to about 6,000 MCM in arid years (M.J. Haddadin, 2006). The most of the 

precipitation largely falls in winter season from December through March, with a peak in 

January (Mohsen, 2007; Tarawneh & Kadıoğlu, 2003). The precipitation varies widely in 

distribution according to climatic conditions of the regions. Figure 4.2 illustrates the 

distribution of annual rainfall in Jordan. More than 90% of Jordan territory is classified as 

desert environment and characterized by an arid climate, receiving less than 200 mm/year 

of rainfall, while the rest of the territory is dominated by the Mediterranean environment, 

which is characterized by semi-arid to humid climate and receives between 200 to 600 

mm/year of rainfall (Alkhaddar et al., 2005; Denny et al., 2008; El-Naqa & Al-Shayeb, 2009; 

Fardous et al., 2004). Because of the arid and semi-arid climate in Jordan, more than 92% of 

the rainfall is lost by evaporation while around 5% of the rest feeds the surface water and 

3% recharges the groundwater (Al-Kharabsheh & Ta'any, 2005; Alkhaddar et al., 2005; Jiries, 

2011; Nortcliff et al., 2008). 

 

Figure 4.2  Rainfall distribution in Jordan, (Al-Jaloudy, 2006) 
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Typically, most of the surface runoff is collected in some valleys and basins in the northern 

highland regions like the Yarmouk and Zarqa basins, and then drains into the Jordan River. 

The rest of the surface runoff flows into closed basins like Azraq, Jafr, Hammad, and Mujib 

(Al-Kharabsheh & Ta'any, 2005). 

4.3.2 Water Resources  

Jordan has limited water resources, including renewable ones. Water resources in Jordan are 

divided into conventional resources consisting mainly of surface water and groundwater 

resources and non-conventional resources relying on wastewater treatment and 

desalination of sea water and treatment of brackish water (JoRIEW, 2009; MWI, 2004b). The 

main source of feeding surface water and recharging groundwater resources is rainfall, 

which has been decreasing due to climate change (El-Nesr, 2010). 

 The total available water annually from all resources is estimated at about 1,000 MCM/year 

(MWI, 2004a), of which 780 MCM is renewable water and the rest is non-renewable water 

(fossil groundwater - groundwater that has remained sealed for a long period of time) and 

treated water from wastewater and desalination (Altz-Stamm, 2012; Humpal et al., 2012; 

JoRIEW, 2009). Table 4.1 shows the contribution of each source to the available water 

resources in Jordan in MCM. In Jordan, not all potential water resources are exploited due to 

the high capital cost of new water projects as well as the presence of some of the regional 

and political obstacles. For example, the annual exploited water from the available surface 

water (505 MCM) is estimated at about 278 MCM per year (Humpal et al., 2012). 

Table 4.1 Available water resources in Jordan 

 

 

  

 

The largest consumption of water in Jordan is in the agriculture sector (irrigation use) at 

about 64%, the rest is used by municipal sector (drinking and household use) (30%), and 

industry and tourism sectors (6%) (JoRIEW, 2009). Figure 4.3 shows the distribution of water 

 Source MCM/Year 

 Renewable water Surface water (50%) 505 

Renewable groundwater 
(27%) 

275 

 Non-renewable Fossil groundwater (12%) 125 

 Treated water Wastewater (10%) 100 

Desalination (1%) 10 

 Total 1015 
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use by sector in Jordan. The current plan of the Ministry of Water and Irrigation in Jordan 

(MWI) is to strike a balance between water use sectors. For example, one of the goals of 

'Jordan’s Water Strategy 2008 – 2022' established by the decision makers in MWI in 2009 is 

to cap the agriculture use and give priority to other uses (JoRIEW, 2009).  

 

Figure 4.3  Percentage of water use in Jordan by sector 

Surface Water Resources 

There are 15 major surface water basins in Jordan, some of which extend to neighbouring 

countries. Figure 4.4 shows the distribution of these basins across the territories of the 

country and Table 4.2 shows the annual discharge of each basin in MCM. The average annual 

base flow and flood flow of surface water resources is about 713 MCM. Surface resources 

contribute around 37% to total water supply (Altz-Stamm, 2012; JoRIEW, 2009). It is 

important here to distinguish between water resources and water supply. Water resources 

are the available water in the country from different resources, while water supply is the 

water that the country can allocate from water resources for water uses.  

The main suppliers of surface water are the Yarmouk and Jordan Rivers, the former flows 

into the latter (Denny et al., 2008). Historically, Jordan agriculture and municipal uses were 

mainly dependent on these rivers. Unfortunately, the annual flow of the Jordan River on the 

Jordan side has dropped by 98%, from an estimated 1300 MCM to 20-30 MCM. This is 

mainly due to the uptake of water at its upstream tributaries in Israel (Gafny et al., 2010). In 

addition, the flow of Jordan River has been significantly influenced by illegal human 

activities, particularly by farmers, involving exploitation of watersheds that feed into the 

Jordan River (Humpal et al., 2012).  

64% 

30% 

5% 

1% 

Irrigation

Municipal

Industrial

Touristic
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Figure 4.4  Surface water basins in Jordan (Source: Ministry of Environment in Jordan, 2011) 

Table 4.2 Annual discharges of surface water basins in Jordan in MCM (Source: Ministry of 
Water and Irrigation in Jordan, 2011) 

 

 

No Basin Annual Discharge 
MCM/Year 

1 Yarmouk 166 

2 Azraq 41 

3 Sirhan 18 

4 Hamad 24 

5 Jafar 13 

6 Disi / Southern Desert 1 

7 Mujib 102 

8 Hasa 43 

9 Northern Wadi Araba 46 

10 Southern Wadi Araba 8 

11 Dead Sea 43 

12 Northern Side Wadis 58 

13 Southern Side Wadis 58 

14 Zarqa 84 

15 Jordan Valley 8 

 Total 713 



 
 

110 

Groundwater Resources 

Groundwater is the major water resource in Jordan, especially for municipal and industrial 

sectors (MWI, 2013). There are 12 groundwater basins in Jordan; 10 of them are renewable 

and recharged by rainfall, while 2 are non-renewable (fossil) with no significant source of 

recharge. Figure 4.5 shows the distribution of groundwater basins in the country, and Table 

4.3 shows the average annual safe abstraction from renewable groundwater resources, 

which is about 275 MCM, and its contribution to the total water supply is approximately 54% 

(Altz-Stamm, 2012; JoRIEW, 2009). The non-renewable groundwater resources are Jafar 

aquifer, which is estimated to be sustainable for 40 years if the annual yield is 18 MCM/year, 

and Disi aquifer, which is expected to be sufficient for a period of 50 years at an abstraction 

rate of 125 MCM/year (Humpal et al., 2012).  

In the past two decades, groundwater in Jordan has been greatly degraded in its quality and 

quantity due to the agricultural and industrial development by the public and private sectors 

(Abu-Sharar, 2006; Humpal et al., 2012). Unfortunately, the groundwater resources face  

significant deterioration in quality and resource depletion due to over pumping and 

pollution, resulting in very high pumping costs due to lowered water levels (Al-Kharabsheh & 

Ta'any, 2005; JoRIEW, 2009). Groundwater is being over exploited by drilling many illegal 

wells in the highlands, particularly by the farmers. The annual extraction of renewable basins 

is estimated at about 470 MCM, whereas their total annual safe yield is 275 MCM (MWI, 

2013). This over-extraction has led gradually to salinization of groundwater resources (Altz-

Stamm, 2012; Fardous et al., 2004). Ten out of the 12 groundwater basins are over pumped; 

some of them are used about twice the recharge rate and in some cases even beyond this 

(El-Naqa & Al-Shayeb, 2009; MWI, 2004a) resulting in an intolerable groundwater situation. 

This situation is getting worse as groundwater is threatened by pollution from improper 

disposal of industrial wastes. In response, MWI in cooperation with water users and related 

government and private sectors developed the 'Groundwater Management Action Plan' 

(GMAP) in 2001 to protect and sustain the groundwater resources from over pumping and 

quality deterioration as well as from pollution (MWI, 2001). Later on, the 'Jordan’s Water 

Strategy' considered enforcement measures against illegal use of groundwater in order to 

control aquifer over-exploitation and to ensure that abstraction does not exceed the aquifer 

safe yield (JoRIEW, 2009).  
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Figure 4.5  Groundwater basins in Jordan (Source: Ministry of Environment in Jordan, 2011) 

Table 4.3  Annual safe yields of groundwater basins in Jordan in MCM (Source: Ministry of Water 
and Irrigation in Jordan, 2011). * Safe yield is the annual amount of water that can be 

withdrawn from basin without endangering future groundwater supply, ** Non-
renewable groundwater basin 

No Aquifer Safe Yield * 
MCM/Year 

1 Azraq 30 - 35 

2 Dead Sea 40 - 50 

3 Disi / Mdawara ** 2 - 3 

4 Hamad 11 - 12 

5 Jafar ** 7 - 10 

6 Jordan Valley 15 - 20 

7 North Jordan Valley 28 - 32 

8 North Wadi Araba 5 - 7 

9 South Wadi Araba 4 - 6 

10 Sirhan 7 - 10 

11 Yarmouk 30 - 35 

12 Zarqa 60 - 70 

 Total 239 - 290 
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Non-conventional water resources 

Because of the shortage of fresh water resources, Jordan is seeking to expand the 

production of treated water through the use of novel technologies for treatment of 

wastewater and brackish water and desalination of sea water to meet fresh water demand 

(JoRIEW, 2009). Currently, about 65% of the population in Jordan are connected by 

sewerage network and 27 plants are used for wastewater treatment (Humpal et al., 2012).  

Treated wastewater accounts for roughly 10% of the total water supply in Jordan, where 

more than 90% of this treated water is carefully reused for agricultural and the rest is reused 

in industry and urban landscapes (Humpal et al., 2012; JoRIEW, 2009; MOPIC/UN/Jordan, 

2010). The treated water produced from desalination (around 1% of the total water supply) 

is used for municipal, industry and irrigation uses (Humpal et al., 2012). 

The additional source of water supply to Jordan that should be available is the shared water 

rights with Israel (MWI, 2004a). Based on the Peace Treaty between Israel and Jordan in 

1994, Jordan has defended to protect its share of water with Israel, which is about 50 MCM 

per year that should be transferred from Lake Tiberias in Israel to Jordan (Humpal et al., 

2012; JoRIEW, 2009). However, as its source is in Israel, Jordan’s access to it and availability 

of water for Jordan is controlled by Israel.   

Due to the limited renewable water resources in Jordan, many negative impacts: economic, 

environmental, social, and political are rapidly rising. Water is a major determinant for 

investment, development and economic growth in any country. When water is abundant in a 

country, several development projects in which water is an input, especially agriculture and 

livestock projects, may be established, and this contributes to economic growth of the 

country. On the other hand, a country affected by water scarcity like Jordan spends a lot of 

money on water construction projects some of which may lead to loss of investment. In 

addition, the limited water resources and groundwater depletion in Jordan may lead to 

environmental hazards such as excessive water pollution and the expansion of 

desertification (Munther J. Haddadin, 2000). It also causes problems with hygiene and public 

health, spread of diseases and dissension among people, which in turn may lead to social 

instability. Furthermore, water scarcity in Jordan may cause political difficulties and conflicts 

between Jordan and neighbouring countries (Israel and Syria) about Jordan’s water rights 

with them, which have been ratified by agreements.  
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4.3.3 Water Supply vs Water Demand  

Jordan has long struggled to secure an adequate quality, quantity and accessible water 

supply (Sommaripa, 2011). Currently, the demand for water in Jordan far exceeds the 

supply, and even with additional planned water projects, the projection of the deficit 

between supply and demand is set to rise (see Figure 4.6 and Table 4.4) (Humpal et al., 2012; 

Jiries, 2011; JoRIEW, 2009). For example, total water deficit for all uses in year 2020 will be 

about double what it was in the year 2010. Moreover, the deficit is being worsened by the 

unpredictable influx of refugees to Jordan from neighbouring countries due to regional 

instability and Arab Spring. Consequently, water supply will struggle even more to meet 

water demand; this challenge has placed Jordan under severe water stress. 

 

Figure 4.6  Water demand vs water supply for Jordan up to 2020 

In order to meet the extreme water demand and secure sufficient water supply, particularly 

for drinking, actions have been taken and future strategies have been made by the Jordanian 

government. Currently, the government and private sector have invested in small projects 

for desalination and wastewater treatment, and extraction of fossil freshwater from non-

renewable groundwater aquifers (Humpal et al., 2012).  As a future vision, decision makers 

in the Jordanian government, particularly MWI officials, have established the strategic plan 

'Jordan’s Water Strategy 2008 – 2022' to manage water demand and conserve and develop 

existing water resources, as well as seek new resources (JoRIEW, 2009). The strategy 

includes significant objectives, plans, polices, etc. to be addressed and carried out. One of 

the most important objectives of the strategy is to establish alternative water resources such 

as Disi and Red Sea-Dead Sea conveyance mega projects.  
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Table 4.4  Projection of Water Demand, Supply and Deficit up to 2020 in MCM, (Jiries, 2011) 

Year 2005 2010 2015 2020 

Population (million)  6.0 8.1 9.3 

Water 
Demand 

Municipal  347 434  518 611 

Industry 74 99 122 146 

Irrigation 900 904 897 890 

Total 1321 1,437 1,537 1,647 

Water  
Supply 

Municipal  253 387 470 524 

Industry 69 99 119 136 

Irrigation 720 764 693 627 

Total 1042  1,250 1,283 1,287 

Total water deficit 279 (22%) 187 (15%) 255 (17%) 360 (22%) 

 

The aim of Disi project is to convey adequate freshwater from the non-renewable Disi 

aquifer via 325 km pipelines to Amman. The Disi aquifer is located in southern Jordan and 

extends to the northwest of Saudi Arabia. The Disi project is projected to provide 

approximately 100 MCM/year of fresh water for municipal (domestic) use to Amman and 

southern provinces for about 50 years (Humpal et al., 2012; MWI, 2004a). This project will 

also help in relieving groundwater extraction, especially in the highland region, for municipal 

and industry use by about 25 MCM/year. For more details about Disi Project, please refer to 

(MWI, 2004a). However, this project offers a temporary solution to the water supply 

problem in Jordan, and its operational cost (approximately US$ 600 million) is very high 

reducing its cost-effectiveness.   

The Red Sea-Dead Sea conveyance project has three beneficiary parties: Jordan, Israel and 

the Palestinian Authority. It is concerned with transferring water from the Red Sea at a 

distance of 180 km to the Dead Sea. It aims to generate electricity and use this power to 

produce freshwater from desalination, while the excess salty water is fed back to the Dead 

Sea. The main positive impacts of this project are: huge capacity for permanent freshwater 

production for water supply in Jordan (about 500 MCM/year), hydroelectricity generation 

for desalination and distribution at affordable prices, socio-economic development, and 

Dead Sea preservation from falling level and environmental degradation (Abu Qdais, 2008; 

Udasin, 2013; World-Bank, 2008). On the other hand, the main negative impacts of this 

project are: very high operational cost (around US$ 10 billion) (World-Bank, 2009), the risk of 

seawater leakage into groundwater, and the regression of ecological system of the Red Sea 

(Gulf of Aqaba) as well as of the Dead Sea (Udasin, 2013; World-Bank, 2008). For further 

details of this project, please refer to (World-Bank, 2008, 2009). 

http://en.wikipedia.org/wiki/Palestinian_Authority
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Another objective of MWI 'Jordan’s Water Strategy 2008 – 2022' is to increase the reuse of 

water for irrigation and industry (reclaimed water) by improving and expanding wastewater 

treatment and brackish water desalination, using innovative and proven technologies 

(JoRIEW, 2009). The reused water is projected to reduce the abstraction of renewable 

groundwater for all uses by about 120 MCM/year (MWI, 2004a). However, the reuse of 

treated wastewater for irrigation has not been fully accepted by farmers (Carr et al., 2011), 

and the cost of producing freshwater from desalination is double the revenue (Mohsen, 

2007). 

Other main objectives of the strategy are: a) secure Jordan’s water share with Israel as 

agreed upon in the Peace Treaty, b) manage water demand by raising awareness and 

rationalization, c) conserve and develop surface and groundwater resources by protecting 

them from illegal uses and pollution, and recharging them using artificial recharge of 

groundwater and  storage of excess treated wastewater for surface water (JoRIEW, 2009). 

Based on the vision of the strategy to achieve the stated objectives, the projected available 

water resources in Jordan in 2022, as shown in Figure 4.7, are estimated at about 1632 

MCM/year, and this will approximately balance water demand and supply, as shown in 

Figure 4.8 (JoRIEW, 2009). 

 

Figure 4.7  The projected water resources in 2022 based on MWI’s 'Jordan’s Water Strategy 2008 
– 2022' (JoRIEW, 2009) 
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Figure 4.8   The projected water resources, water supply and total water deficit in 2022 based on 
MWI’s 'Jordan’s Water Strategy 2008 – 2022' (JoRIEW, 2009) 

However, decision makers in Jordan face many challenges to achieve the stated objectives. 

The major challenge is the deficit in its financial budget and lack of external funding. 

Financially, Jordan is unable individually to establish such projects, particularly the mega 

projects and innovative technology for treatment (Denny et al., 2008). Therefore, the Jordan 

government and decision makers are seeking external funding and donor countries to 

support these projects. Another main challenge is the policy difficulties to secure rights to 

share water with neighbouring countries, Israel and Syria. Jordan has struggled to exercise 

water rights, agreed upon by the Peace Treaty, for Lake Tiberias in Israel as well as its water 

share with Syria for Yarmouk River.  

In addition, the construction of the Red Sea-Dead sea project is not guaranteed due to the 

political instability among the regional beneficiaries (Denny et al., 2008), especially in the 

selection of its conveyance route. This issue has led to propose other alternatives by Israel, 

for example, the selection of the Mediterranean Sea-Dead Sea conveyance as an alternative 

to the Red Sea-Dead sea conveyance (Udasin, 2013). This choice is completely unsuitable for 

Jordan because the conveyance of water does not go through Jordan’s territory, and 

therefore, Jordan cannot benefit from this conveyance for either water supply or electricity.   

On the other hand, and from concerned researchers’ perspective, many suggestions and 

recommendations have been proposed in an attempt to face water challenges in Jordan, 

particularly, the limited renewable water resources and imbalance between water demand 

and supply. Most of the attempts are aimed at increasing and sustaining water resources in 
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order to avoid the water shortage in Jordan. They focus either on managing and enhancing 

the available conventional water resources or supporting them by non-conventional water 

resources. Al-Kharabsheh and Ta'any (2005) suggested collecting rain water through 

different water harvesting methods (dams, pools and artificial groundwater recharge) and 

improving and increasing the wastewater treatment by modern technology (Al-Kharabsheh 

& Ta'any, 2005). Useful suggestions are the establishment of a new By-Law for groundwater 

protection from over pumping and pollution (El-Naqa & Al-Shayeb, 2009), the use of the drip 

irrigation technology in agriculture (Mohsen, 2007), and the organization of priorities 

between water sectors (Hadadin et al., 2010).  

Table 4.5  Challenging water issues in Jordan and suggested responses from government in 
Jordan, as outlined in (Sommaripa, 2011) 
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Improving economic returns on 

agricultural water use  
  X   X X 

Reducing non-revenue water  X X X X   X 
Increasing irrigation efficiency    X   X  
Expanding sanitation services    X  X   
Increasing revenues   X   X X X 
Reforming institutional 

processes  
X X X X X X X 

Water demand management  X     X  

Furthermore, the USAID in 'Jordan Fiscal Reform Project II' (2011) proposed seven useful 

recommendations to decision makers in the Jordanian government as potential responses to 

various water challenges (Sommaripa, 2011). Table 4.5 summarises these challenges and 

responses. 

To reform the water sector in Jordan and secure its sustainability, Denny et al. (2008) 

introduced a group of recommendations and strategies that should be considered by the 

government in Jordan. The authors in this article introduced a comprehensive water plan 

that includes short, medium, and long term policy options. They suggested the following: 

rehabilitation of water networks to reduce water loss, training public awareness about water 

importance, assisting the farmers to transfer from crops with high water consumption and 

low revenue to those with low consumption of water and  high revenue (strategic shift in 

agriculture) (Mohsen, 2007), enhancing and enforcing laws to prevent illegal water uses, and 
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improving cooperation and negotiation with neighbouring countries to respect Jordan’s 

rights to shared water with Israel and Syria. 

Such a huge real-life problem as the "Water Scarcity Problem in Jordan" affects and is 

affected by all essential lifelines in the country as well as all people, regardless of their 

knowledge, profession or their position in the society. This signifies that the study of this 

problem should address the influential views, concerns, perceptions etc. of all concerned 

through the cooperation of all relevant stakeholders, and then combine their views in order 

to reach a consensus view and solutions that satisfy the needs of the whole society.   

However, the stated attempts and studies to handle this problem still lack the participatory 

approach that combines multiple perspectives from decision makers, experts and private 

sectors as well as public stakeholders. Our research study is an advanced attempt to address 

and analyse this problem using a participatory approach. The participatory approach is based 

on interviews with participants (stakeholders) that enable a qualitative FCM approach. Data 

on this problem including current water situation in Jordan, causes, consequences, 

challenges, potential solutions, etc. were collected using 35 in-depth face-to-face semi-

structured interviews with five different relevant stakeholder groups. The collected data 

accounted for the implications for social, economic, environmental, and political dimensions 

as challenges facing this problem. The raw data from each interview were transferred into 

useful knowledge depicting a participant’s perceptions in the form of FCM consisting of key 

relevant factors and qualitative connections among these factors. The following Section 

gives more details about the conducted interviews and the corresponding FCMs. 

4.4 "Mitigating  the Water Scarcity Problem in Jordan": Project Case Study  

4.4.1 Introduction  

The title of the research project is "Mitigating the Water Scarcity Problem in Jordan", its 

site is Jordan, and its target sample (respondents) is the people in Jordan. The initial aim of 

this project is to collect useful and reflective data about water scarcity in Jordan by 

conducting several interviews and developing FCMs from different stakeholders in order to 

use these data in further analysis leading to useful recommendations for addressing the 

challenge. The project on the site lasted for about five months from February 2011 to June 

2011. However, this stage of the project was preceded by a proper plan to ensure its success 



 
 

119 

and completion. The plan started with a process of deep thinking/contemplation and useful 

discussions within the project team (researcher and supervisors) about the importance and 

potential success of this study. The discussions dealt with many of the important project 

issues that took great attention, effort and preparation, such as the identification of 

stakeholder groups and how to recruit them for interviews, assessment of the 

comprehensiveness of the project, the procedure and content of the interviews, difficulties 

that might be faced by the researcher and respondents on the site of the interviews, etc. 

Consequently, the team considered the following concerned stakeholder groups: local 

people (public), farmers, government managers (decision-makers), experts and private 

sector. The role and perception of every one of these groups is very important in the study 

of the "Water Scarcity Problem in Jordan" because they directly influence or/and are 

influenced by water scarcity. It is well known that water is used daily by every citizen in the 

country for drinking, irrigation, cleaning, washing, etc. The opinions of local people and 

farmers are important due to the fact that they are constantly suffering from and 

complaining about water difficulties and shortages. They immediately feel the stresses and 

impacts of water interruptions or distribution in their day to day lives. In addition, water is a 

crucial element in the farming business. Government managers have an extensive 

knowledge about the current water situation, resources, challenges, impacts, etc. They also 

have a future vision for solving the water problem in Jordan, and they have established 

short, medium and long term strategies to address this problem. In addition, they can take 

any immediate decisions in urgent cases.  

The importance of involving the perceptions of experts in this project lies mainly in their 

extensive knowledge on the matter and their investigations into the reasons for and causes 

of the "Water Scarcity Problem in Jordan". They also have proposed many recommendations 

to decision-makers for improving water resources and managing the water demand. The role 

of private sector stakeholders in this study is very useful because the MWI has employed 

some national and international private sectors in the shared management of water, 

including water distribution among people and farmers as well as in the development of 

some treated and reuse water projects (Humpal et al., 2012; JoRIEW, 2009). Because the 

researcher is a national of Jordan, this helped facilitation of the recruitment of respondents.  
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The team also recommended that the project should cover a useful and comprehensive 

study about water scarcity in Jordan, and the researcher should pose questions and discuss 

with the participants most of the water issues in the interviews, while taking into account  

participant comfort and avoiding fatigue.  

The project was assessed and approved by the Lincoln University Human Ethics Committee 

(HEC) using its protocols for ethical approval of projects Involving human participants. This 

was a fairly rigorous process involving in-depth discussions and assessment of the content of 

the submitted project application that included a brief description and aims of the project, 

the approach and procedures to be used in collecting data, general information about 

participants, the measures to ensure participant anonymity and confidentiality, the security 

of data, and the explanation of the participants’ rights before, during and after the 

interviews. It also evaluated the documents attached to the application- research 

information sheet, questionnaire and consent form. The following section describes the 

application and details of the interviews. 

This case study was modelled using all processes of the proposed FCM model. Many 

interviews were conducted and many FCMs were developed, condensed, aggregated, 

analysed and simulated. Both linguistic and numeric values were used to describe the 

connection weights in FCMs. Linguistic values were represented by either 13 or 11 linguistic 

expressions. [-10, 10] and [-1, 1] intervals were used to describe the imprecise numerical 

values. This gave different participants the freedom and flexibility to describe in detail the 

degree of influences (connection weight values) between their defined factors/variables. [-

10, 10] values were divided by the number 10 to convert them into [-1, 1] interval. Two 

linguistic term sets were used to represent connection weight values in 2-tuple and β values. 

The first set consisted of 13 fuzzy subsets assessed by 13 triangular membership functions. 

This set was considered as Base Linguistic Term Set (BLTS) and used for the representation 

of connection weight values described by either the 13 linguistic expressions or numeric 

values. The second linguistic set consisted of 11 fuzzy subsets assessed by 11 triangular 

membership functions and used for the representation of connection weights described by 

11 linguistic expressions. The connection weight values represented by this set were 

normalized into values represented by BLTS.   
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Two levels of condensation were used. As a result, the FCMs were categorized into three 

kinds of levels of FCMs. The first level is the level of variables originally defined by 

stakeholder; this level is called the level of original variables. The second level is the level of 

variables resulting from the first level of condensation; this level is called the level of key 

variables. The third level is the level of variables resulting from the second level of 

condensation; this is called the level of concepts. The names of original variables, key 

variables and concepts are coded using alpha numeric symbols. The code of the concept 

name is represented by one capital letter, such as A, B, C … etc. The code of the key variable 

name is represented by two capital letters, such as AA, AB, BA … etc., taking into account 

that the first letter of this code refers to the concept that the key variable belongs to and the 

second letter is to distinguish between the key variables that belong to the same concept. 

The code of the original variable name includes two capital letters followed by a number, 

such as AA1, AB3, BC5 … etc. The first and second letters of this code refer, respectively, to 

the concept and key variable that the original variable belongs to and the number is to 

distinguish between the original variables that belong to the same key variable and concept. 

For example, DA1 original variable code refers to the original variable number 1 that belongs 

to the key variable DA and concept A at the level of key variables and concepts, respectively. 

The rest of this Chapter presents in detail the application of the proposed FCM model on this 

case study process-by-process until the simulation process, which is presented in Chapter 5. 

4.4.2 Semi-Structured Qualitative Interviews 

Prior to interviews, a questionnaire form and research information sheet documents were 

well prepared. This was done according to the researcher’s experience of the problem and 

based on the information obtained by the researcher from informal meetings with 

managers, officials, and people in a prior short visit to Jordan. The document preparation 

was also supported by the relevant information on numerous web sites, especially MWI web 

site (www.mwi.gov.jo), research articles, national and international documents, files and 

reports. However, during the initial interviews, a slight updating to the documents, 

especially the questionnaire, was done in light of the new information obtained from the 

conducted interviews which could be useful in the upcoming interviews. The consent form 

and final copies of the questionnaire and research information sheet documents are shown 

in both Arabic and English languages in Appendices B.1, B.2 and B.3, respectively. 

http://www.mwi.gov.jo/
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Table 4.6  The participants of stakeholder groups, * A group of 5 participants in one interview 

 

 

The research project included 35 semi-structured qualitative interviews conducted on site. 

These interviews produced not only a collection of rich data but also revealed the most 

relevant factors that affect the problem. The 35 interviews were conducted with 39 

participants from the following different stakeholder groups: private sector, local people, 

experts, managers, and farmers. Table 4.6 shows the stakeholder groups and the number of 

conducted interviews with each group. General information about the participants, 

interviews and FCMs can be found in Appendix C. It presents the age, gender and 

stakeholder group for the participants. It also shows the date and the time taken for 

conducting the interviews and developing the FCMs. The shortest interview lasted 60 

minutes and the longest lasted 144 minutes.   

 

Figure 4.9  The number of original variables vs the number of FCMs 

Every interview was conducted with one participant with the exception of a single interview 

that included 5 farmers (see Table 4.6). The open-ended questions in the questionnaire were 
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Local People P04, P05, P06, P17, P28, 
P33, P35, P39 

8 

Farmers P16, (P22 -P26)*, P27, P29, 
P30, P31, P32 

7 

Managers P10, P11, P12, P13, P14, 
P21, P38 

7 

Experts P07, P08, P09, P15, P18, 
P19, P20 

7 

Private Sector P01, P02, P03, P34, P36, 
P37 

6 

Total 39 35 
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posed during each interview. Sometimes, open-ended questions stimulated further relevant 

questions to be discussed. After each conducted interview, an FCM was developed based on 

the data collected in the interview. The number of nodes (original variables), number of 

connections and the density (extent of FCM connectivity) of the developed FCMs are 

presented in Appendix C. 

In this project, the sample of participants covered different areas of Jordan, with a focus on 

locations suffering from severe water shortages such as those with high population density 

and farming regions. To ensure comprehensiveness of the data collected, the sample of 

interviews continued until an adequate number of defined factors/variables by stakeholders 

was reached, and few or no significant variables were added to FCMs in the next interviews. 

Figure 4.9 shows the accumulative number of variables versus the number of FCMs, while 

Figure 4.10 shows the number of added variables in each new FCM.   

 

Figure 4.10  The number of new variable vs the number of FCMs 

4.4.3 Stakeholder FCMs 

From the 35 conducted interviews in this project, 35 FCMs were developed. These FCMs 

were then reviewed and updated by the researcher. The stakeholders defined 186 different 

original variables in total. The names of these variables, their references (variable name 

codes) and the number of times they were mentioned in interviews/FCMs are found in 

Appendix D. The updating process included the addition of new variables and connections to 

the stakeholder FCMs that were missed in the initial process of developing these FCMs at 
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the end of the interviews. The updating process was made in two ways: First, encoding the 

FCMs into adjacency matrices and then sending them to the participants to update. The 

second way is through a review of the recorded interviews and written comments by the 

researcher.  

The first way was impractical and unsuccessful as only two of the ten participants to whom 

the matrices were sent responded.  On the other hand, the second way took much effort 

and time from the researcher, but it proved efficient and realistic and provided a 

comprehensive and overall view of the perceptions of stakeholders. In this way, the 

researcher reviewed each FCM and its corresponding recorded interview and written 

comments. This process was usually used once per FCM to be updated, but in some cases it 

was repeated two or three times depending on the content of the interview and the number 

of variables and connections that should be added to FCM.  

Analysis of the Stakeholder FCMs  

This research uses different indices and measures in the analysis process. Table 4.7 shows 

some of the Graph Theory indices such as the number of variables and connections in FCM 

and the FCM density (connectedness with respect to maximum possible connectivity 

between nodes; density equals to 1 indicates that the map is fully connected) that can be 

used to analyse the structure of FCM. It also shows the time needed for the completion of 

the interview and FCM. As can be seen from Table 4.7, the 35 updated FCMs included on 

average 44.82  7.01 S.D. original variables with 29 and 57 minimum and maximum 

number of original variables defined in a single FCM, respectively. The number of 

connections per FCM varied from 117 to 377 connections with an average of 212.65 

64.66 S.D. The average SD, minimum and maximum density indices were 0.109  0.031, 

0.054 and 0.252, respectively. The total time for completing an interview and developing the 

FCM varied from a minimum of 60 minutes to maximum of 144 minutes with an average 

time of 89.05  21.39 S.D., while the time for reviewing and updating the FCM was greater 

with an average of approximately 149.14  31.09 S.D. minutes with minimum and 

maximum time for a single FCM lasting approximately 100 and 240 minutes, respectively. 
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Table 4.7  The average, minimum and maximum measures for the graph theory indices and 
completion times for the 35 updated stakeholder FCMs 

                              Measure 
Index 

Average  
Standard Deviation 

Minimum Maximum 

Original Variables 44.82  7.01 29 57 

Connections 212.65  64.66 117 377 

Density 0.109  0.031 0.054 0.252 

Interview & Developing 
FCM (Time/Min) 89.05  21.39 60 144 

Review & Update FCM 
(Time/Min) 149.14  31.09 100 240 

In addition to the above indices, several important measures and graph theory indices can 

be used to analyse the structure of FCM. This research thesis utilizes the proposed 

Consensus Centrality Measure (CCM) of variables and FCM to analyse the structure of FCM. 

It also considers the most mentioned variables in all FCMs as a useful measure in the analysis 

process. In addition, the analysis process, based on the stakeholder defined variables, shows 

the role of main factors that influence either negatively or positively the water scarcity in 

Jordan. These factors represent some of the main variables (key variables or concepts) at the 

higher levels of condensation as will be seen later on in this chapter in the section on 

condensed FCMs. 

The CCM values for FCMs and their variables were calculated using the methods described in 

Chapter 3. Appendix E presents the CCM values of the 35 stakeholder FCMs. It also presents 

the 5 most important variables in each FCM according to their CCM values. Table 4.8 

summarizes Appendix E. It shows the 5 stakeholder FCMs with the highest CCM values and 

the 5 variables in each corresponding FCM with the highest CCM values.  

It has been noticeable in this project that many of the same variables were mentioned in 

many stakeholder FCMs. This gives an indication that the different stakeholders have good 

experience and knowledge of the problem domain. There are 33 variables mentioned in 

more than half the number of FCMs. Table 4.9 shows these variables and the number of 

FCMs included them.  
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Table 4.8  Top 5 important stakeholder FCMs according to their CCM values and their top 5 

important original variables 
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1 0.847 
(P1, Private 

Sector) 

Financial 
Situation 
(DA1) 

Quantity of 
Water 

(AA1) 

Good 
Management &  

Institutional 
Reform 
(GE2) 

Agriculture and 
Irrigation Uses 

(CA3) 

Improve the 
Water 

Infrastructure 

(GD6) 

12 0.775 
(P12, 

Managers) 

Financial 
Situation 
(DA1) 

Quantity of 
Water 

(AA1) 

Sustainability of 
Water 

(AC1) 

Integrated 
efforts of 

institutions 
(GE1) 

General 
Development 

(HA1) 

18 0.820 
(P18, 

Experts) 

Financial 
Situation 
(DA1) 

Quantity of 
Water 

(AA1) 

Integrated efforts 
of institutions 

(GE1) 

General 
Development 

(HA1 

Sustainability of 
Water 

(AC1) 

5 0.839 
(P5, Local 
People) 

Government 
Budget 
(DA2) 

Quantity of 
Water 

(AA1) 

Good 
Management &  

Institutional 
Reform 
(GE2) 

Economic 
Growth and 

Development 

(HA7) 

Seek for new 
Water 

Resources 
(GF7) 

23 0.757 
(P23, 

Farmers) 

Financial 
Situation 
(DA1) 

Integrated efforts 
of institutions 

(GE1) 

Technical Loss & 
Leaking 
(EA1) 

Quantity of 
Water 

(AA1) 

Sustainability of 
Water 

(AC1) 

Average  S. D. of the CCM values of the 35 FCMs  0.740  0.047 S.D. 

Minimum of the CCM values of the 35 FCMs 0.665 

Maximum of the CCM values of the 35 FCMs 0.847 

As seen from Table 4.8, the difference between the minimum (0.665) and maximum (0.847) 

CCM values of FCMs is very small (0.182), and all CCM values are very close to the average 

(0.740  0.047 S.D.). The most important FCM is the one developed by the stakeholder 

number 1 from the private sector group. The second, third, fourth and fifth important FCMs 

are those developed by stakeholder numbers 12, 18, 5 and 23, from manager, expert, local 

people and farmer groups, respectively. Interestingly, there is strong agreement among 

these stakeholders from different groups about the top most important variables. 

From Appendix E and Table 4.8 and according to the CCM values of original variables, the 

most important variable was 'Financial Situation' (DA1). Most stakeholders in all groups 

recognised that the improvement of water situation in Jordan largely depends on the 

availability of sufficient capital. The financial resources, including mainly the financial 

situation or 'Government Budget' (DA2) and to some extent help from 'Donor Countries' 

(DB1) are important factors for the establishment of many water projects in Jordan such as  
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Table 4.9  The most mentioned original variables in stakeholder FCMs 

FCM 
No 

Variable 
Code 

Original Variable Name 
No of FCMs 
Mentioned 

1.  AA1 Quantity of Water 35 

2.  IA1 Wastewater Treatment Technology 35 

3.  EA1 Technical Loss & Leaking of Water Networks 34 

4.  FB1 Disi Project 34 

5.  KA2 Improve Irrigation Systems 34 

6.  KC1 Private Sector Participation 33 

7.  LA1 General Social Impacts (Pressure, Stress, Injustice, etc.) 33 

8.  BA5 Shared Water Resources 31 

9.  DA1 Financial Situation and Income 31 

10.  IB1 Modern Techniques and Devices 31 

11.  MA1 Incremental and Accelerated Population Growth 31 

12.  AC1 Sustainability of Water 30 

13.  MB1 Political Difficulties and Crises 30 

14.  BA1 Water Supply 29 

15.  CA1 Water Demand  29 

16.  LB1 General Economic Impacts 29 

17.  FB2 Red Sea – Dead Sea Water Conveyance Project 28 

18.  HA1 General Development 27 

19.  FA1 Water Harvesting Projects 26 

20.  CA3 Agriculture and Irrigation Uses 25 

21.  KA1 Strategic Shift in Agriculture 25 

22.  FA3 Wells, Reservoirs & Pits for Collecting Rain 24 

23.  GC1 Periodic and Regular Maintenance of Water Networks 22 

24.  GE1 Integrated efforts of institutions 22 

25.  KB1 Rationalize Water Consumption 22 

26.  DB1 Donor Countries 21 

27.  GD5 Improve Municipal Water Networks 21 

28.  GF5 Water Pricing Policy 21 

29.  BA4 Rains 19 

30.  IA3 Grey Water Treatment Technology 19 

31.  JA2 Farmer Awareness 19 

32.  GB1 Laws and By-Laws concerning Water and Water Rights 18 

33.  MD3 Water Pollution 18 

the 'Disi' (FB1) and 'Red Sea – Dead Sea Conveyance' (FB2) strategic (mega) water projects 

and 'water harvesting projects' (FA1) as well as water projects developed based on new 

technology such as 'Wastewater Treatment' (IA2), 'Brackish water treatment' (IA3), and 

'Desalination' (IA4). Similarly, financial constraints preclude the conservation of the limited 

existing water resources in Jordan through 'Periodic and Regular Maintenance' (GC1) of 

'Water Networks' (GD5) and 'infrastructure' (GD6) to mitigate 'water loss' (EA1). The 

financial constraints also form an obstacle to improving surface water and groundwater 

resources whether by 'Expanding Existing Dams' (FC1) or by 'Charging Groundwater' (FC3):  
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"… Give me the money, and I will establish many water projects to cover 

water shortage in Jordan …" (P10, Manager). 

"… The major challenge behind the non-implementation of the Red Sea – 
Dead Sea Conveyance which could be the lifeline for Jordan for a long time 

is the lack of financial support  …" (P37, Private Sector). 

 “… We recognize that the problem of Jordan is water scarcity, but the 

biggest problem is the lack of financial support ...” (P12, Manager). 

"… Jordan has limited water resources, but it also is a poor country to 

establish desalination plants like Gulf countries …" (P36, Private Sector). 

"… Lack of funds severely limits the water projects such as Disi project, 

desalination and wastewater treatment …" (P08, Expert). 

"… There is plenty of water loss- leaking from worn-out water networks, we 

need money to rehabilitate these networks …" (P38, Manager). 

" … Financial constraints in Jordan are a big obstacle in the implementation 
of important water projects, so we are forced to deal with donors, financiers 
and partnerships with the private sector to provide financial resources for 

the implementation of these projects …" (P13, Manager). 

"… The water sector in Jordan depends very much on donor countries; for 
example, the station Zara (funded by America); changing a large portion of 
water connections to houses in Amman (loan from Germany); and changing 
the water networks in Amman (loans from multiple countries). Without 
loans we could not do anything because the invoice/tax paid by the 

consumer does not cover even small part of the true cost of water …" (P34, 
Private Sector). 

The second important original variable was 'Water Situation' (AA1), which is the core factor 

in the problem. The utilisation/exploitation of abundant water resources of a country could 

be a good source of revenue gained through various investments and development activities 

that depend on water such as 'Agricultural Development' (HA2), 'Industrial Development' 

(HA3), 'Tourism Development' (HA4), and 'Investment Development' (HA5). On the other 

hand, shortage of water is a drain on the economy syphoning capital for developing water 

projects such as 'Water Harvesting Projects' (FA1), 'Disi Project' (FA2), and 'Red Sea – Dead 

Sea Water Conveyance Project' (FB2), purchasing new technologies such as 'Wastewater 

Treatment Technology' (IA1), 'Brackish Water Treatment Technology' (IA2), 'Grey Water 

Treatment' (IA3) and 'Desalination Technology' (IA4), seeking for new water resources (GF7), 

etc. to secure water for domestic and other uses. Water scarcity also leads to many negative 

social impacts such as 'General Social Impacts (Pressure, Stress, Injustice and Social Troubles)' 

(LA1) and 'Low level of Health and Hygiene' (LA2), economic impacts such as 'Investment 
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Impacts' (LB1), 'Tourism Impacts' (LB2) and 'Restriction on Development' (LB3), agricultural 

impacts such as 'Restriction on Agriculture and Productivity' (LC1), 'Diminishing Farmlands' 

(LC2), 'High Cost of Agriculture' (LC3) and 'Diseases and Destruction of Crops’ (LC4), political 

impacts such as 'Political Problems with Neighbouring Countries' (LD1) and 'Wars for Water' 

(LD2), and environmental impacts such as 'Drought and Desertification' (LE1) and 'Pollution' 

(LE2): 

"… Jordan is considered the fourth water poorest country in the world. It is 
located mostly in the dry areas and few areas are semi-arid, and more than 
90% of Jordan receives less than 200mm rainfall per year, and this amount 
is not suitable to irrigate even wheat or barley. Jordan is suffering from 

water scarcity and groundwater recharge …" (P14, Manager). 

"… A high negative impact on all levels, including attracting investment and 
tourism, public hygiene, cleanliness of restaurants, streets and cities …" 

(P01, Private Sector). 

"… The deterioration of the water situation has greatly impacted on 
agriculture; there are suitable areas (14.5 km) for agriculture in Al-Gor that 
can bring economic benefit to Jordan and farmers because vegetables in 
these areas grow quickly, but because of lack of water we cannot irrigate 

these areas …" (P12, Manager). 

"… Water is a major determinant of development in the country and is a 
major determinant of all development activities, for example agriculture, 

industry, tourism, etc. …" (P07, Expert). 

"… Water for food, water for health, water for development, water for 

tourism, water for energy – energy for water …" (P14, Manager). 

"… We are made of water, every living thing3…" (P4, Local People, P8, 
Expert, and P12, P13, Managers). 

"… Water is the only substance in nature which has no alternative and we 

cannot replace it with something else …" (P13, Managers). 

"… Any project depends on water in that its development will be affected at 

the end …" (P4, Local People). 

"… The problem of water shortage in Jordan has affected the ability to 
attract investment because investors are concerned that all inputs needed 

for investment are available …" (P14, Manager). 

"… Water scarcity increases poverty and it is reflected in health, 
environment and hygiene as well as in difficulties in attracting investors …" 

(P02, Private). 

                                                           
3
 Quran, Chapter (21) "The Prophets", Verse (30).   



 
 

130 

" … Our lives depend on agriculture and our agriculture depends on water… I 
may do anything to get access to water to secure my life and that of my 

family …" (P24, Farmer). 

" … Farmers now are forced to reduce the cultivated area because they are 
afraid that they cannot irrigate if they expand the cultivated area, and the 
production of trees and crops have significantly dropped due to lack of 

irrigation…" (P22, Farmer). 

"… The water problem has become a fact of our daily lives, every day we 

hear many complaints about water in Jordan on radio channels …" (P35, 
Local People). 

"… Most of the time we delay household tasks such as washing clothes and 

cleaning until it is our turn to use water …" (P06, Local People). 

Other important original variables identified by stakeholders were 'Integrated Efforts of 

Institutions' (GE1) and 'Good Management & Institutional Reform' (GE2) linked to integrated 

management of water. Some of the stakeholders think that water management in Jordan is 

very efficient compared with the management in other countries. Although water resources 

in Jordan are very limited, the management of water has made it possible to distribute water 

to the households and farmers once a week or every fortnight. It also has 'Laws and by-Laws' 

(GB1), 'Legislations and Policies' (GB4), 'Awareness and Educational Programs' (GF2), 

'Strategic and Contingency Plans' (GF1), etc. in order to improve the 'Water Supply' (BA1) 

and mitigate the 'Water Demand' (CA1):    

"… The water situation in Jordan is a big challenge for the decision-makers 
and experts, and within the constraints of very limited resources, what the 
management of water resources in Jordan has achieved is considered very 

good compared to other countries..."  (P07, Expert). 

"… Jordan is one of the best countries in the management of water despite 
its water scarcity … We can improve the integrated management of water, 

but we cannot reach the ideal situation …" (P12, Manager). 

"… There are laws governing the functioning of the institutions involved in 
the water management issue like the Jordan Valley Authority Law, Water 
Authority Law and the Laws of the Ministry of Water and Irrigation, but 

there is no law only for water …" (P12, Manager). 

"… The Integrated management was established recently in Jordan and it 
has strong experience; however it is facing the problem of lack of resources 
… Good management alleviates the water problem but does not completely 

eliminates it …" (P36, Private Sector). 

On the other hand, some stakeholders recognised a weakness - 'Corruption and Favouritism' 

(MD5) in the management of water in Jordan. They suggested an institutional reform and 
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'Enforcement of Regulations and Rules' (GB2). They believed that water management does 

not take into account 'Justice in Water Distribution' (GD3). They said that water management 

should focus on low cost and practical water projects that can be completed in a short time 

such as 'Wastewater and Brackish Water Treatment' (IA1, IA2) and several 'Water Harvesting 

Projects' (FA1) such as 'Small Dams' (FA2), 'Wells' (FA3), 'Charging Groundwater' (FC3), etc. 

instead of high cost and impractical water projects which could run a high risk of 

incompletion such as the 'Disi Project' (FB1) and 'Red Sea – Dead Sea Conveyance project' 

(FB2):  

"… And the laws must be activated to prevent powerful and influential 

people from exploiting water resources and drilling of illegal wells …"  (P02, 
Private Sector) 

"… I emphasize that there is a need for the correct enforcement of water 

laws; what is produced is a fault in the enforcement  …" (P03, Private 
Sector) 

"… There is a weakness in the integrated management of water …" (P18, 
Expert). 

"… I emphasize that the first and last key to improving the water situation is 
the Government, if it wants to improve the water sector it should improve 
the efficiency of water management, and thereby provide sufficient 
quantities of water to bridge the gap between the growing demand and 

water supply …" (P20, Expert). 

"… Because the Jordan Valley Authority is a developing area its laws are 

vulnerable, and this leads to the use of water illegally …" (P23, Farmer). 

"… Jordan Valley Authority is unable to meet the needs of all farmers due to 

lack of water. Some farmers left their farms due to lack of water …" (P30, 
Farmer). 

"… There is a weakness in the integrated management of water because of 

the marginalization of the private sector …" (P31, Farmer). 

"… Definitely, we need deterrence and effective laws to reduce theft and 
exploitation of unlicensed wells, and they should be applied on the 
influential people who take advantage of their position to gain a greater 

share of water in the absence of any deterrence …" (P34, Private Sector). 

All stakeholders agree that the causes of water scarcity in Jordan are the increase in 'Water 

Demand' (CA1) and a decrease in 'Water Supply' (BA1), accordingly. The most influential 

factor contributing to high water demand was the 'Successive and Accelerated Population 

Growth' (MA1) due mainly to 'Short Migrations' (MA3) and 'Refugee Flow' (MA4):  
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"… The biggest factor affecting water demand is the high population growth 
in Jordan from refugees and the population has exceeded the capacity …" 

(P05, Local People). 

"… Jordan water problem has come from excess water demand, and the 
excess water demand has come not from natural population growth or 
development but as a result of successive repeated short migrations. Per 
capita water in 1946 was about 3600 CM and now is  less than 145 CM. 
Huge families of displaced people and migrants impact all natural resources 

in Jordan …" (P11, Manager). 

Other factors causing a rise in water demand are the 'Development in General' (HA1), 

especially 'Agricultural Development' (HA2), and 'Urbanization in General' (HB1), especially, 

'Life Style Improvement' (HB2). The water demand is magnified in the 'Summer Season' 

(ME1), as a result of an increase in water uses and 'Incoming Expatriates and Visitors' (MA5):  

" … Return of expatriates in summer from neighbouring countries (Gulf 
countries) and the increase in the number of tourists, especially in the 

summer (the killer season for water) …" (P06, Local People) 

The participants attributed the decrease in 'Water Supply' (BA1) to the limited water 

resources, while it is actually due to many causes. The reduction in 'Rain' (BA4) was one of 

the main causes resulted from 'Climate Change' (MC1) and 'Entrapment and Fluctuation of 

Rainfall' (MC3):   

"… I think the main reasons for the limited water resources in Jordan are the 

fluctuation of climate or climate change and erratic rainfall …" (P06, Local 
People) 

"… Factors affecting water scarcity are fluctuation of the rainy season and 
rainfall in a very limited period, and therefore most of the rain may be lost 
to evaporation and in floods. The solution is by constructing dams and 

groundwater recharge …" (P31, Farmer) 

The 'Political Difficulties' (MB1), which leads to 'Non-Fulfilment of Jordan’s Rights to Shared 

Water' (MB2), is also one of the important causes of the decline in water supply.  

" … There is political instability between Jordan and neighbouring countries 
that share water with Jordan, and this has led to a big problem in the 
quantity and quality of water. There is a big gap in the peace treaty; it did 
not include the quality of the water, but only addressed the amount of 
water and this has led to problems of pollution in many water sources …" 

(P07, Expert). 

"… The most important of all is the takeover by the neighbouring countries 
of our water in the Jordan River (Israel) and in the Yarmouk River (Syria) 
over the previous years. …  Jordan was forced to establish mega projects 
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such as Disi despite its high cost because the water situation is very difficult 
and the Government will bear a large financial burden at the end of the 
project, but if our shared water rights to the Yarmouk and Jordan Rivers 

were honoured we would not  have to rely on Disi water." (P12, Manager). 

"… Jordan's failure to get water shared with neighbouring countries …" 

(P17, Local People). 

"… We are suffering from poor water agreements with Syria. Syria dug 
about 360 wells in the Yarmouk basin, and this led to a significant drop in 

the Jordan’s share of water in Yarmouk river …" (P20, Expert). 

Wastage of water, especially 'Technical Loss & Leaking of Water Networks' (EA1) was 

recognised by stakeholder groups, as an important reason for the increase in 'Water 

Demand' (CA1) and decrease in 'Water Supply' (BA1): 

"… Wastage of water is a problem for Jordan, especially in drinking water 
networks, both physical (technical) and administrative losses are problems, 

but the most important is the technical loss …" (P13, Manager). 

"… The biggest problem in Jordan is the wastage of water due to the worn-
out water pipes connecting homes, and this is because of the lack of good 

management …" (P20, Expert). 

"… There is wastage of water because the water networks and 
infrastructure are very old, and due to evaporation and overexploitation …" 

(P26, Farmer) 

Another reason behind the decrease in water supply mentioned by stakeholders is the 'Use 

of Water Illegally' (MD6) such as 'Assault on Water Resources' (MD4), 'Use of Highlands 

Water' and 'Overuse of Water' (MD2), which led to 'Overexploitation of Groundwater' (MD1). 

Depletion of groundwater and 'Excessive use of Fertilizers in Agriculture' (MD8) could lead to 

'Water Pollution' (MD3). 

"… Groundwater was used previously by unregulated ways, and this led to 
the depletion of large quantities of this water, especially in the non-

renewable water basins …" (P13, Manager). 

"… A very important topic is the stopping of attacks on some of the water 

resources that cause water pollution … " (P37, Private Sector). 

Regarding the main factors that help improve the water situation in Jordan, stakeholders 

pointed to the following: technology, citizens, farmers, private sector, community, and finally 

and the most important, the Government. The technological factors took a prominent place 

in the study. All stakeholders mentioned that the 'Wastewater Treatment Technology' (IA1) 

can increase 'Water Supply' (BA1) and decrease 'Water Demand' (CA1). Other technologies 
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such as 'Brackish Water Treatment' (IA2), 'Grey Water Treatment' (IA2), 'Desalination' (IA4), 

can also play an important role in improving water resources. The 'Rationalize Consumption 

Devices' (IB2) and 'Drip Irrigation Systems' (KA2) technologies contribute significantly to 

reducing the 'Water Demand' (CA1). Some stakeholders mentioned that technologies such 

as 'Scientific Research' (IC1), 'Database Systems' (IC2) and 'Genetic Engineering in Agriculture' 

(IC3) could be useful in "Mitigating the Water Scarcity Problem in Jordan”. Regarding the 

cost of technology, most of stakeholders said that it is very expensive; a few of them viewed 

that the technology in the medium and long-term could be cheaper and yield profits. 

"… Great hope in technology whether in desalination or wastewater 
treatment or the provision of renewable energies such as nuclear energy, 
but should be considered by the experts and officials to ease the cost of this 

technology …" (P07, Expert). 

"… The use of modern technology in the medium and long terms is less 
expensive than the use of traditional methods, because technology reduces 

the employment …" (P13, Manager). 

"… Technology has a significant role in increasing the amount of available 
water resources, whether conventional or non- conventional resources …" 

(P14, Manager). 

"… The role of modern technology to improve the water situation is very 
important, especially in water reuse (wastewater and grey water treatment) 

…" (P37, Private Sector). 

"… The use of modern technology provides a database of water uses, 
number of subscribers and other information related to water, and this will   
greatly help the decision-maker to direct investments correctly in relation to 
water or even sewage and thus improve the water situation and the 

management of water resources …" (P39, Local People). 

Regarding the role of the citizens in improving the water situation in Jordan, some 

participants emphasized that the citizens can reduce demand for water by 'Rationalize 

Water Consumption’ (KB1), 'Improve Individual Behaviour' (KB2), 'Improve Residential Water 

Network' (KB3), 'Citizen Adapt and Cope with limited available Water' (KB6), 'Citizen 

Cooperation with the Government' (KB7) and 'Caring for the Water Resources' (KB6).  

"… We highly rely on the awareness of Jordanian citizens to adapt to the 

available quantity of water supplied …" (P11, Manager). 

"… Citizens play a significant role by improving their awareness of water and 
the issue of water scarcity. This awareness should be learnt in schools, 

mosques and media in order to use water in a rational way …" (P12, 
Manager). 
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"… The citizens can play a role in the use of grey water and rationalization of 

the consumption for household uses …" (P28, Local People). 

Other participants said that the citizens receive insufficient amount of water for their needs 

and they are aware, either through experience and adaptation to the poor water situation or 

through the promotion of responsible use of this collective heritage of the importance of 

every drop of water to take care of it.  

" … Don't waste water even if you are on a running river4 … " (P02, Private 
Sector). 

" … There is no overuse of water by Jordanian citizens, they are instinctively 
conscious of the scarcity of water; there is misuse of water in the 

agricultural sector by planting high water consuming crops …" (P01, 
Private Sector). 

"… Actually, the awareness programs do not affect the water saving 
because the water use is little and the amount is very limited, and therefore, 

the citizens’ role in improving the water situation is very simple …" (P07, 
Expert). 

"… I don’t think there is an overuse of water …" (P17, Local People). 

"… Citizens cannot do anything because they do not get adequate amount 

of water (less than half the need) …" (P32, Farmer). 

"… The Jordanian citizens have full awareness of the issue of rationalization 

and does not need to raise awareness …" (P33, Local People). 

On the other hand, stakeholders as a whole recognized the important role of farmers in 

improving the water situation. The farmers are considered the largest water consumer, 

especially for agriculture. The most important methods that farmers can use to reduce water 

consumption are 'Strategic Shift in Agriculture' (KA1) and 'Improve Irrigation Systems' (KA2). 

Strategic shift in agriculture means the transformation from high water consuming and low-

income crops to low water consuming and high income crops. Improved irrigation systems 

include the use of modern irrigation technology such as drip irrigation, the 'Use of 

Greenhouses' (KA7) and the 'Choice of Appropriate Periods for Irrigation' (KA3).  

"… Farmers play the biggest role in improving the water situation; being the 
biggest consumers of water, any water saving in the use of water by 

farmers will have a clear impact on improving the water situation …" (P07, 
Expert). 

                                                           
4
 Hadith, Words of the Prophet Mohammad. 
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"… The role of farmers is important through improved irrigation systems by 
using modern technology such as drip irrigation, underground irrigation and 

greenhouses …" (P19, Expert). 

"… if the water is in the hands of farmers, they will take all the water; but 
Jordan Valley Authority converted the irrigation from surface irrigation to 
pressurized irrigation channels … The farmers should be encouraged to 

plant alternative crops that consume less water and has a market …" (P20, 
Expert). 

"… Impacting the role of farmers by joining them in groups to make joint 

agricultural projects …" (P21, Manager). 

"… Switching from citrus to vegetables is very difficult because it is very 
expensive and the farmers do not wish to remove trees that they have  

laboured to cultivate …" (P26, Farmer). 

"… Farmers are conscious and aware; they are experts in agriculture and 
water. Foreign projects helped educate farmers and gain experience …" 

(P22, Farmer). 

"… Farmers should have a sense of responsibility and understand their right 

to water to avoid assaults on the quotas of others …" (P29, Farmer). 

In respect to the role of the private sector and non-government institutions, most of 

stakeholders, particularly from managers, experts and private sector groups, strongly 

encouraged 'Private Sector Participation' (KC1) in water management while keeping water 

resources under Government control. The private sector can significantly reduce the loss of 

water ('Technical Loss & Leaking of Water Networks' (EA1) and 'Administrative Losses' (EA2)). 

Usually, 'Corruption and Favouritism' (MD5) is less or restricted in the private sector and its 

'Enforcement of Regulations & Laws' (GB2) makes the management active and effective. The 

private sector is able to do 'Periodic and Regular Maintenance of Water Networks' (GC1) to 

minimise or eliminate water leakages and faults in order to ensure secure and fair water 

distribution to users.  

" … Private sector participation has a big role because it is an effective 
sector and provides better technologies and maintenance and improves the 
quality of service and payment in return. But, the private sector should not 
consider only the profitability and there must be Government control over 

the users and water companies …" (P07, Expert). 

"… Definitely, private sector participation is a part of the solution; it is a 
highly qualified enterprise and lacks favouritism as well as provides quick 

maintenance and has good experience …" (P09, Expert). 

"… The private sector is more efficient than the public sector in the 
management of water, but there is a very important issue that the private 
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sector cannot provide the services for the same price as the public sector, 
especially in irrigation because private sector seeks to make a profit, while 
public sector promotes development of Agriculture for the common good  

…" (P13, Manager). 

"… The private sector improves the water situation because it has good 
systems such as incentives and reward systems, which is very important in 
increasing productive work hours and creativity. It also struggles to get 

access to water that is shared with neighbouring countries …" (P14, 
Manager). 

"… The private sector is characterized by the ability to take difficult decisions 
such as updating water tariff, issuing deterrent penalties for offenders, and 

reducing water wastage …" (P19, Expert). 

Some of the stakeholders, particularly from local people and farmer groups, were cautious 

of private sector participation. They believed that the private sector will consider water as a 

commodity for profit-making and not as an essential daily need in people’s lives, and hence 

the private sector will introduce a 'Water Pricing Policy' (GF5) that is so out of reach that 

poor people could not afford to pay the water tariff.  

"… I do not think that the private sector participation is effective. It only puts 

financial burden on citizens …" (P17, Local People). 

The role of other kinds of communities and organizations such as 'Water Users Associations' 

(KC2), 'Teamwork and Community Participation' (KC3) and 'Share Experience and Knowledge 

readily' (KC5) were less emphasised and less mentioned by stakeholders. 

"… It should enhance the teamwork and promote trust between the citizens 

and the Government …" (P21, Manager). 

Stakeholders highlighted many factors that lead to water sustainability. The most important 

factors were: getting access to the share of water that Jordan is entitled to, reducing water 

loss, preventing water overexploitation, implementing different water projects, establishing 

good water management, monitoring water pollution factors, raising the level of awareness 

among citizens and farmers, and using modern technology: 

"… The first matter is getting access to Jordan’s share of water according to 
international agreements, and then reducing the amounts of extraction of 
groundwater (overexploitation) for agricultural purposes using laws and 
regulations for monitoring groundwater, then reducing water wastage and 
improving the efficiency of irrigation. Technology also has a role in water 

sustainability …" (P14, Manager). 
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"… Control pollution factors, including the indiscriminate use of chemicals, 

fertilizers and pesticide in agriculture …" (P15, Expert). 

"… For water sustainability, I suggest promoting agricultural sustainability 
(greening), supporting and developing water harvesting projects and using 

technology …" (P16, Farmer). 

"… Water sustainability needs good management practices to monitor 
successfully sustainability of different water sources; good distribution 

networks and suitable improvements of dams …" (P17, Local People). 

"… Strategic projects, particularly Red Sea – Dead Sea Conveyance, and 

desalination of saline groundwater, and good water management …" (P19, 
Expert). 

"… Community awareness, culture and traditional knowledge, and the 
management at the levels of Government, private sector and educational 

institutions and universities …" (P21, Manager). 

"… Disi, Red Sea – Dead Sea Conveyance and water harvesting projects are 
the answer to water sustainability; sustainability, in turn, raises food 

security …" (P22, Farmer). 

In fact, the stakeholders in the interviews focused on the role of the Government to improve 

the water situation in Jordan either by maximising water supply or minimising water 

demand. They defined 64 factors/actions as variables in their FCMs that are crucial for this 

role. These variables are presented in Appendix F. Most of these variables point to the 

availability of financial support or/and funding from donor countries as well as to the need 

for efficient integrated water management to be carried out by the Government. Integrated 

water management in Jordan is shared by 'Ministry of Water and Irrigation (MWI)' (GA3), 

'Water Authority of Jordan (WAJ)' (GA2) and 'Jordan Valley Authority (JVA)' (GA3). This 

management could include other water related Government and non-Government 

institutions, particularly the private sector, in order to fulfil this role. 

Based on Appendix F, Table 4.10 shows the original variables mentioned in more than half 

the number of stakeholder FCMs. The stakeholders mainly focused on water projects and 

technologies that enhance water resources, which in turn increase the 'Water Supply' (BA1). 

For example, 'Wastewater Treatment Technology' (IA1) was mentioned in all stakeholder 

FCMs as a potential water resource for 'Agricultural and Irrigation Uses' (CA3). The 'Disi 

project' (FB1) was also mentioned in 34 stakeholder FCMs as a fresh water resource for 

'Drinking & Household Uses' (CA2) for about 50 years. As an adequate and long-term water 
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Table 4.10  The most frequently mentioned variables by stakeholders in their FCMs relating to the 
Government in order to alleviate water scarcity in Jordan. Each one of them was 

mentioned in more than half the stakeholder FCMs 
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1. IA1 Wastewater Treatment Technology 35 

2. FB1 Disi Project 34 

3. KC1 Private Sector Participation 33 

4. GF16 Securing Water Rights from Neighbouring Countries 29 

5. FB2 Red Sea – Dead Sea Water Conveyance Project 28 

6. FA1 Water Harvesting Projects /proper dams 26 

7. IB1 Modern Techniques and Devices 26 

8. FA3 Wells, Reservoirs & Pits for Collecting Rain 24 

9. GC1 Periodic and Regular Maintenance of Water Networks 23 

10. GE1 Integrated efforts of Institutions 23 

11. GD5 Improve Municipal Water Networks 21 

12. GF5 Water Pricing Policy 21 

13. IA3 Grey Water Treatment Technology 19 

14. GB1 Laws and By-Laws concerning Water and Water Rights 18 

resource for meeting 'Water Demand' (CA1), the 'Red Sea – Dead Sea Water Conveyance 

Project' (FB2) was named in 28 stakeholder FCMs. In addition, the 'Water Harvesting 

Projects' (FA1) was mentioned 26 times and 'Wells, Reservoirs & Pits for Collecting Rain' 

(FA3) was mentioned 24 times as one of the main avenues for increasing the 'Water Supply' 

(BA1) for different uses.  Finally, 'Securing Water Rights from Neighbouring Countries' (GF16) 

drew the attention of 29 stakeholders for enhancing the water resources.  

To reduce 'Water Demand' (CA1), the stakeholders defined some variables in their FCMs that 

would help the Government to manage 'Water Demand' (CA1). For example, if the 'Water 

Pricing Policy' (GF5) (21 times) is updated according to water use, it will lead to 'Rationalize 

Water Consumption' (KB1), which in turn leads to reduction in 'Water Demand' (CA1). The 

'Modern Techniques and Devices' (IB1) (26 times), 'Periodic and Regular Maintenance of 

Water Networks' (GC1) (23 times), and 'Improve Municipal Water Networks' (GD5) (21 times) 

are variables identified by stakeholders to reduce the 'Water Demand' (CA1) because they 

mitigate 'Technical Losses & Leaking of the Water Networks' (EA1) making possible to 

distribute more of the allocated water. These variables also conserve the available 'Water 

Supply' (BA1) from losses. Another variable mentioned 14 times in stakeholder FCMs, which 

helps in decreasing the severe 'Water Demand' (CA1), is to 'Establish Just and Transparent 

Water Distribution Policy' (GD3). The stakeholders also focused on variables that help sustain 
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and conserve the water resources from assault and overexploitation. To achieve the aim of 

increasing 'Water Supply' (BA1), decreasing water demand, and conserving water resources, 

the stakeholders emphasized that the water should be managed by 'Integrated Efforts of 

Institutions' (GE1) (23 times), through 'Good Management and Institutional Reform' (GE2) 

(11 times) and 'Laws and By-Laws Concerning Water and Water Rights' (GB1) (18 times). 

These characteristics and other significant variables to enhance the water situation in Jordan 

can be better managed through the 'Private Sector Participation' (KC1) as 33 stakeholders 

depicted in their FCMs. 

4.4.4 Condensed FCMs 

In this research, two levels of condensation were used to condense the original variables in 

the stakeholder FCMs into an acceptable number of variables (Buede & Ferrell, 1993a). 

Appendix G shows these variables and the variables resulted from the first level of 

condensation, called key variables, and the variables resulted from the second level of 

condensation, called concepts. The key variables and concepts were selected based on our 

experience and understanding of the problem domain gained mainly from the interviews. In 

each level of condensation, we clustered similar variables that could constitute the same 

category. Then, these categories are the groups of variables at the higher level and similar 

variables are the variables at the lower level.  

Before starting any level of condensation, we refined the FCM to replace the connections 

between variables in the same group with connections between variables in different 

groups. At the first level, the 186 original variables were condensed into 42 key variables; 

and these key variables were condensed into 13 concepts at the second level (see Appendix 

G). Appendix H and Appendix I present the CCM values of the 35 FCMs at the first and 

second levels of condensation, respectively.  

Analysis of the FCMs at the First Level of Condensation; the Level of Key Variables  

As stated before, the 186 original variables in the 35 stakeholder FCMs were condensed into 

42 key variables (see Appendix G). Table 4.11 shows that the 35 condensed FCMs included 

on average 27.89  2.88 S.D. key variables. The difference between maximum and 

minimum numbers of key variables in a single FCM was only 14 key variables. The number of 

connections per FCM varied from 86 to 168 connections with an average of 131.77  24.56 
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S.D. The average density was 0.173  0.029 and its minimum and maximum were 0.132 and 

0.277, respectively. Density of the condensed FCMs has increased from that of the original 

FCMs as more nodes become connected as a result of condensation. 

Table 4.11  Some graph theory indices of the 35 FCMs at the level of key variables 

Measure 
Index 

Average  
Standard Deviation 

Minimum Maximum 

Key Variables 27.89  2.88 19 33 

Connections 131.77  24.56 86 168 

Density 0.173  0.029 0.132 0.277 

Based on Appendix H and the CCM values of FCMs and key variables, Table 4.12 shows the 5 

most important FCMs and their 5 most important key variables. The CCM values of FCMs are 

approximately equivalent with only very slight differences between them.  

Table 4.12  The top 5 important FCMs and their top 5 important variables at the level of key 
variables 
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5. 0.753 Local People 
National 
Funding 

(DA) 

Water 
Situation 

(AA) 

Management 
Reform 
(GE) 

Development 
(HA) 

Management 
of Demand & 

Supply 
(GD) 

1. 0.729 Private Sector 
National 
Funding 

(DA) 

Water 
Situation 

(AA) 

Negative 
Behaviours 

(MD) 

Water Uses 
(Demand) 

(CA) 

Management 
Reform 
(GE) 

16. 0.723 Farmers 
National 
Funding 

(DA) 

Development 
(HA) 

Water Situation 

(AA) 

Water 
Resources 

(BA) 

Management 
Reform 
(GE) 

4. 0.709 Local People 
National 
Funding 

(DA) 

Water 
Situation 

(AA) 

Plans, Programs 
and Solutions 

(GF) 

Management 
Reform 
(GE) 

Negative 
Behaviours 

(MD) 

2. 0.708 Private Sector 
National 
Funding 

(DA) 

Management 
Reform 
(GE) 

Plans, Programs 
and Solutions 

(GF) 

Water 
Situation 

(AA) 

Water Uses 
(Demand) 

(CA) 

Average  S. D. of the CCM values of the 35 FCMs  0.654  0.043 S.D. 

Minimum of the CCM values of the 35 FCMs 0.579 

Maximum of the CCM values of the 35 FCMs 0.753 

As seen from Table 4.12, the most important key variable is 'National Funding' (DA), which 

consists of 'Financial Situation' (DA1) and 'Government Budget' (DA2) variables at the lower 

level. The second most important key variable is 'Water Situation' (AA), which is the same 

variable at the lower level. The third most important key variable is 'Management Reform' 
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(GE), which includes, in addition to a number of other original variables, the following two 

original variables that were very important at the lower level: 'Integrated efforts of 

institutions' (GE1) and 'Good Management and Institutional Reform' (GE2). Based on the 

above, it is observed at the level of the key variables that the importance of original 

variables at the lower level has been reflected by the importance of their key variables at the 

higher level. 

Analysis of the FCMs at the Second Level of Condensation - the Level of Concepts  

At this level, the 42 key variables in the 35 FCMs condensed at the first level were further 

condensed into 13 concepts (see Appendix G). Table 4.13 shows the average, minimum and 

maximum indices of the number of the concepts, connections and density of the 35 FCMs 

resulted from this level of condensation. We can see from the table that all the FCMs 

contained all the concepts. The minimum and maximum number of connections were 45 

and 79 with an average of 63.457 9.153 S.D. The values of these indices at this level were 

much lower than the corresponding values at the levels of the original and key variables.  

This is because the number of concepts in FCMs was much less than the original and key 

variables. On the other hand, the density of FCMs at this level was much higher than the 

corresponding values at the levels of the original and key variables. The reason for this is 

that the connections between any two key variables at the lower level are condensed or 

transferred into connections between concepts at the higher level.    

Table 4.13  Some graph theory indices of the 35 FCMs at the level of concepts 

Measure 
Index 

Average  
Standard Deviation 

Minimum Maximum 

Concepts 13  0 13 13 

Connections 63.457  9.153 45 79 

Density 0.605  0.06 0.461 0.704 

Based on Appendix I, Table 4.14 shows the highest CCM values of FCMs and their concepts. 

It can be seen from Appendix I and Table 4.14 that the CCM values of FCMs were close to 

each other with an average of 0.605 0.061 S.D. The importance of the concept 'Integrated 

Management and Laws' (G), which consists of the group of the original and key variables 

related to the water management, was greater than that of concept 'Economic Situation' (D), 

which contains the group of the original and key variables related to financial situation and 

support. This is because the former concept contained the largest number of original and 
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key variables and their connections, compared to the smaller number that belonged to the 

latter.  

Table 4.14  The top 5 important FCMs and their top 5 important variables at the level of concepts 
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5. 0.704 
Local 

People 

Integrated 
Management and 

Laws 

(G) 

Water Situation 

(A) 

Economic 
Situation 

(D) 

Community 
Participation 

(K) 

Causes of 
Water 

Scarcity 

(M) 

2. 0.702 
Private 
Sector 

Integrated 
Management and 

Laws 

(G) 

Community 
Participation 

(K) 

Economic 
Situation 

(D) 

Water 
Demand 

(C) 

Technology 

(I) 

7. 0.699 Experts 

Integrated 
Management and 

Laws 

(G) 

Water Situation 

(A) 

Economic 
Situation 

(D) 

Causes of 
Water 

Scarcity 

(M) 

Technology 

(I) 

11. 0.674 Managers 

Integrated 
Management and 

Laws 

(G) 

Economic 
Situation 

(D) 

Water 
Situation 

(A) 

Technology 

(I) 

Community 
Participation 

(K) 

13. 0.666 Managers 

Integrated 
Management and 

Laws 

(G) 

Technology 

(I) 

Economic 
Situation 

(D) 

Causes of 
Water 

Scarcity 

(M) 

Water 
Situation 

(A) 

Average  S. D. of the CCM values of the 35 FCMs  0.605 0.061 S.D. 

Minimum of the CCM values of the 35 FCMs 0.461 

Maximum of the CCM values of the 35 FCMs 0.704 

Other concepts such as 'Technology' (I), 'Causes of Water Scarcity' (M) and 'Community 

Participation' (K) were also considered as important. The above concepts have gained high 

importance due to their high ability to influence and change other concepts compared to 

others. For example, if the 'Economic Situation' (D) is improved, the 'Integrated 

Management and Laws' (G) can establish 'Water Projects' (F) and control 'Wastage of Water' 

(E) to improve the 'Water Situation' (A), and hence increase the 'Water Resources' (B) and 

decrease the 'Water Demand' (C). The same could occur if 'Technology' (I) is available or 

'Community Participation' (K), particularly the 'Private Sector Participation' (KC1), is involved. 

The 'Causes of Water Scarcity' (M) has many original and key variables that negatively 

influence the 'Water Situation' (A). 

On the other hand, the importance of 'Water Situation' (A) was a little bit reduced at this 

level because it was influenced by other concepts but it has only a little influence on the 

other concepts. Other concepts such 'Water Resources' (B), 'Water Demand' (C), 'Wastage of 
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Water' (E), 'Water Projects' (F), 'Development and Urbanization' (H), 'Acquired and 

Conventional Knowledge' (J) and 'Consequences of Water Scarcity' (L) were less important 

due to their low influence on other concepts. 

4.4.5 Aggregated FCMs 

To show a summary view of the perceptions of the 5 groups separately, we aggregated the 

FCMs of each group at the levels of the original variables, key variables and concepts. To 

demonstrate the overall consensus view of all groups together, we also obtained, for each 

level, a social FCM that includes the perceptions of all stakeholders. For each aggregation 

process, the credibility weight values of FCMs to be aggregated were obtained according to 

their CCM values. These FCMs were augmented to include all different nodes, and the fuzzy 

subsets used for representing the connection weights were transformed into Base Linguistic 

Term Set (BLTS). Appendix J, Appendix K and Appendix L present the original variables and 

their CCM values, key variables and their CCM values and concepts and their CCM values for 

each group resulted from the aggregation process at the levels of original variables, key 

variables and concepts, respectively. 

Analysis of the Group FCMs 

Table 4.15 below shows some of the graph theory indices and the most important original 

variables in the FCMs of individual groups at the level of original variables. It can be seen 

from the table that the values of these indices for the groups were approximately similar 

with a slight difference. The CCM values of FCMs for all groups were very close to each other 

with an average of 0.791  0.015 S.D. According to CCM values, the FCM of the expert 

group was the most important. The manager group defined the maximum number of 

original variables (108), while the expert group defined the minimum number of original 

variables (90). The farmer group assigned the maximum number of connections (809) 

between their 97 defined variables, while the minimum number of 473 connections was 

between the 95 variables defined by the private sector group. As a result, the maximum 

density (0.087) value was for the FCM of the farmer group and minimum density (0.053) 

value was for the FCM of the private sector group. The 'Financial Situation' (DA1), 'Water 

Situation' (AA1), and 'Integrated efforts of institutions' (GE1) original variables were 

approximately the most important variables in all groups.  
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Table 4.15  Some indices of the group FCMs at the level of the original variables 
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Private 
Sector 

0.794 95 473 0.053 
Financial 
Situation 

(DA1) 

Integrated 
efforts of 

institutions 
(GE1) 

Water 
Demand 

(CA1) 

Quantity of 
Water 

(AA1) 

General 
Development 

(HA1) 

Local 
People 

0.793 93 692 0.081 

Quantity 
of 

Water 

(AA1) 

Sustainability 
of Water 

(AC1) 

Government 
Budget 
(DA2) 

Financial 
Situation 
(DA1) 

Good 
Management &  

Institutional 
Reform 
(GE2) 

Experts 0.814 90 661 0.083 
Financial 
Situation 

(DA1) 

Quantity of 
Water 

(AA1 

Sustainability 
of Water 

(AC1) 

Water 
Demand 

(CA1) 

Water Supply 

(BA1) 

Managers 0.774 108 726 0.063 

Quantity 
of 

Water 

(AA1) 

Government 
Budget 
(DA2) 

Integrated 
efforts of 

institutions 
(GE1) 

Financial 
Situation 
(DA1) 

Modern 
Techniques and 

Devices 

(IB1) 

Farmers 0.782 97 809 0.087 
Financial 
Situation 

(DA1) 

Quantity of 
Water 

(AA1) 

Integrated 
efforts of 

institutions 
(GE1) 

Sustainability 
of Water 

(AC1) 

Farmers’ 
Financial 
Situation 

(DC1) 

Average  S. D. of the CCM values of the 5 group FCMs  0.791  0.015 S.D. 

Minimum of the CCM values of the 5 group FCMs 0.774 

Maximum of the CCM values of the 5 group FCMs 0.814 

 

Table 4.16 shows the above indices at the level of key variables. The average CCM value of 

all group FCMs was 0.668  0.022 S.D. and the CCM values of all group FCMs were very 

close to the average with a small difference (0.06) between the maximum and minimum 

values. At this level, the most important FCM was that of the manager group followed by the 

farmer group. The maximum number of key variables (39) was defined by local people and 

the expert groups, while the private sector group defined the minimum number (35). 

The maximum number of connections (363) was in the FCM of the manager group and the 

minimum number of connections (250) was in the FCM of the private sector group. 

However, the maximum density value (0.283) was for the farmer group FCM. This is because 

the number of key variables defined by the farmer group is less than the number of key 

variables defined by the manager group. Finally, the key variable 'Water Situation' (AA) was 

the most important key variable defined by local people and expert groups and the 

'Negative Behaviours' (MD) was the most important one defined by manager and farmer 

groups, while the private sector group defined 'Water Uses (Demand)' (CA) as the most 

important key variable. 
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Table 4.16 Some indices of the group FCMs at the level of the key variables 
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Private 
Sector 

0.638 35 250 0.210 
Water Uses 
(Demand) 

(CA) 

Development 
(HA) 

Plans, 
Programs and 

Solutions 
(GF) 

Loss of Water 
Networks 

(EA) 

Management 
Reform 
(GE) 

Local 
People 

0.664 39 326 0.220 
Water 

Situation 

(AA) 

National 
Funding 

(DA) 

Management 
Reform 
(GE) 

Sustainability 
of Water 

(AC) 

Water Uses 
(Demand) 

(CA) 

Experts 0.664 39 341 0.230 
Water 

Situation 

(AA) 

Modern 
Technology 

(IB) 

National 
Funding 

(DA) 

Water 
Resources 

(BA) 

Water Uses 
(Demand) 

(CA) 

Managers 0.698 38 363 0.258 
Negative 

Behaviours 

(MD) 

Water 
Situation 

(AA) 

National 
Funding 

(DA) 

Management 
of Demand & 

Supply 
(GD 

Development 
(HA) 

Farmers 0.675 36 357 0.283 
Negative 

Behaviours 

(MD) 

Development 
(HA) 

Management 
Reform 
(GE) 

Water 
Situation 

(AA) 

Water 
Resources 

(BA) 

Average  S. D. of the CCM values of the 5 group FCMs  0.668  0.022 S.D. 

Minimum of the CCM values of the 5 group FCMs 0.638 

Maximum of the CCM values of the 5 group FCMs 0.698 
 

Table 4.17  Some indices of the group FCMs at the level of the concepts 
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Private 
Sector 

0.601 13 89 0.570 
Causes of 

Water Scarcity 

(M) 

Integrated 
Management 

and Laws (G) 

Economic 

Situation (D) Technology (I) 
Water 

Projects 

(F) 

Local 
People 

0.566 13 92 0.590 
Integrated 

Management 

and Laws (G) 

Causes of 
Water Scarcity 

(M) 

Water 

Situation (A) 

Development 
and 

Urbanization 

(H) 

Economic 
Situation 

(D) 

Experts 0.612 13 102 0.654 
Causes of 

Water Scarcity 

(M) 

Development 
and 

Urbanization 

(H) 

Technology (I) 
Water 

Situation (A) 

Water 
Demand 

(C) 

Managers 0.601 13 100 0.641 

Development 
and 

Urbanization 

(H) 

Causes of 
Water Scarcity 

(M) 

Integrated 
Management 

and Laws (G) 

Water 

Situation (A) 

Economic 
Situation 

(D) 

Farmers 0.588 13 100 0.641 

Development 
and 

Urbanization 

(H) 

Causes of 
Water Scarcity 

(M) 

Community 
Participation 

(K) 

Integrated 
Management 

and Laws (G) 

Water 
Resources 

(B) 

Average  S. D. of the CCM values of the 5 group FCMs  0.593 0.018 S.D. 

Minimum of the CCM values of the 5 group FCMs 0.566 

Maximum of the CCM values of the 5 group FCMs 0.612 
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Table 4.17 shows the indices at the level of concepts. At this level, all groups have all 

concepts in their FCMs. The CCM values of FCMs were close to the average 0.593  0.018 

S.D. The highest CCM value (0.612) was for the expert group FCM. The number of 

connections and density values of FCMs were also close to each other. The manager and 

farmer groups defined the 'Development and Urbanization' (H) concept as the most 

important followed by the 'Causes of Water Scarcity' (M). The latter concept was the most 

important in the FCMs of the private sector and expert groups. The most important concept 

in local people group FCM was the 'Integrated Management and Laws' (G) followed by 

'Causes of Water Scarcity' (M). Other important concepts defined by the groups were 

'Economic Situation' (D), 'Water Situation' (A) and 'technology' (I). 

Analysis of the Social FCM 

Three social FCMs were produced by aggregating the FCMs at the levels of variables, key 

variables and concepts. Table 4.18 shows some indices for these social FCMs. At the level of 

variables, social FCM contained 186 variables and 2682 connections; its density value was 

0.078. Regarding the important variables in the social FCM according to their CCM values, 

they were approximately similar to the important variables defined by the individual and 

group FCMs at the same level.  

At the level of key variables, social FCM included 42 key variables and 771 connections, and 

its density value was 0.448, see Table 4.18. As can be seen from the table, the first two 

important key variables 'National Funding' (DA) and 'Water Situation' (AA) kept their 

importance among the top as in individual and group FCMs. On the other hand, the 

'Management of Demand and Supply' (GD), 'Sustainability of Water'  (AC) and 'Loss of Water 

Networks' (EA) key variables took more important places than what they did in individual 

and group FCMs. 

At the level of concepts, social FCM included 13 concepts and 135 connections with a much 

higher density value (0.865) than in the FCMs based on original and key variables. It is 

noticeable here that the important concepts were to some extent different from what they 

were in the individual and group FCMs at the concept level. It can be seen from Table 4.18 

that the 'Wastage of Water' (E) and 'Water Demand' (C) concepts have become more 

important than other concepts.  
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Table 4.18  Some indices of the social FCMs at the levels of the original variables, key variables 
and concepts 
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13 135 0.865 
Wastage of 

Water (E) 
Water Demand 

(C) 
Economic 

Situation (D) 
Water 

Situation (A) 
Water 

Resources (B) 
 

4.4.6 Results 

From the discussion and analysis of the interviews and FCMs, it can be seen that the 

stakeholders in all groups are well aware of the limitation of the available conventional 

water resources in Jordan. Most of them also realize that Jordan has financial constraints to 

develop non-conventional water resources through expensive water projects such as mega 

projects and water treatment. In addition, they know that the water situation would be 

worse under the abnormal inflation of population growth caused by unpredictable number 

of refugees coming to Jordan due unstable political situation in their own countries.  

In their FCMs, the stakeholders defined many similar variables. In the level one and two of 

FCM condensation, there were also similar key variables and the same concepts, 

respectively. The perceptions of the stakeholders in different groups were approximately 

similar to each other. There was a little difference between the CCM values of FCMs, and 

hence the importance of these FCMs was approximately the same. The same could be said 

for the variables, key variables and concepts in FCMs. This indicates that the stakeholders in 
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all groups have good experience and knowledge of the “Water Scarcity Problem in Jordan”. 

They also know which variables are important and how they influence each other to give a 

proper representation of the problem, and hence they depicted their perceptions on that 

basis. Their experience and knowledge may be due to the reality of their existence in that 

they live and suffer daily from the difficulties and pressures from water shortage. 

Consequently, it is understandable that there is consensus in the views of stakeholders 

rather than conflicts. In the next Chapter 5, policy simulations based on the developed FCMs 

are presented for developing effective recommendations for mitigating water scarcity in 

Jordan.  
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Chapter 5 

Policy Scenario Simulations for determining effective solutions for 

Mitigating the Water Scarcity Problem in Jordan and 

Recommendations for Decision Makers 

A Fuzzy Cognitive Map (FCM) is a qualitative system that contains the overall perceptions of 

an individual, group or the combined social groups. As it contains cause and effect 

relationships among all or most factors affecting a situation, it can be interrogated or 

simulated to understand the system behaviour and steer it towards more favourable states 

than the inadequate present state. Specifically, it can be simulated under current or any 

other conditions to ascertain the final state the system will reach, for example the steady 

state. The steady state represents the results (outcome) of FCM simulations. This Chapter 

first presents the simulation approach proposed for the FCM model. Then it uses this 

approach to simulate FCMs developed in the thesis case study- "Mitigating the Water 

Scarcity Problem in Jordan". Firstly, policy simulations are carried out based on groups and 

social group FCMs at the level of concepts for the present (default) conditions. Then and 

based on the analysis of the outcomes of these simulations, new policy scenario simulations 

for improved outcomes are implemented. This is followed by analysing the results of these 

scenario simulations. Based on the most desirable scenarios, the most appropriate and 

effective concepts are selected to conduct further investigations into the corresponding 

lower levels - levels of original variables and key variables. The aim of this investigation 

process is to select, firstly the appropriate key variables and then the original variables that 

strongly influence the problem from the point of views of stakeholders. Finally, based on the 

analysis of the simulations and investigations into the desirable policies and variables and 

further deliberations, this research proposes some effective practical recommendations that 

could mitigate the water crisis in Jordan.  

In presenting the achievement of the stated goal, this Chapter is divided into five sections. 

Section 1 presents the architecture of the simulation process. This process consists of two 

simulation phases. Section 2 presents the first phase of the simulation process. The aim of 

this phase is to find the outcomes of FCMs (equilibrium state) for the present conditions of 
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the system according to stakeholder perceptions and then analyse these outcomes for 

generating a set of policy scenarios for simulation. Section 3 presents the second phase - 

implementation of suggested policy scenarios to determine the changes brought about in 

the system from carrying out these scenarios. This section also discusses and analyses the 

results thus obtained from the scenario simulations in search of the most desirable 

outcomes, and then presents an investigation at the level of key variables and original 

variables to explore how they contribute to these outcomes. Section 4 introduces four 

recommendations that could help decision makers in mitigating the water problem in 

Jordan. Finally, Section 5 summarises the Chapter.  

5.1  The Simulation Process 

Figure 5.1 shows the structure of the two phases of the simulation process. As seen from the 

figure, each of the phases uses Auto-associative Artificial Neural Networks (AANN) to 

simulate the system starting from the initial state of nodes (inputs) in a number of iterations 

until a steady state is reached. The first phase involves simulation with the current values of 

nodes (original variables, key variables or concepts) as initial states representing the default 

or status quo as perceived by the stakeholders while the second phase uses some selected 

inputs fixed at modified levels as initial states representing new proposed policy scenarios. 

Each phase of the simulations is followed by an analysis of its results. The outcome of the 

first phase shows the final state reached by the system (status quo system response) based 

on the current state of nodes and connection strengths as perceived by the FCM developer 

(stakeholder). The outcome of the second phase shows the new configuration reached by 

the system as a result of altered initial states (policies) introduced by this research while 

keeping connection strengths perceived by the stakeholders as in phase one. These are 

system responses from simulating the proposed policy scenario. Comparison between the 

results of the two phases indicates the effectiveness of the analysed policy over the original 

(default or status quo) policy. Based on these results, the investigation process at the levels 

of key variables and original variables takes place along with a discussion and analysis of 

results of this process. This leads finally to useful recommendations at the original variable 

level, proposed as the final outcome of the simulation (Figure 5.1).  
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Figure 5.1 The architecture of the simulation process used in the proposed FCM model 

Two phase simulations and analysis of corresponding results can be implemented at the 

level of the stakeholder FCMs, group FCMs or social FCM either before or after FCM 

condensation. In this research, the simulation and analysis are based on the group and social 

FCMs at the second level of condensation- level of concepts. The simulation procedure was 

discussed in Chapter 2 in 'FCM Inference' Section. Once the FCM is developed and the state 

vector (initial state or policy scenario) of concepts is introduced, the system runs as an AANN 

until it reaches a steady state where value or state of concepts do not change with further 

iterations. The state of concepts takes values in the range [0, 1], where 0 means no 

importance is given to the concept and 1 means it is given a high importance. In each 

simulation iteration, a new state of the concepts in the form of the state vector of concepts 

is calculated using Equation 5.1. Figure 5.2 shows the graphical representation of this 

calculation, taking into account that a neuron in AANN represents a concept in a group or 

social FCM.  
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where 1t

iA is the state of concept ic at time 1t , N is the number of concepts, t

jA is the 

state of concept
jc at time t , ijw is the strength of connection from concept

ic to concept

jc , and f is a nonlinear threshold function that forces the neuron activation depicting 

the new state of the concept 
ic  to take a value within the bounds of 0 and 1. 

 

Figure 5.2  A graphical representation of calculating the new state value of the concept 

Based on Equation 5.1 and Figure 5.2, each neuron/concept receives inputs from other 

concepts. These Inputs represent the current state of concepts. Each input is weighted by its 

connection strength (weight) and the weighted inputs from all concepts are summed. This 

sum is standardized between 0 and 1 using the logistic function )1/(1)( xexf  , 

where x is the weighted sum of inputs, to produce the output of an iteration.  This process 

is repeated until the outputs reach steady states. These outputs represent the new state of 

the concepts (system). The following two sections analyse, respectively, the status quo FCM 

outcomes and the outcomes from different policy scenarios arising from group FCMs and 

social FCM simulations in this case study.  

5.2 Analysis of the Outcomes of the Group FCMs and social FCM: First Phase 
of Simulation 

The first step of each phase of simulation is to define the initial state of concepts. As stated 

in Chapter 4, the FCMs of the social and five stakeholder groups include the same concepts. 

Table 5.1 shows these concepts and their initial state as at present. This initial state is 

represented by linguistic terms and suggested by the researcher based on the information 

obtained from documents, annual reports and various other sources on the water situation 
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in Jordan. Most of these are reported on the web sites of the Ministry of Water and 

Irrigation (www.mwi.gov.jo), Department of Statistics (www.dos.gov.jo) and Ministry of 

Environment (www.moenv.gov.jo) in Jordan. The information was also 

supported/corroborated by the data obtained from the interviews conducted with the 

stakeholders in Jordan, particularly the managers and experts.  

Table 5.1  The initial state of concepts 

Number Concept Name (Code) 
Initial State 
(Linguistic) 

Initial State 
 [0, 1] 

1. Water Situation (A) Low 0.33 

2. Water Supply (B) Low 0.33 

3. Water Demand (C) Very Very High 1 

4. Economic Situation(D) Low 0.33 

5. Wastage of Water (E) High 0.67 

6. Water Projects (F) Medium 0.5 

7. Integrated Management and Laws (G) High 0.67 

8. Development and Urbanization (H) Very High 0.83 

9. Technology (I) High 0.67 

10. Acquired and Conventional Knowledge (J) Medium 0.5 

11. Community Participation (K) Medium 0.5 

12. Consequences of Water Scarcity (L) Very High 0.83 

13. Causes of Water Scarcity (M) Very High 0.83 

The linguistic terms of the initial state of concepts were transformed into  numeric values 

using the 2-tuple model, and then converted into values in the range [0, 1]. Column 4 in 

Table 5.1 shows the results of the conversion process. Based on this initial state and 

connection weights in the FCMs, phase one of the simulation uses AANN and Equation 5.1 to 

find the outcome of the group and social systems. Table 5.2 shows the outcomes of these 

systems where all of them reached a steady state after 11-13 iterations. Every steady state 

represents the outcomes of the simulation based on the current (status quo or default) 

policy option and indicates where it leads the system according to the interactions within 

the systems. This steady state reflects the state the "Water Scarcity Problem in Jordan" will 

reach under the current policy option, from the point of view of different stakeholder groups 

and the combined social group. Figure 5.3 shows an example simulation run demonstrating 

how state values of concepts starting from initial values reach final steady states in 11 

iterations.    

 

http://www.mwi.gov.jo/
http://www.dos.gov.jo/
http://www.moenv.gov.jo/
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Table 5.2  The outcomes of the group FCMs and social FCM resulting from the phase one of the 
simulation process 
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Water Situation (A) 0.33 0.76358 0.74055 0.70122 0.71942 0.79109 0.73541 

Water Supply (B) 0.33 0.62727 0.59777 0.58966 0.63737 0.77180 0.63287 

Water Demand (C) 1 0.38584 0.38805 0.43274 0.43293 0.24892 0.38433 

Economic Situation(D) 0.33 0.53168 0.43023 0.57039 0.48820 0.66749 0.52704 

Wastage of Water (E) 0.67 0.20077 0.27547 0.26147 0.24264 0.22446 0.24137 

Water Projects (F) 0.5 0.72963 0.81460 0.73681 0.72278 0.82613 0.76875 

Integrated Management and Laws (G) 0.67 0.77190 0.76380 0.74408 0.76414 0.84921 0.77253 

Development and Urbanization (H) 0.83 0.76961 0.65038 0.77164 0.77986 0.91346 0.77415 

Technology (I) 0.67 0.84876 0.71195 0.74416 0.66697 0.78469 0.75635 

Acquired and Conventional Knowledge (J) 0.5 0.71195 0.60281 0.60836 0.65190 0.68192 0.64361 

Community Participation (K) 0.5 0.83931 0.65623 0.68654 0.72335 0.83577 0.73857 

Consequences of Water Scarcity (L) 0.83 0.23441 0.25524 0.33766 0.32247 0.16084 0.26903 

Causes of Water Scarcity (M) 0.83 0.27707 0.25836 0.32870 0.29855 0.11966 0.26519 

No of iterations  11 11 11 12 13 11 

 

 

Figure 5.3  Simulation of the private sector FCM system based on the current policy option 

Based on the opinions of the stakeholders and as stated in Chapter 4, two well-known ways 

to overcome or mitigate the water scarcity in Jordan are through increasing the water supply 

and decreasing the water demand. The stakeholders in the case study have expressed this in 

their developed FCMs: that 'Water Situation' (A) can be improved mainly through enhancing 

'Water Resources' (B) and reducing 'Water Demand' (C). From now on, these concepts are 

considered as the main or target concepts. Other concepts influence either positively or 

negatively the state of these concepts. Therefore, the analysis of the results of the two 

phases of the simulation process will focus on the most important concepts that change the 

state of the above target concepts. 
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According to the steady states in Table 5.2, under the current policy, the simulation of the 

system as perceived by different stakeholder groups and the social system ends up with a 

reasonably high state value (between 0.71 to 0.79) for 'Water Situation' (A). Additionally, the 

final state values of other concepts in these systems were reasonably close. Ranking the 

concepts according to their state values in the steady state reflects their influences on other 

concepts, i.e. the higher the state value is, the higher the influence (Ozesmi & Ozesmi, 2004). 

In the private sector system, the highest state value was for 'Technology' (I) followed by 

'Community Participation' (K) and then 'Integrated Management and Laws' (G). This means 

that these concepts can change the system more than other concepts from the point of view 

of the private sector group. Typically, these concepts influence positively the state of 'Water 

Situation' (A) and 'Water Resources' (B) and negatively the state of 'Water Demand' (C). As a 

result, we can conclude that the main suggestions from the private sector group were 

towards increasing investment in modern technology and promoting greater community 

participation with the Government as well as developing and improving effective water 

management strategies and laws. 

In addition to 'Integrated Management and Laws' (G) and 'Technology' (I), the local people 

group highlighted 'Water Projects' (F) as the most influential in the system that could 

overcome the water scarcity in Jordan. The establishment of different water projects would 

increase water resources, which in turn improves the water situation. On the other hand, 

the experts, managers, farmers and the social system demonstrated that 'Development and 

Urbanization' (H) concept was the most influential in their systems. This concept influences 

negatively on water situation and resources. These systems recommended that controlling 

and organizing the development and urbanization activities, especially agricultural 

development and expansion of construction, contribute significantly to the enhancement of 

the water situation by reducing water demand and conserving water resources. 

Consequently, the analysis of the outcomes of group FCMs and social FCM determines 

'Water Projects' (F), 'Integrated Management and Laws' (G), 'Development and Urbanization' 

(H), 'Technology' (I) and 'Community Participation' (K) as the most influential concepts that 

can contribute to " mitigating the Water Scarcity Problem in Jordan". In fact, these concepts 

were found to be the most important ones according to their CCM values in each group and 

social FCMs. Therefore, these concepts could be useful in testing policy scenario simulations; 

for example, raising one or more of them to a high value (i.e., 1) and keeping at that level 



 
 

157 

throughout the simulation to ascertain where the system will reach with respect to the 

selected target nodes (‘Water Situation’ (A), ‘Water Resources’ (B) and ‘Water Demand’ (C)). 

However, there are two challenges. First, the concepts are a result of high level of 

condensation and include many key and original variables defined by stakeholders. 

Therefore, it is necessary to investigate at the lower levels to determine which 

corresponding key and original variables are the most appropriate and effective in the 

system. Second, some of these investigated key and original variables could be inappropriate 

or at least difficult to change their states. To overcome these challenges, the researcher 

introduces pragmatic policy scenarios that could be applied in light of practical possibilities. 

Next section discusses and analyses these scenarios. 

5.3 Targeted Policy Scenario Simulations - Second Phase of Simulation 

Due to high degree of agreement between the perceptions of the groups and high level of 

similarity between the outcomes of their systems, the social FCM well represents consensus 

opinion in this case study. Thus, the implementation of the policy scenario simulations will 

be made based on this social FCM. The results of every policy scenario simulation are 

analysed after implementing two steps. First, simulate the system based on the social FCM 

and the target policy scenario and keep it running until the system reaches steady state. The 

second step is to find the differences between the states of concepts in this steady state and 

the corresponding steady state values from social FCM simulation under status quo or 

current policy. These differences show where the states of concepts have moved from the 

status quo as a result of the targeted policy.  

5.3.1 Policy Scenario One: Improvements in the establishment of Water Projects 

In all policy simulations, one of the most effective concepts selected as described previously 

is elevated to a higher level and this policy scenario is simulated on the social FCM to 

determine what happens to the states of the other concepts, especially the states of the 

target concepts.  

The first implemented scenario involves Improvements to the establishment of Water 

Projects denoted by 'Water Projects’ (F) in the system. To see what happens to "Water 

scarcity problem in Jordan" if water projects are improved and increased in number, the 

state of 'Water Projects' (F) was elevated to a high level of 1 and kept fixed (clamped) at this 
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level for the entire simulation. After 11 iterations, the system reached a steady state. The 

differences between two steady states were calculated and depicted in Figure 5.4. As can be 

seen from this figure, having highly improved 'Water Projects' improves 'Water Situation', 

'Water Resources' and 'Development and Urbanization' and reduces 'Water Demand', 

'Consequences of Water Scarcity' and to some extent 'Causes of Water Scarcity'. The major 

challenge for implementing this scenario is the decline to the 'Economic Situation'. 

Therefore, this scenario could be appropriate if the 'Economic Situation' is improved 

through, for example, donors, loans, etc. 

 

Figure 5.4  The impact on the target and other concepts in the social FCM under the new policy 
scenario involving a high level of improvements to 'Water Projects' (F) (results shown 
are the difference between the steady state for concepts under the targeted or new 

policy and status quo (default) current policy). The concept F was clamped at the level 
of 1.0 throughout the simulation and the system reached steady state in 11 iterations. 

5.3.2 Policy Scenario Two: the Adoption of Integrated Management and Activation 
of Laws  

To implement this scenario, the state of 'Integrated Management and Laws' concept (G) was 

clamped at a high value of 1. Figure 5.5 shows the results of this scenario. It appears to be an 

effective policy overall as it improves 'Water Situation' (A), 'Water Resources' (B), 'Economic 

Situation' (D), 'Water Projects' (F), 'Development and Urbanization' (H), 'Technology' (I), 

'Acquired and Conventional Knowledge' (J) and 'Community Participation' (K) and decreases 

'Water Demand' (C), 'Wastage of Water' (E), 'Consequences of Water Scarcity' (L) and 

'Causes of Water Scarcity' (M). 
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Figure 5.5  The impact on the target and other concepts in the social FCM under the new policy 
scenario involving a high level of 'Integrated Management and Laws' (G) (results 

shown are the difference between the steady state for concepts under the new policy 
and status quo (default) current policy. The concept G was clamped at the level of 1.0 

throughout the simulation and the system reached steady state in 10 iterations 

5.3.3 Policy Scenario Three: Restrictions and Limitations to Development and 
Urbanization 

 

Figure 5.6  The impact on the target and other concepts in the social FCM under the new policy 
scenario involving a very low level of 'Development and Urbanization' (H) (results 

shown are the difference between the steady state for concepts under the new policy 
and status quo (default) current policy. The concept H was clamped at the level of 0 

throughout the simulation and the system reached steady state in 11 iterations 

This scenario was carried out by clamping 'Development and Urbanization' (H) at a low value 

(0). The results of this scenario are depicted in Figure 5.6. Although this scenario increases 

'Water Situation' (A) mainly by reducing 'Water Demand' (C), it also causes a decline in 

'Economic Situation' (D). It also reduces - implementation of 'Water Projects' (F) and 

'Integrated Management and Laws' (G), employment of 'Technology' (I) and 'Community 

Participation' (K). However, development and urbanization are essential aspects in any 

country. They support its status, stability and economy and even its survival. Therefore, this 

scenario is impractical and inappropriate. 
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5.3.4 Policy Scenario Four: Investment in Modern Technology  

This scenario is assessed by clamping 'Technology' concept (I) at a high level of 1. The results 

of this scenario were obtained after 10 iterations of running the system under this condition. 

Figure 5.7 shows the final results – the changes of concept states from status quo. As seen 

from the figure, this scenario can make a noticeable change to all other concept states. The 

advantages of this scenario over the scenario of high level of 'Water Projects' are: it 

increases the efficiency of the 'Integrated Management' (G) and 'Community Participation' 

(K), and decreases the 'Wastage of Water' (E). However, both scenarios have the 

disadvantage of causing a decline in the 'Economic Situation' (D). 

 

Figure 5.7  The impact on the target and other concepts in the social FCM under the new policy 
scenario involving a very high level of 'Technology' (I) (results shown are the difference 
between the steady state for concepts under the new policy and status quo (default) 

current policy. The concept (I) was clamped at the level of 1.0 throughout the 
simulation and the system reached steady state in 10 iterations  

5.3.5 Policy Scenario Five: Promote and Strengthen Community Participation  

In the examination of this scenario, 'Community Participation' (K) is fixed at a high level of 1 

throughout the system simulation. Under this condition, the system reaches a steady state 

after 10 iterations. The differences between the steady states of concepts for this policy and 

status quo were calculated to ascertain the effect of this scenario (see Figure 5.8). The 

results are approximately similar to those in the Scenario Two – high level of 'Integrated 

Management and Laws' (G). As shown in Figure 5.8, increase in 'Community Participation' (K) 

decreases 'Water Demand' (C), 'Wastage of Water' (E), 'Consequences of Water Scarcity' (L), 

and 'Causes of Water Scarcity' (M) in Jordan and increases the effect on other concepts, 

especially the 'Water Situation' (A) and 'Integrated Management and Laws' (G). 
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Figure 5.8  The impact on the target and other concepts in the social FCM under the new policy 
scenario involving a very high level of 'Community Participation' (K) (results shown are 
the difference between the steady state for concepts under the new policy and status 
quo (default) current policy. The concept K was clamped at the level of 1.0 throughout 

the simulation and the system reached steady state in 10 iterations 

5.3.6 The Conclusion of the Policy Scenario Simulations 

From the analysis of the above scenarios, we can conclude that all scenarios could mitigate 

the "Water Scarcity Problem in Jordan" through enhancing water situation and resources 

and reducing water demand and wastage to varying degrees. However, some of them reveal 

two challenges to their adoption; one might be resolved but the other cannot be, so not all 

policies are implementable. Specifically, the first challenge, as revealed by the first and 

fourth scenarios ('Water Projects' (F) and 'Technology' (I), respectively), is the need for 

adequate funding to make these scenarios practical. This might be resolved by external and 

internal funding through, for example, donors, loans and private sector involvement. The 

second challenge, as revealed by the third scenario, requires reduction to 'Development and 

Urbanization' (H) in Jordan, which makes this option inappropriate.  

To see how much this second challenge influences the system, two policy scenarios were 

implemented. The first scenario integrates all five scenarios above and the second scenario 

excludes the third scenario from the total. Figure 5.9 and Figure 5.10 show results for the 

first and second cases, respectively. Although the first scenario caused a significant increase 

in water situation and decrease in water demand, the second scenario is more convincing. 

This is because the second scenario did not cause a significant decline in the 'Economic 

Situation' (D) (in fact there is a marginal increase) and it further caused a greater reduction 

in the 'Wastage of Water' (E) along with the additional benefit of increased 'Development 

and Urbanization' (H).  
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Figure 5.9  Change of concept steady states due to integration of five policy scenarios into one 
scenario, (9 iterations to reach steady state) 

 

Figure 5.10  Change of concept steady states due to integration of all but scenario 3 'Development 
and Urbanization' (H)  into one scenario, (7 iterations to reach steady state) 

Consequently, the third scenario - reducing the 'Development and Urbanization' (H) in 

Jordan is an inappropriate option and it would not be considered as a potential solution or 

recommendation for "Mitigating the Water Scarcity Problem in Jordan". On the other hand, 

the other scenarios would be acceptable and could generate useful recommendations.  

Overall analysis of the four acceptable scenarios indicate that they approximately share 

similar attributes in that all of them negatively influence 'Wastage of Water' (E), 

'Consequences of Water Scarcity' (L) and 'Causes of Water Scarcity' (M) and positively 

influence 'Development and Urbanization' (H) and 'Acquired and Conventional Knowledge' 

(J). The four scenarios compete in improving 'Water Situation' (A) and 'Water Resources' (B), 

and reducing 'Water Demand' (C) as well as in the degree of their effect on the 'Economic 

Situation' (D).  
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However, these scenarios so far are not appropriate for developing practical and 

implementable recommendations as they relate to concepts that are at a high-level of 

condensation of original variables. Therefore, there is a need to investigate at the sub 

category levels of the concepts (i.e., levels of key variables and original variables) in order to 

translate the effective policies obtained at the concept level into practical recommendations 

relating to the original variables or perceptions of stakeholders. Next Section develops some 

insightful criteria for an investigation process to determine appropriate and effective key 

and original variables at these sub category levels. 

5.3.7 Investigation of the Four Acceptable Scenarios at Sub Category Levels of 
Concepts 

The aim of this investigation is to rank the key and original variables in the sub category 

levels of concepts according to their "Appropriateness".  To assess the "Appropriateness" of 

a key or original variable compared to others at the same level and belonging to the same 

concept, this research proposes the following key criteria: Importance, Feasibility and 

Influence. Table 5.3 presents these criteria. These criteria are assessed as percentages and 

could be weighted before combining to calculate the overall rank of a key or original 

variable.  

Table 5.3   The three criteria to assess the "Appropriateness" of a key or original variable 

Criterion Sub Criteria Description 

1. Importance 

A. Credibility weight 
Assesses the importance of a key or original variable 
based on its CCM value 

B. Number of times 
mentioned 

Assesses the importance of a key or original variable 
based on the number of times it is mentioned in the 
stakeholder FCMs 

2. Feasibility 
A. Influence on 

Economic Situation  

Assesses the degree of acceptance of a key or original 
variable on the basis of its impact on reducing negative 
effects on economic situation 

3. Influence 

A. Influence on Water 
Situation  

Assesses the influence of an original or key on the basis 
of its impact on improving water situation 

B. Influence on Water 
Resources  

Assesses the influence of a key or original variable on 
the basis of its impact on increasing water resources 

C. Influence on Water 
Demand  

Assesses the influence of a key or original variable on 
the basis of its impact on decreasing water demand 

 

To assess the Importance criterion of a key or original variable, two sub criteria are adopted: 

its credibility weight and how many times it is mentioned in the FCMs (Ozesmi & Ozesmi, 

2004). The Feasibility and Influence criteria of a key or original variable are assessed by 



 
 

164 

simulating a new policy scenario in which the key or original variable is clamped at a high 

level in the social FCM based on key or original variables. As a result, the changes to the 

states of the key or original variables that belong to 'Economic Situation' (D) concept assess 

the Feasibility criterion, and the changes to the states of the key or original variables that 

belong to target concepts of - 'Water Situation' (A), 'Water Resources' (B) and 'Water 

Demand' (C)- assess the Influence criterion. These criteria are expressed as percentages. 

The Calculation of the Appropriateness of a Key or Original Variable 

This involves, at first, the calculation of the percentage value for each criterion as described 

above. Then, 0.25, 0.25, and 0.5 prioritization weights are used to prioritize the Importance, 

Feasibility and Influence, respectively. The largest prioritization value is given to the 

Influence criterion because it includes sub criteria that consider the key solutions to 

"Mitigating the Water Scarcity Problem in Jordan". The prioritization value of the Feasibility 

criterion depends on the economic situation, i.e. the higher the concern for the economic 

situation the higher the prioritization value of the Feasibility criterion. After deciding on the 

prioritization of the criteria, they are combined and then normalized to a percentage value 

representing "Appropriateness" of all key or original variables.  

The Importance criterion of a key or original variable is calculated by the average of the 

normalized percentage value of its two components - credibility weight and number of times 

it is mentioned in FCMs. The Feasibility and Influence criteria of a key or original variable are 

calculated based on the results of the policy scenario simulation, in which the state value of 

this key or original variable is fixed at a high value (1) during all the iterations. Before this 

policy scenario simulation, the status quo steady state of the system (i.e., social FCM at the 

level of key or original variables) is obtained based on an initial state representing the 

current situation.  Then, the differences between the state values of key or original variables 

of two steady states are calculated.  

For Feasibility criterion, we consider the differences between the state values of key or 

original variables that belong to 'Economic Situation' (D) concept, which are: 'National 

Funding' (DA) at the level of key variables and 'Financial Situation and Income' (DA1) and 

'Government Budget' (DA2) at the level of original variables. Figure 5.11 illustrates the 

configuration of sub-levels of 'Economic Situation' (D). These differences are standardized 

and then converted to percentage values. It is worth mentioning here that the Feasibility 
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criterion will take the negative of the resulting percentage values because it assesses the 

reduction of negative impacts on 'Economic Situation' (D). The Feasibility value is calculated 

by taking the average of these standardized percentage values.  

 

Figure 5.11  The configuration of sub levels of 'Economic Situation' (D) concept 

 

 

Figure 5.12  Graphs A, B and C depicting the configurations of sub levels of 'Water Situation' (A), 
'Water Resources' (B) and 'Water Demand' (C) concepts, respectively 

For Influence criterion, we consider the changes to the state values of key or original 

variables that belong to target concepts of ‘Water Situation’ (A), ‘Water Resources’ (B) and 

‘Water Demand’ (C) as illustrated in Figure 5.12 in sub Graphs A, B and C, respectively. These 

changes are standardized and then converted to percentage values. Then, the Influence 

criterion of a key or original variable is calculated by taking the average of these 

standardized percentage values.  
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Investigation at the Sub Levels of 'Water Projects' (F) Concept 

 

 

Figure 5.13  The configuration of sub levels of 'Water Projects' (F) concept 

Figure 5.13 shows the configuration of the sub-levels of 'Water Projects' (F) concept. It 

consists of 4 key variables at the level of key variables, and a total of 13 original variables at 

the level of original variables. First, the investigation is made on the level of key variables to 

rank these key variables according to their "Appropriateness". Table 5.4 shows the key 

variables of 'Water Projects' (F) concept and the percentage values of criteria and sub 

criteria for each key variable.  

Table 5.4  The "Appropriateness" values of key variables belonging to 'Water Projects' (F) 
concept 
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1. Water and Rain 
Harvesting 
Projects (FA) 

(0.0173, 
28%) 

(33, 
36%) 

32% 
(-0.0114, 

17% 
-17% 

(0.0152, 
24%) 

(0.0145, 
35%) 

(-0.0076, 
24%) 

28% 35.7% 

2. Strategic Water 
Projects (FB) 
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Figure 5.14  Changes to steady state values of AA, AB, AC, BA, CA and DA key variables of target 
concepts A, B, C and D (see Figures 5.11 and 5.12) resulting from four scenarios of 

clamping FA, FB, FC and FD key variables of 'Water Projects' concept at a high level 

Figure 5.14 illustrates the changes of states of key variables that are required to assess the 

Feasibility and Influence criteria. Last column of Table 5.4 shows the "Appropriateness" 

percentage values of key variables (the weighted sum of the three criteria), and Figure 5.15 

shows the graphical representation of these "Appropriateness" values.  

 

Figure 5.15  The "Appropriateness" of key variables of 'Water Project' concept 

Based on Table 5.4 and according to "Appropriateness" values of key variables, 'Water and 

Rain Harvesting Projects' (FA) key variable ranked the highest of all in this concept. It has 

high Importance and Influence values as well as a reasonably small negative Feasibility value. 

Although 'Strategic Water Projects' (FB) key variable has the highest values for the 

Importance and Influence criteria, it was ranked second. This is due to its large negative 

Feasibility value compared to the corresponding value for the other key variables. This 

means that it is comparatively much more detrimental to the 'Economic Situation' (D). 
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The third rank was for 'Water Storage Methods' (FD) key variable. The Importance and 

Influence values of this key variable are reasonable and the Feasibility negative value is very 

small. 'Develop the Water Resources' (FC) key variable occupied the last rank. Not only the 

Feasibility negative value of this key variable is a slightly large, but also its Importance and 

Influence values are small. 

From the above results and discussion, the harvesting and strategic water projects are 

suitable choices to help solve the water problem in Jordan. The water storage methods 

could also help, while the water revenue from developing water resources are not 

convincing compared to its cost, and hence this option is inappropriate and it will be ignored 

from the investigations at the level of original variables.  

Table 5.5  The "Appropriateness" percentage values of original variables belonging to 'Water and 
Rain Harvesting Projects' and 'Water Strategic Projects' key variables 
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Water and Rain Harvesting Projects (FA) 
1. Water Harvesting 

Projects (FA1) 
(0.1783, 

41%) 
(26, 
40%) 

40.5% 
(-0.0181, 

55%) 
-55% 

(0.0184, 
39%) 

(0.0212, 
51.5%) 

(-0.0023, 
7%) 

32% 25% 

2. Proper Dams 
(FA2) 

(0.1191, 
28%) 

(14, 
21%) 

24.5% 
(-0.0138, 

42%) 
-42% 

(0.0132, 
28%) 

(0.0133, 
32%) 

 

(-0.0080, 
23%) 

28% 19% 

3. Wells, Reservoirs  
& Pits (FA3) 

(0.0856, 
20%) 

(24, 
36%) 

28% 
(-0.0008, 

2%) 
-2% 

(0.0109, 
23%) 

(0.0048, 
11.5%) 

(-0.0237, 
69.5%) 

35% 48% 

4. Water Network 
for Collecting 
Rains (FA4) 

(0.0483, 
11%) 

(2, 3%) 7% 
(-0.0004, 

1%) 
-1% 

(0.0048, 
10%) 

(0.0020, 
5%) 

(-0.0001, 
0.5%) 

5% 8% 

Total   100%  100%    100% 100% 

Water Strategic Projects (FB) 

1. Disi Project (FB1) 
(0.3548, 

50%) 
(34, 
55%) 

52.5% 
(-0.0387, 

51%) 
-51% 

(0.0301, 
45.5%) 

(0.0131, 
45.5%) 

(-0.0158, 
46.5%) 

46% 47% 

2. Red Sea-Dead Sea 
Water 

Conveyance 
Project (FB2) 

(0.3596, 
50%) 

(28, 
45%) 

47.5% 
(-0.0372 

49%) 
-49% 

(0.0363, 
54.5%) 

(0.0156, 
54.5%) 

(-0.0182, 
53.5%) 

54% 53% 

Total   100%  100%    100% 100% 

Now, for each acceptable key variable, the "Appropriateness" values of its original variables 

are to be calculated. As 'Water Storage Methods' (FD) key variable has only one original 

variable ('Ground and Surface Reservoirs and Wells' (FD1)), there is no need to calculate its 

"Appropriateness" value. Table 5.5 presents the percentage values of criteria and 
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"Appropriateness" of original variables belonging to 'Water and Rain Harvesting Projects' 

(FA) and 'Water Strategic Projects' (FB) key variables. Figure 5.16 illustrates the influences of 

scenario simulations of clamping the original variables of 'Water and Rain Harvesting 

Projects' key variable at a high level (1) on the target original variables that are required to 

assess the Feasibility and Influence criteria. 

 

Figure 5.16  Changes to steady state values of target original variables (in A,B,C,D) resulting from 
four scenarios of clamping FA1, FA2, FA3 and FA4 variables at a high level (1) 

As can be seen from Table 5.5 and concerning the original variables of 'Water and Rain 

Harvesting Projects' (FA) key variable, the highest "Appropriateness" value is given to 'Wells, 

Reservoirs & Pits' (FA3) original variable. This is due to its large Importance and Influence 

values, as well as due to its small negative Feasibility value. The stakeholders intended by 

this original variable that the Government should build proper wells, reservoirs and pits in 

different areas in Jordan to store rainwater. The 'Water Harvesting Projects' (FA1) original 

variable occupied the second rank. This original variable means constructing any project, 

without specification, to store water. Its Importance and Influence values are very large, but 

its negative Feasibility value is also very large. 'Proper Dams' (FA2) original variable came in 

the third position and it is approximately similar to 'Water Harvesting Projects' (FA1) original 

variable in terms of criteria and "Appropriateness" values. Although the negative Feasibility 

value of 'Water Network for Collecting Rains' (FA4) is very low, its "Appropriateness" value is 

also low because of its lower Importance and Influence values.  

Concerning the original variables of 'Water Strategic Projects' (FB) key variable, there is a 

slight difference between the "Appropriateness" values of 'Disi Project' (FB1) and 'Red Sea-

Dead Sea Water Conveyance Project' (FB2) original variables. The negative Feasibility value of 

'Disi Project' original variable is larger than that for 'Red Sea-Dead Sea Water Conveyance 
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Project' original variable, although the cost of operation of the latter is much more than the 

former. This is because although stakeholders believed that the revenue from the latter will 

be much more than that of the former in the long term, they believed that 'Disi Project' is 

more realistic than 'Red Sea-Dead Sea Water Conveyance Project', and hence the former was 

mentioned more than the latter in the stakeholder FCMs.  

Based on the stated investigations, the construction of water projects plays an important 

role in solving the water problem in Jordan. Although some projects such as strategic 

projects cause large negative impacts on the economic situation, they have a large positive 

influence on water situation. The Disi and Red Sea-Dead Sea Water Conveyance strategic 

projects highly improve the water situation and resources and reduce water demand. Other 

water projects, such as water and rain harvesting projects, could also improve the water 

situation and resources and reduce water demand but not to the same extent as strategic 

projects. However, their impact on the economic situation is much less than that of the 

strategic projects. From these harvesting projects, drilling suitable wells and pits as well as 

constructing reservoirs to collect and store rainwater are very useful. Constructing proper 

dams also could help. Finally, using water storage methods, such as small wells and tanks in 

homes and farms to store water from municipal water networks and rainwater could help a 

little bit, particularly in reducing the water demand. 

Investigation into Sub Levels of 'Integrated Management and Laws' (G) Concept 

The 'Integrated Management and Laws' (G) concept includes 43 original variables at the 

level of original variables, which have been grouped into 6 key variables at the level of key 

variables. Figure 5.17 shows the make-up of this concept. Figure 5.18 illustrates the 

influences of scenario simulations of clamping these key variables at a high level on the key 

variables belonging to 'Water Situation' (A), 'Water Resources' (B), 'Water Demand' (C) and 

'Economic Situation' (D) concepts. The interesting thing here is that some of the key 

variables positively influence the key variables belonging to 'Economic Situation' concept, 

making their Feasibility values positive.   
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Figure 5.17  The configuration of sub levels of 'Integrated Management and Laws' (G) concept 

 

 

Figure 5.18  Changes to the steady state values of key variables AA, AB, AC, BA, CA and DA in the 
three target concepts resulting from six scenarios of clamping GA, GB, GC, GD, GE and 
GF key variables belonging to 'Integrated Management and Laws' (G) at a high level 

(1) 

Table 5.6 shows the criteria and "Appropriateness" percentage values of key variables of 

'Integrated Management and Laws' concept. Figure 5.19 shows the graphical representation 

of the "Appropriateness" values. According to the "Appropriateness" values, the highest 

value is 30.1% and it went for 'Management Reform' (GE) key variable. This key variable 

possesses the highest value for all three criteria of Importance, Feasibility and Influence. 
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ranked second and third, respectively. All three stated key variables have a large positive 

influence on the key variables belonging to 'Economic Situation' (D). These key variables will 

be considered in the investigation at the level of variables. The rest of the key variables of 

'Integrated Management and Laws' concept got small "Appropriateness" values and 

therefore will not be considered in the following investigation.  

Table 5.6  The "Appropriateness" values of key variables belonging to 'Integrated Management 
and Laws' (G) concept 
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1. Authorities responsible 
for Integrated 
Management (GA) 

(0.0131, 
7%) 

(10, 
6%) 

6.5% 
(0.0078, 

12%) 
12% 

(0.0214, 
12%) 

(0.0125, 
15.5%) 

(-0.0102, 
12%) 

13% 12.2% 

2. Legislations, Laws & 
Regulations (GB) 

(0.0168, 
9%) 

(35, 
21%) 

15% 
(0.0130, 

21%) 
21% 

(0.0461, 
26%) 

(0.0213, 
26%) 

(-0.0195, 
23%) 

25% 23.6% 

3. Maintenance (GC) 
(0.0391, 

21%) 
(22, 
13%) 

17% 
(-0.0077, 

12%) 
 

-12% 
(0.0087, 

5%) 
(0.0022, 

3%) 
(-0.0076, 

9%) 
6% 4.7% 

4. Management of 
Demand & Supply (GD) 

(0.0525, 
28%) 

(34, 
20%) 

24% 
(-0.0038, 

6%) 
-6% 

(0.0161, 
9%) 

(0.0072, 
9%) 

(-0.0139, 
16%) 

11% 11.0% 

5. Management Reform 
(GE) 

(0.0240, 
13%) 

(33, 
20%) 

16.5% 
(0.0202, 

31%) 
31% 

(0.0583, 
32%) 

 

(0.0280, 
34.5%) 

(-0.0234, 
28%) 

31% 30.1% 

6. Plans, Programs and 
Solutions (GF) 

(0.0422, 
22%) 

(31, 
20%) 

21% 
(0.0111, 

18%) 
 

18% 
(0.0295, 

16%) 
 

(0.0098, 
12%) 

(-0.0104, 
12%) 

14% 18.4% 

Total    100%  100%    100% 100% 

 

 

Figure 5.19  The "Appropriateness" of key variables of 'Integrated Management and Laws' (G) 
concept 
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Table 5.7  The "Appropriateness" value of original variables belonging to 'Management Reform', 
'Legislations, Laws and Regulations' and 'Plans, Programs and Solutions' key variables 
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Management Reform (GE) 
1. Integrated efforts of 

institutions (GE1) 

(0.0048,  
19.4%) 

(18, 
36.7%) 

28.0% (0.0024, 
35.9%) 

35.9% (0.0094, 
40.5%) 

(0.0059, 
29.1%) 

(-0.0031, 
66.1%) 

45.2% 38.6% 

2. Good Management &  
Institutional Reform (GE2) 

(0.0056, 
22.6%) 

(7, 
14.3%) 

18.5% (0.0013, 
20.4%) 

20.4% (0.0023, 
9.7%) 

(0.0030, 
14.8%) 

(-0.0008, 
15.8%) 

13.4% 16.4% 

3. Proper Water System 
(GE3) 

(0.0033, 
13.4%) 

(5, 
10.2%) 

11.8% (0.0005, 
7.5%) 

7.5% ((0.0007, 
2.8%) 

(0.0003, 
1.4%) 

(0.0000, 
0%) 

1.4% 5.5% 

4. Skilled Human & Labour 
Resources (GE4) 

(0.0033, 
13.4) 

(6, 
12.2%) 

12.8% (0.0011, 
16.8%) 

16.8% (0.0023, 
9.7%) 

(0.0022, 
10.6%) 

(-0.0007, 
15.5%) 

11.9% 13.4% 

5. Improve Competency in 
the Water Sector (GE5) 

(0.0031, 
12.7%) 

(1, 
2.0%) 

7.4% (0.0002, 
3.5%) 

3.5% (0.0007, 
2.9%) 

(0.0037, 
18.2%) 

(0.0000, 
0%) 

7.0% 6.2% 

6. Stable Policies (GE6) (0.0046, 
18.6%) 

(12, 
24.5%) 

21.5% (0.0010, 
16%) 

16.0% (0.0080, 
34.4%) 

(0.0053, 
26%) 

(-0.0001, 
2.6%) 

21.0% 19.9% 

'Legislations, Laws & Regulations' (GB) 
1. Laws and By-Laws 

concerning Water and 
Water Rights (GB1) 

(0.0102, 
25.7%) 

(22, 
52.4%) 

39.1% (0.0094, 
36.1%) 

36.1% (0.0361, 
60%) 

(0.0150, 
37.8%) 

(-0.0106, 
39%) 

42.6% 40.1% 

2. Enforcement of 
Regulations & Laws (GB2) 

(0.0072, 
18.3%) 

(11, 
26.2%) 

22.2% (0.0121, 
46.1%) 

46.8% (0.0189, 
26.5%) 

(0.0118, 
29.8%) 

(-0.0080, 
29.4%) 

28.6% 31.5% 

3. Fines and Penalties (GB3) (0.0055, 
13.9%) 

(2, 
4.8%) 

9.3% (0.0022, 
8.6%) 

8.6% (0.0034, 
4.7%) 

(0.0022, 
5.6%) 

(-0.0023, 
8.4%) 

6.2% 7.6% 

4. New and Effective 
Legislations and Powerful 
Policies (GB4) 

(0.0031, 
7.8%) 

(2, 
4.8%) 

6.3% (0.0013, 
5%) 

5.0% (0.0026, 
3.6%) 

(0.0019, 
4.8%) 

(-0.0008, 
2.8%) 

3.7% 4.7% 

5. Land Use Laws (GB5) (0.0084, 
21.2%) 

(3, 
7.1%) 

14.1% (0.0006, 
2.4%) 

2.4% (0.0067, 
9.4%) 

(0.0074, 
18.7%) 

(-0.0028, 
10.3%) 

12.8% 10.5% 

6. Control, Monitor and 
Protect water Resources 
and Equipment (GB6) 

(0.0052, 
13.1%) 

(2, 
4.8%) 

8.9% (0.0003, 
1.1%) 

1.1% (0.0034, 
4.8%) 

(0.0013, 
3.3%) 

(-0.0027, 
10.1%) 

6.1% 5.5% 

'Plans, Programs and Solutions' (GF) 
1. Strategic,  Well Prepared 

Contingency Plans (GF1) 

(0.0030, 
6.4%) 

(2, 
1.9%) 

4.2% (0.0002, 
5%) 

0.5% (0.0019, 
3.6% ) 

(0.0001, 
1.0%) 

(-0.0026, 
15.3%) 

6.6% 5.4% 

2. Awareness & Educational 
Programs for Citizens & 
Farmers (GF2) 

(0.0066, 
14.5%) 

(7, 
6.8%) 

10.6% (0.0001, 
0.1%) 

0.1% (0.0015, 
2.8%) 

(0.0002, 
1.3%) 

(-0.0023, 
13.5%) 

5.9% 6.8% 

3. Advertising Campaigns & 
Training Workshops(GF3) 

(0.0039, 
8.4%) 

(2, 
1.9%) 

5.2% (0.0000, 
0.1%) 

0.1% (0.0003, 
0.5%) 

(0.0000, 
0.3%) 

(-0.0008, 
5%) 

1.9% 2.8% 

4. Short, Medium and Long-
Term Solutions (GF4) 

(0.0032, 
7.1%) 

(1, 
1.0%) 

4.0% (0.0015, 
3%) 

3.0% (0.0031, 
5.9%) 

(0.0001, 
0.7%) 

(0.0000, 
0.3%) 

2.3% 3.5% 

5. Water Pricing Policy (GF5) (0.0071, 
15.5%) 

(21, 
20.4%) 

17.9% (0.0220. 
44.4%) 

44.4% (0.0053, 
10.3%) 

(0.0011, 
9.6%) 

(-0.0038, 
22.4%) 

14.1% 27.4% 

6. Good Ideas (GF6) (0.0028, 
6.2%) 

(1, 
1.0%) 

3.6% (0.0000, 
0.1%) 

0.1% (0.0003, 
0.5%) 

(0.0000, 
0.1%) 

(-0.0001, 
0.8%) 

0.5% 1.4% 

7. Seek new Water 
Resources (GF7) 

(0.0072, 
15.8%) 

(16, 
15.5%) 

15.6% (-0.0128, 
25.9%) 

-
25.9% 

(0.0171, 
33.0%) 

(0.0065, 
55.4%) 

(-0.0010, 
5.6%) 

31.3% 15.9% 

8. Procurement &  Collection 
of Debts (GF8) 

(0.0024, 
5.2%) 

(2, 
1.9%) 

3.6% (0.0021, 
4.3%) 

4.3% (0.0001, 
0.2%) 

(0.0001, 
0.7%) 

(-0.0001, 
0.5%) 

0.5% 2.7% 

9. Retrenchment (GF9) (0.0029, 
6.3%) 

(2, 
1.9%) 

4.1% (0.0016, 
3.2%) 

3.2% (0.0001, 
0.2%) 

(0.0001, 
0.6%) 

(-0.0001, 
0.4%)  

0.4% 2.4% 

10. Promote Trust of Citizens 
& Farmers in Officials 
(GF10) 

(0.0001, 
0.3%) 

(5, 
4.9%) 

2.6% (0.0020, 
4%) 

4.0% (0.0017, 
3.3%) 

(0.0003, 
2.3%) 

(-0.0006, 
3.6%)  

3.1% 3.9% 

11. Exporting & Marketing 
Agricultural Production 
(GF11) 

(0.0002, 
0.4%) 

(4, 
3.9%) 

2.1% (0.0058, 
11.6%) 

11.6% (0.0003, 
0.5%) 

(0.0003, 
2.4%) 

(-0.0002, 
1.0%) 

1.3% 4.9% 

12. Farmer Support (GF12) (0.0002, 
0.5%) 

(5, 
4.9%) 

2.7% (0.0006, 
1.3%) 

1.3% (0.0001, 
0.2%) 

(0.0001, 
1.1%) 

(-0.0009, 
5.1%) 

2.1% 2.5% 

13. Incentive and Reward 
Systems (GF13) 

(0.0000, 
0%) 

(2, 
1.9%) 

1.0% (0.0006, 
1.2%) 

1.2% (0.0001, 
0.2%) 

(0.0000, 
0.2%) 

(-0.0001, 
0.7%) 

0.3% 0.9% 

14. Establishing an Institute  
(GF14) 

(0.0000, 
0%) 

(1, 
1.0%) 

0.5% (0.0000, 
0%) 

0.0% (0.0000, 
0.1%) 

(0.0000, 
0.3%) 

(0.0000, 
0.1%) 

0.1% 0.2% 

15. Building Codes (GF 15) (0.0000, 
0.1%) 

(3, 
2.9%) 

1.5% (0.0001, 
0.1%) 

0.1% (0.0008, 
1.6%) 

(0.0001, 
0.7%) 

(-0.0017, 
10%) 

4.1% 2.9% 

16. Securing Water Rights 
from Neighbouring 
Countries (GF16) 

(0.0061, 
13.3%) 

(29, 
28.2%) 

20.7% (0.0002, 
0.3%) 

0.3% (0.0194, 
37.3%) 

(0.0027, 
23.3%) 

(-0.0027, 
16%) 

25.5% 21.8% 
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Table 5.7 shows the percentage values of criteria and "Appropriateness" of original variables 

belonging to key variables of 'Management Reform' (GE), 'Legislations, Laws & Regulations' 

(GB) and 'Plans, Programs and Solutions' (GF). Of all the original variables in the 

'Management Reform' (GE) key variable, 'Integrated efforts of institutions' (GE1) original 

variable received the largest values for all criteria with 38.6% "Appropriateness", which 

ranked it the most influential of all variables of the 'Management Reform' (GE) key variable 

and a very appropriate variable to reform the management. This variable means that the 

efforts of the management of all water-related institutions should be integrated to address 

the water problem in Jordan. The second rank was occupied by 'Stable Policies' (GE6) original 

variable with 19.9% "Appropriateness". The stakeholders meant by this variable that the 

plans, policies, etc. that have been developed for water management should not change 

with the change of the management officials. 'Good Management & Institutional Reform' 

(GE2) and 'Skilled Human & Labour Resources' (GE4) original variables were also important 

variables to reform water management. Their "Appropriateness" values were 16.4% and 

13.4%, respectively. All four stated original variables positively influence the economic 

situation and they help make improvements in water situation and resources and reduction 

in water demand.   

Regarding the appropriateness of the original variables belonging to 'Legislations, Laws & 

Regulations' (GB) key variable, 'Laws and By-Laws concerning Water and Water Rights' (GB1) 

and 'Enforcement of Regulations & Laws' (GB2) were the most appropriate ones. These 

original variables are concerned with improvement and enforcement of laws, by-laws and 

regulations to prevent illegal use of water and assaults on water resources. They are also 

concerned with the establishment of practices of fair water distribution and allocation 

between users. The enforcement of deterrent laws and regulations could not only enhance 

water resources and water situation and reduce water demand but also have a positive 

impact on the economic situation. 

From the original variables of 'Plans, Programs and Solutions' (GF) Key variable, 'Water 

Pricing Policy' (GF5) and 'Securing Water Rights from Neighbouring Countries' (GF16) 

occupied the first and second ranks, respectively. 'Water Pricing Policy' means that the 

management should update water tariff based on use. This means that the more the use of 

water, the more the rise on water tariff. This prevents overuse of water. This variable has a 

significant influence on increasing the economic situation and decreasing water demand. 
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'Securing Water Rights from Neighbouring Countries' (GF16) means that the water 

management authorities and Government should strive to secure Jordan’s water rights with 

Israel and Syria, that have been agreed upon by treaties.  This variable makes a significant 

increase in the water situation and resources and also a reasonable decrease in water 

demand. Although 'Seek new Water Resources' (GF7) original variable has a strong influence  

on increasing the 'Water Situation' (A) and 'Water Resources' (B) concepts, it leads to a 

significant decline in the 'Economic Situation' (D) concept. Therefore, its "Appropriateness" 

value was smaller than the other two stated variables. The "Appropriateness" values of the 

rest of the original variables are very small and thus they could not be considered as 

appropriate variables for effectively solving the water problem. 

Investigation into Sub Levels of 'Technology' (I) Concept 

 

Figure 5.20 Configuration of sub levels of 'Technology' (I) concept 

The key and original variables at the sub levels of 'Technology' (I) concept are illustrated in 

Figure 5.20. There are 3 key variables and 16 original variables. Three scenario simulations of 

clamping the key variables at a high level (1) were implemented to see their influences on 

the change in the steady states of key variables belonging to 'Water Situation' (A), 'Water 

Resources' (B), 'Water Demand' (C) and 'Economic Situation' (D) concepts and to use these 

influences in assessing the Importance, Feasibility and Influence criteria. Figure 5.21 shows 

these changes.  
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Figure 5.21 Changes in the steady state values of AA, AB, AC, BA, CA and DA key variables 
resulting from three scenario simulations of clamping IA, IB and IC key variables of 

‘Technology’ concept (I) at a high level (1) 

The values of the criteria and "Appropriateness" of key variables belonging to 'Technology' 

concept are illustrated in Table 5.8 and the graphical representation of the 

"Appropriateness" values is depicted in Figure 5.22. As can be seen from these Table and 

Figure, the 'Modern Technology' (IB) key variable possessed the highest "Appropriateness" 

value (46.4%) followed by 'Water Re-Use Technology' (IA) (34.6%) and then 'Research & IT' 

(IC) (19.0%) key variables. 'Water Re-Use Technology' key variable has the highest 

Importance and Influence values, but also has the largest negative Feasibility value. On the 

other hand, 'Modern Technology' and 'Research & IT' key variables have a smaller negative 

Feasibility value and the former has the largest Importance value. All three key variables are 

worth investigating at the level of their original variables. 

Table 5.8  The "Appropriateness" values of key variables belonging to 'Technology' (I) concept 
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1. Water Re-Use 
Technology (IA) 

(0.0250, 
37%) 

(35, 
43.2%) 

40.1% (-0.0324, 
67.4%) 

-67.4% (0.0208, 
39.2%)  

(0.0182, 
49.5%)  

(-0.0196, 
56.0%) 

48.2% 34.6% 

2. Modern 
Technology (IB) 

(0.0336, 
49.8%) 

(32, 
39.5%) 

44.6% (-0.0105, 
21.8%) 

-21.8% (0.0206, 
38.7%) 

(0.0124, 
33.6%)  

(-0.0115, 
32.8%) 

35.0% 46.4% 

3. Research & IT (IC) 
(0.0089, 
13.2%)  

(14, 
17.3%) 

15.3% (-0.0052, 
10.8%) 

-10.8% (0.0118, 
22.1%)  

(0.0063, 
16.9%)  

(-0.0039, 
11.2%)  

16.8% 19.0% 

Total   100%  100%    100% 100% 
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Figure 5.22 The "Appropriateness" of key variables of 'Technology' (I) concept 

Table 5.9 presents the results of the investigation process at the original variable level. As 

can be seen from this Table, of all the original variables of 'Water Re-Use Technology' (IA) 

key variable, 'Wastewater Treatment Technology' (IA1) original variable occupied the first 

rank. Its "Appropriateness" value was 43.2%. This variable is concerned with treating  

wastewater using appropriate technology and then re-using it, particularly for agricultural 

and industrial uses. This variable has a high credibility weight and was mentioned by all 

stakeholders in their FCMs. It has a very large Influence value because it causes a huge 

reduction in water demand and a significant increase in water situation and water resources. 

However, its negative Feasibility value was high because such technology is expensive. The 

"Appropriateness" values for other original variables were 10.6%, 20.3% and 25.9% and went 

to 'Brackish Water Treatment Technology' (IA2), 'Grey Water Treatment Technology' (IA3) 

and 'Desalination Technology' (IA4), respectively. The 'Grey Water Treatment Technology' 

and 'Desalination Technology' have large credibility weights, while the latter has a larger 

Influence value.  

From the seven original variables of 'Modern Technology' key variable, 'Modern Techniques 

and Devices' (IB1) and 'Nuclear Energy Technology' (IB4) are appropriate. The former 

received a high "Appropriateness" value of 45.3%. This is because of its high Importance and 

Influence values. These values were modest for the latter but its Feasibility has a large 

positive value. This variable could be very useful to generate electricity needed for water 

treatment technologies. The stakeholders considered this variable would yield financial 

benefits in the long run. However, benefits of 'Nuclear Energy Technology' come at a high 

risk of nuclear accidents. 
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Table 5.9  The "Appropriateness" values of original variables belonging to 'Water Re-Use 
Technology', 'Modern Technology’ and ' Research & IT'  key variables 
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Water Re-Use Technology (IA) 
1. Wastewater 

Treatment 
Technology (IA1) 

(0.0068, 
28.4%) 

(35, 
46.7%) 

37.5% (-0.0245, 
31.9%) 

-31.9% 
(0.0149, 
37.4%) 

(0.0138, 
36.4%) 

(-0.0312, 
81.6%) 

51.8% 43.2% 

2. Brackish Water 
Treatment 
Technology (IA2) 

(0.0043, 
17.8%) 

(5, 
6.7%) 

12.2% 
(-0.0079, 
10.3%) 

-10.3% 
(0.0019, 

4.7%) 
(0.0064, 
17.0%) 

(-0.0032, 
8.3%) 

10.0% 10.6% 

3. Grey Water 
Treatment 
Technology (IA3) 

(0.0068, 
28.3%) 

(19, 
25.3%) 

26.8% (-0.0188, 
24.5%) 

-24.5% 
(0.0115, 
29.0%) 

(0.0059, 
15.6%) 

(0.0000, 
0%) 

14.9% 20.3% 

4. Desalination 
Technology (IA4) 

(0.0062, 
25.6%) 

(16, 
21.3%) 

23.5% 
(-0.0255, 
33.3%) 

-33.3% 
(0.0115, 
28.9%) 

(0.0118, 
31.0%) 

(-0.0039, 
10.1%) 

23.3% 25.9% 

Total   100%  100%    100% 100% 

Modern Technology (IB) 
1. Modern 

Techniques and 
Devices (IB1) 

(0.0072, 
24.7%) 

(31, 
68.9%) 

46.8% 
(-0.0168, 
74.0%) 

-74.0% 
(0.0178, 
86.9%) 

(0.0090, 
75.2%) 

(-0.0101, 
87.5%) 

83.2% 45.3% 

2. Rationalize 
Consumption 
Devices (IB2) 

(0.0028, 
9.7%) 

(1, 
2.2%) 

5.9% 
(0.0000, 

0.1%) -0.1% 

(0.0000, 
0.2%) 

(0.0000, 
0.0%) 

(0.0000, 
0.0%) 

0.1% 5.0% 

3. Dual Networks 
Technology (IB3) 

(0.0026, 
8.9%) 

(1, 
2.2%) 

5.6% 
(0.0001, 

0.4%) 0.4% 

(0.0000, 
0.2%) 

(0.0001, 
0.8%) 

(0.0000, 
0.2%) 

0.3% 2.9% 

4. Nuclear Energy 
Technology (IB4) 

(0.0040, 
13.7%) 

(3, 
6.7%) 

10.2% 
(0.0060, 
26.6%) 26.6% 

(0.0023, 
11.3%) 

(0.0026, 
22.1%) 

(-0.0012, 
10.4%) 

14.6% 28.0% 

5. New Electricity 
Generation 
Techniques (IB5) 

(0.0060, 
20.8%) 

(7, 
15.6%) 

18.2% 
(0.0010, 

4.3%) -4.3% 

(0.0001, 
0.5%) 

(0.0000, 
0.2%) 

(-0.0003, 
2.5%) 

1.1% 7.4% 

6. Remote Sensor 
Devices (IB6) 

(0.0034, 
11.9%) 

(1, 
2.2%) 

7.1% 
(-0.0008, 

3.6%) 3.6% 

(0.0001, 
0.4%) 

(0.0000, 
0.3%) 

(0.0000, 
0.1%) 

0.2% 3.6% 

7. SCADA System 
(IB7) 

(0.0030, 
10.3%) 

(1, 
2.2%) 

6.3% 
(0.0000, 

0.1) -0.1% 

(0.0001, 
0.5%) 

(0.0002, 
1.4%) 

(0.0000, 
0.1%) 

0.6% 7.8% 

Total   100%  100%    100% 100% 

Research & IT (IC) 
1. Scientific Research 

(IC1) 
(0.0042, 
33.4%) 

66.7%) 50.1% 
(-0.0026, 
81.7%) 

-81.7% 
(0.0063, 
70.7%) 

(0.0051, 
75.6%) 

(0.0020, 
83.3%) 

76.5% 55.8% 

2. Database Systems 
(IC2) 

(0.0031, 
25.2%) 

13.3%) 19.3% 
(-0.0003, 

9.1%) 
-9.1% 

(0.0018, 
20.8%) 

(0.0016, 
23.8%) 

(0.0003, 
13.3%) 

19.3% 22.4% 

3. Genetic 
Engineering in 
Agriculture (IC3) 

(0.0000, 
0.1%) 

6.7%) 3.4% 
(0.0002, 

6.7%) 
6.7% 

(0.0000, 
0.0%) 

(0.0000, 
0.2%) 

(0.0000, 
0.7%) 

0.3% 4.9% 

4. Documentation 
and Reports (IC4) 

(0.0021, 
16.9%) 

6.7%) 11.8% 
(0.0000, 

0.2%) 
0.2% 

(0.0000, 
0.1%) 

(0.0000, 
0.0%) 

(0.0000, 
1.6%) 

0.6% 6.0% 

5. Laboratory Testing 
of Water (IC5) 

(0.0030, 
24.4%) 

6.7%) 15.5% 
(0.0001, 

2.6%) 
2.6% 

(0.0008, 
8.5%) 

(0.0001, 
1.1%) 

(0.0000,  
-1.0%) 

2.8% 10.9% 

Total   100%  100%    100% 100% 

For 'Research & IT' key variable, the only appropriate original variables were 'Scientific 

Research' (IC1) and 'Database Systems' (IC2). The 'Scientific Research' occupied the first rank 

with 55.8% "Appropriateness" value. The stakeholders considered water research to be very 



 
 

179 

useful and could help in finding solutions to the water problem, for example agricultural 

research that could save water in irrigation. The "Appropriateness" value of 'Database 

Systems' was 22.4%. A shared database system could help understand the state of the water 

situation, resources, demand, supply, allocations, distribution and precipitation etc. This in 

turn can help decision makers know what decisions should be taken, especially urgent 

decisions. 

Investigation into Sub Levels of 'Community Participation' (K) Concept 

 

Figure 5.23 The configuration of sub levels of 'Community Participation' (K) concept 

The 3 key variables and 23 original variables of 'Community Participation' (K) concept are 

illustrated in Figure 5.23. Figure 5.24 shows the graphical representation of the change of 

the steady states of key variables belonging to 'Water Situation' (A), 'Water Resources' (B), 

'Water Demand' (C) and 'Economic Situation' (D) concepts resulted from 3 scenario 

simulations of clamping the key variables of 'Community Participation' (K) concept at a high 

level (1). Table 5.10 demonstrates the results of Importance, Feasibility and Influence criteria 

and "Appropriateness" of the 3 key variables of the 'Community Participation' (K) concept.  
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Figure 5.24 The "Appropriateness" of key variables of 'Community Participation' (K) concept 

Based on Table 5.10 and Figure 5.24, the most appropriate key variable of 'Community 

Participation' concept is the 'Non-Government Institutions Role' (KC). Its "Appropriateness" 

value was 49.2%. The Influence criterion value of this key variable (63.7%) is very large 

compared to others. This is mainly due to its large influence on improving the 'Water 

Situation' and 'Water Resources'. Its Importance criterion value was also the largest. On the 

other hand, its positive Feasibility value was less than half that of the 'Farmer Role' (KA) key 

variable, which occupied the next rank in "Appropriateness" (35%). The reason for the high  

positive Feasibility value of the 'Farmer Role' (KA) is that farmers are the largest consumers 

of water at a very low cost, and therefore any savings of water by these farmers can be 

redistributed to other uses at high prices. Therefore, the 'Farmer Role' key variable is 

important, especially in reducing the 'Water Demand'.  

Table 5.10  The "Appropriateness" value of key variables belonging to 'Community Participation' 
(K) concept 
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1. Farmer Role (KA) 
(0.0188, 
30.2%) 

(34, 
35.8%) 

33.0% 
(0.0111, 
62.7%) 

62.7% 
(0.0069, 
14.6%) 

(0.0024, 
11.0%) 

(-0.0233, 
40.9%) 

22.2% 35.0% 

2. Citizen Role (KB) 
(0.0173, 
27.7%) 

(27, 
28.4%) 

28.1% 
(0.0012, 

6.7%) 
6.7% 

(0.0061, 
12.9%) 

(0.0023, 
35.0%) 

(-0.0107, 
18.8%) 

14.1% 15.8% 

3. Non-Government 
Institutions Role 
(KC) 

(0.0262, 
42.1%) 

(34, 
35.8%) 

39.0% 
(0.0054, 

30.6) 
30.6% 

(0.0343, 
72.4%) 

(0.0171, 
78.3%) 

(-0.0230, 
40.3%) 

63.7% 49.2% 

Total   100%  100%    100% 100% 

Finally, the "Appropriateness" value of the 'Citizen Role' (KB) key variable was much smaller 

at 15.8%. Although it was mentioned by most stakeholders in their FCMs, the aggregate 
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perception points to a reduced 'Citizen Role' in mitigating the water problem. This is 

corroborated by the present researcher’s observation that the stakeholders showed only a 

limited interest in this by saying that the citizens could rationalize a little bit their water 

consumption and adapt to the limited availability of water. Accordingly, this key variable will 

be excluded from the investigations at the level of original variables.    

The investigations at the level of original variables were made for 9 and 6 original variables 

belonging to 'Farmer Role' and 'Non-Government Institutions Role' (KC) key variables, 

respectively, to ascertain the most appropriate original variables. Table 5.11 presents these 

original variables and their criteria and "Appropriateness" values. Regarding 'Farmer Role' 

key variable, the only significant appropriate original variables are 'Strategic Shift in 

Agriculture' (KA1) and 'Improve Irrigation Systems' (KA2). The former occupied the first rank 

with 42.1% "Appropriateness" value. This variable means transferring from crops of high 

water consumption and low revenue to crops of low water consumption and high revenue. 

This shift leads to a high improvement in economic situation and a decrease in the water 

demand. Accordingly, its positive Feasibility value was very high and Influence value was 

high. The 'Improve Irrigation Systems' original variable means using new and effective 

methods and technologies for irrigation such as drip irrigation technologies. The Importance 

criterion value of this variable was high due to most stakeholders mentioning it in their 

FCMs. They believed that this variable is very practical and easy to implement.  

Of all original variables in the 'Non-Government Institutions Role' (KC) key variable, the most 

appropriate original variable was 'Private Sector Participation' (KC1) with "Appropriateness" 

value of 45.3%. It has a huge influence on increasing water situation and resources and 

decreasing water demand. In addition, this variable was stated in 33 of the 35 stakeholder 

FCMs. The stakeholders meant by this variable that the Government should share water 

management with the private sector, such as water companies. The reasons for this are the 

effectiveness of the private sector in organising and managing water issues and problems 

better than the Government and its ability to make difficult and urgent decisions quickly. 
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Table 5.11  The "Appropriateness" value of original variables belonging to 'Farmer Role', and 'Non-
Government Institutions' key variables 
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Farmer Role (KA) 

1. Strategic Shift in 
Agriculture (KA1) 

(0.0104, 
23.4%) 

(25, 
32.1%) 

27.7% 
(0.0147, 
66.7%) 

66.7% 
(0.0055, 
37.0%) 

(0.0017, 
31.2%) 

(-0.0363, 
43.0%) 

37.1% 42.1% 

2. Improve Irrigation 
Systems (KA2) 

(0.0066, 
14.9%) 

(34, 
43.6%) 

29.2% 
(0.0021, 

9.6%) 
9.6% 

(0.0043, 
28.9%) 

(0.0009, 
16.7%) 

(-0.0279, 
33.1%) 

26.2% 22.8% 

3. Choose Appropriate 
Periods for Irrigation 
(KA3) 

(0.0025, 
5.7%) 

(2, 
2.6%) 

4.1% 
(0.0001, 

0.4%) 
0.4% 

(0.0005, 
3.3%) 

(0.0002, 
3.2%) 

(-0.0040, 
4.8%) 

3.8% 3.0% 

4. Planting Restricted 
Crops (KA4) 

(0.0041, 
9.3%) 

(2, 
2.6%) 

5.9% 
(0.0035, 
15.7%) 

15.7% 
(0.0010, 

6.7%) 
(0.0002, 

3.2%) 
(-0.0037, 

4.4%) 
4.7% 7.8% 

5. Improve Farm Water 
Networks (KA5) 

(0.0032, 
7.2%) 

(4, 
5.1%) 

6.2% 
(0.0003, 

1.4%) 
1.4% 

(0.0005, 
3.5%) 

(0.0001, 
1.4%) 

(-0.0014, 
1.7%) 

2.2% 3.0% 

6. Adapt and Cope with 
available Water (KA6) 

(0.0038, 
8.6%) 

(1, 
1.3%) 

4.9% 
(0.0001, 

0.3%) 
0.3% 

(0.0003, 
2.1%) 

(0.0000, 
0.8%) 

(-0.0017, 
2.0%) 

1.6% 2.1% 

7. Use Greenhouses 
(KA7) 

(0.0046, 
10.3%) 

(8, 
10.3%) 

10.3% 
(0.0012, 

5.4%) 
5.4% 

(0.0014, 
9.2%) 

(0.0004, 
7.3%) 

(-0.0093, 
11.0%) 

9.2% 8.5% 

8. Cooperation with the 
Government (KA8) 

(0.0043, 
9.8%) 

(1, 
1.3%) 

5.5% 
(0.0001, 

0.3%) 
0.3% 

(0.0003, 
1.8%) 

(0.0002, 
4.2%) 

(-0.0001, 
0.1%) 

2.0% 2.5% 

9. Caring for the Water 
Resources (KA9) 

(0.0048, 
10.8%) 

(1, 
1.3%) 

6.1% 
(0.0001, 

0.3%) 
0.3% 

(0.0011, 
7.6%) 

(0.0017, 
32.1%) 

(0.0000, 
0.0%) 

13.2% 8.2% 

Total   100%  100%    100% 100% 

Non-Government Institutions Role (KC) 

1. Private Sector 
Participation (KB1) 

(0.0082, 
24.9%) 

(33, 
61.1%) 

43.0% 
(0.0002, 

3.8%) 
3.8% 

(0.0231, 
69.2%) 

(0.0114, 
66.7%) 

(-0.0149, 
53.1%) 

63.0% 45.3% 

2. Water Users 
Associations (KB2) 

(0.0035
10.6%), 

(9, 
16.7%) 

13.6% 
(0.0010, 
21.9%) 

21.9% 
(0.0027, 

8.1%) 
(0.0026, 
15.5%) 

(-0.0075, 
26.8%) 

16.8% 5.0% 

3. Teamwork and 
Community 
Participation (KB3) 

(0.0037, 
11.3%) 

(2, 
3.7%) 

7.5% 
(0.0003, 

6.4%) 
6.4% 

(0.0009, 
2.6%) 

(0.0003, 
2.0%) 

(-0.0013, 
4.7%) 

3.1% 2.9% 

4. Regional and 
International 
Cooperation (KB4) 

(0.0044, 
13.3%) 

(3, 
5.6%) 

9.4% 
(0.0022, 
48.0%) 

48.0% 
(0.0014, 

4.1%) 
(0.0004, 

2.4%) 
(-0.0003, 

1.0%) 
2.5% 28.0% 

5. Share Experience and 
Knowledge readily 
(KB5) 

(0.0068, 
20.7%) 

(5, 
9.3%) 

15.0% 
(0.0001, 

1.4%) 
1.4% 

(0.0024, 
7.2%) 

(0.0008, 
4.5%) 

(-0.0021, 
7.5%) 

6.4% 7.4% 

6. Foreign Water 
Investment Projects 
(KB6) 

(0.0063, 
19.1%) 

(2, 
3.7%) 

11.4% 
(0.0010, 
21.3%) 

21.3% 
(0.0029, 

8.8%) 
(0.0015, 

8.9%) 
(-0.0020, 

6.9%) 
8.2% 3.6% 

Total 
 

  100%  100%    100% 100% 

The participation of the private sector in water management includes, water distribution, 

developing and seeking water resources, water re-use, maintenance of water networks and 

infrastructure, updating water prices, etc. However, the control of water resources must 

remain under the control of the Government.  
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The second most appropriate original variable belonging to 'Non-Governmental Institutions 

Role' (KC) key variable was 'Regional and International Cooperation' (KB4). Its 

"Appropriateness" value was 28%. Importantly, it has highest positive Feasibility value (48%). 

The stakeholders intended by this variable that the Government cooperation with national 

and international institutions leads to establishment of water projects by these institutions 

or with their financial and technical support. 

5.4 Recommendations 

According to the analysis of the results of different scenario simulations and investigations 

into the levels of key variables and original variables of the concepts comprising the social 

FCM, this research introduces the following recommendations for consideration by the 

decision makers in Jordan to help them make effective decisions in addressing the present 

water crisis in Jordan. These recommendations are based on the knowledge obtained from 

all concerned stakeholder groups in Jordan and a comprehensive study completed in this 

research. Therefore, they hold much promise for “Mitigating the Water Scarcity Problem in 

Jordan". 

1. Regardless of the high cost of water harvesting and strategic projects, they are 

significant solutions to secure Jordan’s water sustainability in the present and 

future. For short and medium term solutions, the water and rain harvesting projects 

are highly recommended, particularly, those projects whose cost of construction is 

reasonable compared to that of others. For long term solutions, the strategic 

projects are the best choice, particularly the Red Sea-Dead Sea Water Conveyance 

project, due to the rise in water demand from unanticipated population growth and 

accelerated development. The Government should seek financial support such as 

loans and donor help in constructing such projects.  

2. Enhance the role of integrated management through the involvement of good 

management from all water-related institutions in “Mitigating the Water Scarcity 

Problem in Jordan". This integrated management should include institutional reform 

and combatting corruption and favouritism. It should be very effective and activated 

through better enforcement of laws and regulations regarding water rights and 

issues and implementation of policies and plans on time. Another important aspect 

of integrated management is to secure Jordan’s water rights to shared water with 



 
 

184 

neighbouring countries, particularly Israel and Syria, through serious and effective 

negotiations.  

3. Effective modern re-use technologies, particularly wastewater treatment, are highly 

recommended in "Mitigating the Water Scarcity Problem in Jordan". This treated 

water is to be used for agricultural and industrial uses, which in turn can mitigate 

the demand of municipal uses. In addition, the treated water produced from 

desalination can be used for all water uses. Although the cost of these technologies 

is very high, their effectiveness in improving the water situation is very high too. In 

addition, using other modern technologies, such as modern irrigation technologies 

and water saving devices, are very helpful. Finally, the decision makers should 

benefit from water research and past experiences and use modern database 

systems to help them make the most effective and pragmatic decisions. 

4. The final recommendation introduced by this thesis research is to promote and 

develop the role of non-governmental and international institutions in "Mitigating 

the Water Scarcity Problem in Jordan". This is achieved by the cooperation between 

the Governmental water management bodies in Jordan and these institutions in 

managing and supporting the water sector in Jordan. The best option is to involve 

the private sector in the water management and keep the water resources under 

Government control. As the private sector is concerned with profitability, it 

naturally struggles to save each drop of water, secure adequate amount of water for 

users, and provide good services. In addition, the private sector can provide the 

following: just and fair distribution of water, control the excessive use of water by 

updating water tariffs and controlling water distribution, stop overexploitation of 

water resources by enforcing deterrent laws and penalties, immediately fixing and 

managing faults and leaks in the water distributions system, etc. In addition to 

private sector participation, the support of national and international organisations 

could be useful and the Government in Jordan should actively seek this. Such 

support includes financial support, investment in water projects, exchange of 

knowledge and experience, etc. 

5.5 Chapter Summary  

The aim of this Chapter is to simulate the systems of stakeholder FCMs and policy scenarios 

in order to provide effective and pragmatic recommendations for "Mitigating the Water 

Scarcity Problem in Jordan". Initially, the systems consisting of group FCMs and the social 
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FCM at the level of concepts were simulated to find the steady state of concepts under the 

present conditions. These outcomes indicate the eventual state of systems if the present 

conditions persist, according to the perceptions of the groups of stakeholders. The analysis 

of these outcomes determined the most influential concepts affecting the problem. The 

determination of the degree of influence of a concept was based on its steady state value. 

These concepts were 'Water Projects', 'Integrated Management and Laws', 'Development 

and Urbanization', 'Technology' and 'Community Participation'. To find out which of these 

determined concepts are the most appropriate and effective toward mitigating the problem, 

policy scenario simulations were carried out. Specifically, a policy scenario simulation was 

implemented to test the appropriateness and effectiveness of each of the above selected 

concepts. The results of these scenarios show that 'Development and Urbanization' is 

unacceptable from the point of view of implementation and the rest are acceptable.  

To find out which key and original variables belonging to the acceptable concepts are the 

most appropriate, an investigation process was conducted into the sub levels of every 

concept. For this purpose, simulations were carried out on the social FCM consisting of key 

and original variables. The assessment of the "Appropriateness" of a key or original variable 

was dependent on the following criteria: Importance, Feasibility and Influence. The 

Importance criterion measures the importance of a key and original variable based on the 

number of times it is mentioned in FCMs and its credibility weight. The Feasibility criterion is 

assessed according to the change in the state of 'Economic Situation' concept. The Influence 

criterion is assessed according to the changes in the states of the target concepts: 'Water 

Situation', 'Water Resources' and 'Water Demand'. 

The results of these investigations depicted the most appropriate key and original variables 

based on the social FCM system of the stakeholders. As a result and toward "Mitigating the 

Water Scarcity Problem in Jordan", this research proposed useful recommendations to be 

taken by decision makers of water management in Jordan. Rainwater harvesting, Disi, Red 

Sea-Dead Sea Water Conveyance, and wastewater treatment projects could be very helpful 

approaches. It is strongly recommended that such projects toward increasing water 

resources be implemented. Although these projects are very costly and can severely affect 

the economic situation, they can be considered new key water resources hugely improve or 

completely solve the water situation in Jordan. Therefore, the decision makers in Jordan 

should make every effort and strive to overcome the financial challenge or any other 
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challenges that prevent the implementation of these projects. Other useful approaches were 

recommended in the direction of maintaining and enhancing existing water resources and 

managing water demand. These could be achieved by conducting management reforms and 

stable policies, integrating the efforts of relevant management bodies, activating influential 

laws, securing water shared with Israel and Syria, performing regular maintenance on water 

networks, using water saving technologies, particularly in irrigation, encouraging strategic 

shifts in agriculture, and finally and most importantly, sharing the private sector in water 

management and investment in water projects. 
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Chapter 6 

Model Verification and Validation, Summary and Conclusions 

This Chapter is the last chapter of this thesis and includes 4 sections. It presents tests the 

verification and validation of the proposed FCM model in Section 1. Then it concludes the 

thesis in Section 2. Section 3 presents the contributions made by the thesis. Finally, the 

potential lines of future works are presented in Section 4. 

6.1 Model Verification and Validation  

The aim of verification and validation of a computerized model is to produce an accurate and 

credible model (Schlesinger et al., 1979). Model verification is made to ensure that model 

implementation is correct, i.e. the algorithms and subroutines of the model are programmed 

correctly, do not include errors and perform as intended. For the verification of the 

proposed model, the programs were designed using a high level programming language – 

licensed MATLAB software (see appendix A). The programs were written in simple code 

using good logic and structure. Because of the large size of the programme required to 

implement the model, the algorithms and methods used in this model were programmed in 

split modules and functions to make it easy to debug and trace. The code was traced and 

debugged to find and correct any errors in the implementation of model calculations. 

Careful documenting was followed providing definition of variables and description of 

commands to show their purpose in the model. The model was initially implemented and 

tested on many possible cases using small samples of data (hypothetical FCMs drawn by the 

researcher). The equations, causal loops and other calculations were checked and traced to 

determine that they have been programmed properly and successfully implemented. The 

results of the programmes and some simulation scenarios were compared with hand 

calculations to ensure that they were operating as intended. The code to find the 

betweenness centrality measure for a variable was the most difficult programming part. 

Results for many test cases designed for this part for use on MATLAB modules developed for 

calculating betweenness revealed the correct results indicating the accuracy of 

implementation. 
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For further tests on code integrity and appropriateness, the model was tested on real FCMs 

obtained from the real-life problem – "Mitigating the Water Scarcity Problem in Jordan". The 

original and key variables, concepts and connections were found to be correctly 

represented. The implementation of programmes for all calculations and processes of the 

model such as FCM representation, condensation, aggregation and simulation were checked 

and traced function by function to ensure that they perform their intended function. In 

addition, some intermediate simulation results were calculated manually and then 

compared with results of the simulation program. Although these verification tests do not 

guarantee a perfectly verified model, they mean that the model has passed stringent 

scrutiny raising our confidence that the model performs as intended.  

Model validation is made to ensure that the model accurately represents the real-life system 

of interest. In models that imitate real-life systems, no model, however carefully designed, 

can be determined as absolutely valid (Ford, 2010; Robert G. Sargent, 1984; R. G. Sargent, 

2010). The complexity, dynamicity and nonlinearity of socio-ecological systems, in general, 

and the high-level (condensed and aggregated) FCM models generated in this study, in 

particular, make model validation in the usual sense a challenge. The concept of employing a 

separate validation dataset does not apply for such models. Such cases require 

unconventional, broader and holistic approaches to model validation which may include 

qualitative aspects. One is to ascertain whether the concept of the model serves the 

intended generic purpose. Here, we demonstrate and reveal that the proposed model 

indeed serves well the two generic purposes defined for it. The first is that the model is user 

friendly. The second is that the model is useful, provides accurate information and contains 

correct processes and methods that are acceptable for its intended application. Regarding 

how well the model serves the first purpose, the proposed model allows multiple users to 

participate and it is easy to use and comfortable for users to express their knowledge in the 

form of FCMs. The structure of FCM is simple and it is easy to understand and update. The 

users can easily draw their FCMs and update them at any time they want by adding, deleting 

or modifying their defined variables and connections among variables. It also allows users to 

transfer their imprecise knowledge using either linguistic expressions or numeric values. In 

addition, the documentation of the model is well presented describing the details of its 

architectures, methods, algorithms, analysis, simulation, etc. 



 
 

189 

To serve the second purpose, the proposed method should specify the real purpose of the 

model and must contain the elements that can represent the real-life system of interest 

accurately. The purpose of the proposed model is to deal with, model, analyse and simulate 

complex real-life problems in order to contribute to addressing challenging issues 

surrounding them. The processes of the model including data collection, representation, 

aggregation and condensation and the methods that have been used to enhance/advance 

these processes in this study are sound and effective in representing a real-life problem 

comprehensively. These methods overcome the shortcomings of the previous models and 

build confidence in the proposed model. The structure and logic of model processes are 

correct. The model uses a quite suitable approach for such study - qualitative interviews- to 

obtain data necessary for FCM building. It utilizes a robust approach, 2-tuple model, to 

represent the imprecise data in the condensation and aggregation processes. It also uses the 

credibility weight concept to rank the important variables and FCMs when it performs 

condensation and aggregation processes, respectively. It obtains the credibility weight 

values from a sound measure, CCM. The aim of the condensation process is to transfer 

complex and large FCMs into simpler and smaller ones. The aim of the aggregation process is 

to obtain a realistic consensus FCM. The condensation and aggregation processes produce a 

reasonable system that is easy to understand, trace, analyse and simulate. Then, the model 

manipulates, tests, and investigates information contained in the FCMs through structured 

analyses and simulation processes to describe the behaviour of the system and finally 

propose effective solutions to the problem.  

For a model that works as intended and serves the generic purpose it is designed for, one of 

the most revealing approaches to its validation is to test it on a real system. In the 

application of the model to the "Mitigating the Water scarcity Problem in Jordan", firstly, 

suitable information was gathered based on expert knowledge, literature and reports to 

build a questionnaire. To make this questionnaire comprehensive, it was revised and 

updated to include new information obtained from initial interviews. Then, reliable and 

comprehensive data were collected using this questionnaire from face to face in-depth 

interviews with relevant stakeholders. These interviews provided sufficient number of FCMs 

representing all possible variables, connections and feedback loops to represent the 

problem. Then, the relative importance of the different levels of knowledge (human 

perceptions) and the variables were addressed by assigning credibility weight values to 
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them. This was aided by several centrality measures and a novel Consensus Centrality 

Measure (CCM) proposed in this study. Then, the information (variables and connections) in 

FCMs was condensed into two higher level groups (key variables and concepts) using a semi-

quantitative method appropriate to the study. This method ensures that the transfer of 

information from a lower level to a higher level is performed properly and without any 

distortion. Then, the information (before and after condensation) was aggregated into 

individual stakeholder group views and overall social group view of information using a 

reasonable and transparent method. Like the condensation method, the aggregation 

method ensured the validity and retention of information during aggregation. Accordingly, 

abundance of useful information was available to be analysed and simulated in this research; 

and they could also be useful for several purposes in other research. For gaining more 

confidence in the model prior to simulation, some tests including major changes to the 

values of variables and connections were conducted to ensure that the response of the 

model to these changes is plausible. Another test done was to ensure that the values of 

variables, values and signs of connections obtained in all processes are reasonable. 

Furthermore, results at each stage were assessed against the collected information and they 

were found to correspond well to the individual and collective perceptions.   

A well-structured and reasonable simulation process was used to simulate the system and 

produced model results that are correct according to the collected information. This was 

made possible in particular by the use of the proposed novel CCM to identify the important 

information that guided the simulation process. In the simulation, many policy scenarios and 

investigations were performed along with a holistic evaluation of the solutions against 

multiple criteria. The results of the simulation process suggested that the proposed best case 

scenarios could lead to improved system behaviour and produced promising 

recommendations for decision makers to solve the problem. These best case scenarios also 

corresponded well to the prevalent individual and collective perceptions in the system.   

As a result of carefully and comprehensively collected real data and verified concepts and 

programming methods, analysis and simulation processes revealed that model results were 

realistic, satisfactory and did not diverge from reality – indicating the reasonableness of the 

model and its acceptability for representing this real-life system. However, this application 

test does not ensure that the model is perfect, and other application tests may reveal 

deficiencies in the model (Ford, 2010) because the perfect model is the real system itself 
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(Kleijnen, 1995). The next real test of the model is when the recommendations are 

implemented and their success measured against the forecast benefits in this study.   

6.2 Summary and Conclusions 

Collecting and modelling human perceptions characterised by knowledge uncertainty and 

imprecise data are major challenges in a number of domains involving human-nature 

interactions. Typically, most real-life problems involve humans, and hence human 

participation in problem solving is rightly required, and accordingly, there is a need to 

correct or expand system models for this purpose. This thesis achieved the following two key 

goals: providing an approach to accurately represent and model real-life problems and 

applying this approach to a real-life case study. Naturally, such problems require qualitative 

soft computing approaches to model the whole system correctly. A reasonable way to 

represent these problems is through transferring the domain information and knowledge 

into the form of factors linked by causal connections through many feedback cycles. 

Typically, data obtained from these problems is dominated by uncertainty, and therefore, an 

approach like fuzzy logic to deal with such data is necessary. There is a need to obtain 

understandable (smaller or summary) systems that contain the overall essence from a given 

typically large system to be able to gain insights. In addition, it is required to get few specific 

group systems (such as stakeholder groups) from many individual systems (individual 

perceptions) to easily analyse and simulate. Preliminary analysis of the individual, group and 

overall systems is useful to define their structure and important components and properties.  

Ultimately, because these systems include many feedback loops, a system simulation and 

policy scenario simulations are required to explore the system behaviour and reach better 

outcomes. FCM is an approach that can provide such system to address stated issues. 

Unfortunately, the literature shows not only that there are few FCM approaches to model 

such problems, but also that these approaches lack model robustness and accuracy. 

Consequently, this thesis proposed a robust semi-quantitative FCM model. The advantages 

of this model over other previous models lie in its ability to make the FCM model more 

computationally robust, functional and efficient. This was achieved by the enhancement of 

the existing processes of the FCM approach or adding new ones. Finally, a robust and user 

friendly FCM model consisting of eight coherent and consistent processes was produced. 

These processes modelled the problem from the phase of the data collection in the form of 
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ambiguous perceptions to the phase of the knowledge extraction in the form of solutions or 

recommendations. 

Firstly, this thesis improved the FCM model by ensuring that the data collected is sufficient 

and comprehensive for the purpose. In addition to data collected from the interviews that 

were used to develop FCMs, this thesis suggested a review process for the interviews and 

FCMs and then redesigned the FCMs to include any missing variables and connections. Then, 

this research enhanced the model to deal with multiple types of imprecise human 

perceptions. This was achieved by using a 2-tuple fuzzy linguistic representation approach to 

represent these imprecise values throughout all required FCM calculations. The 2-tuple 

approach is able to deal with imprecise numeric values and linguistic expressions throughout 

all computational processes without information loss or inconsistency. Then, the thesis 

introduced a novel semi-quantitative condensation method for FCM which consisted of 

multi-level condensation depending on the complexity of the problem of interest. In each 

level of condensation, the problem developer determines, subjectively, which similar 

variables at the lower level to be grouped or condensed at the higher level. On the other 

hand, the connections between higher level groupings were calculated objectively using a 

proposed novel approach. Specifically, the imprecise connection values were represented by 

the 2-tuple model throughout these calculations. These calculations used a refinement 

process of the connections at the lower level to transfer links within a group into links 

between groups at the higher level. They also used the credibility weights of variables at the 

lower level to calculate the values of the condensed connections at the higher level. The 

assignment of these credibility weights was proposed by this research based on the 

consensus centrality measure (CCM) values of individual variables. The calculation of the 

CCM values was also proposed by this research based on the most common measures 

(degree, closeness and betweenness) that have been used to identify the centrality 

(importance) of a variable in a directed graph.  

Regarding the improvement of FCM aggregation, this thesis provided a fuzzy weighted 

aggregation method. Typically, fuzzy sets used to represent imprecise values by the 2-tuple 

model can vary between FCMs. These different sets were normalized into a standard fuzzy 

set. This aggregation method also considered in its calculations the differences in 

importance of FCMs developed by participants with different levels of experience and 

knowledge by weighting the connections in FCMs according to each map’s credibility weight.   
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These credibility weights were assigned based on the CCM values of FCMs, both of which 

were proposed by this research. As a result of this novel aggregation method, a reasonable 

consensus FCM could be obtained.  

Due to the above improvements, the proposed FCM model has become more robust, 

realistic, accurate and effective. Therefore, the analysis of the FCMs and group FCMs at any 

level of condensation could reflect a reasonable representation/understanding of a system 

modelled by this approach and this includes most real-life problems involving human 

interactions. This research used graph theory indices, especially the proposed CCM measure, 

to analyse the structure of the FCMs and to compare between them.  

Finally, this thesis strengthened the FCM simulation process by splitting it into two phases 

and supporting it by a thorough investigation process to obtain more reasonable outcomes. 

This simulation process used Auto-associative Artificial Neural Networks (AANN) to simulate 

FCM systems based on initial states and policy scenarios, and its goal was to reach steady 

states in order to see what behaviours these systems can reach under varied policy 

scenarios. Firstly, the FCM simulation found the outcomes (steady states) of the FCM 

systems from the status quo (current states of variables). Then, it examined several policy 

scenarios to see if the new states reached desirable outcomes. Then, comparisons between 

new states and the status quo outcomes of the FCMs revealed the changes occurred to the 

states of the variables, allowing  recommendations or solutions to be defined, accordingly. 

Then, analysis and investigations of the results were conducted at the key and original 

variable levels based on stringent criteria to ensure that these recommendations or 

solutions are appropriate to be introduced to decision makers for solving the problem 

concerned.  

The second key goal of this thesis was achieved by examining the proposed FCM model on a 

large complex systems case study application. The thesis case study was "Mitigating the 

Water Scarcity Problem in Jordan" and conducted in Jordan. The data about this problem 

was collected using 35 in-depth semi-structured recorded interviews which took about five 

months. The interviews included a deliberate questionnaire and were conducted with five 

groups of relevant stakeholders that have direct connection with and constantly suffer from 

the intense pressure of the problem. These stakeholder groups were private sector, local 

people, experts, managers and farmers. Although their perceptions were dominated by 
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uncertainty, the stakeholders provided the basic data needed to address and model the 

problem.  

Pervasive nature of the problem is such that the different perceptions of the stakeholder 

groups were mostly in agreement. They transferred their perceptions into variables and 

connections between these variables, which thus produced 35 developed systems/FCMs. 

These FCMs included many variables that influenced the problem, either negatively or 

positively, to various degrees that can only be expressed vaguely. The generation of these 

FCMs were systematically carried out using the processes of the proposed FCM model. 

These FCMs were updated to reflect the totality of expressed perceptions in a subsequent 

review process. The updated FCMs included 186 variables (original variables) in total. The 

connections were represented by varied number of fuzzy subsets according to the original 

imprecise values. These different fuzzy subsets were then normalized into a fixed set of 13 

fuzzy subsets, thereby representing the imprecise values of all FCMs in one standard set.  

This thesis defined, subjectively, two levels of FCM condensation and the condensed 

variables (groups) in each level. This was based on the experience and knowledge of the 

researcher about the complexity of this case study. As a result of this condensation, 42 

condensed variables (key variables) and 13 condensed key variables (concepts) were defined 

at the first and second levels, respectively. The connections between the condensed 

variables at each level were calculated for all condensed FCMs using the quantitative 

methods proposed in this research. Then, the proposed fuzzy aggregation method was used 

to aggregate the original and condensed FCMs to obtain different stakeholder group FCMs 

and all FCMs to obtain a total social FCM for each level. According to these FCM 

condensation and aggregation, the CCM values of all FCMs, original variables, key variables 

and concepts were obtained.  

Then, the interviews and the structure of all FCMs were analysed using their CCM values and 

other graph theory indices. This revealed a high level of consensus in the perceptions and 

interests of stakeholders rather than conflicts. It also revealed that increasing water supply 

by improving water situation and resources and decreasing water demand by managing and 

reducing it were the key goals in "Mitigating the Water Scarcity in Jordan". According to 

these results, the group FCM systems and the social system at the highest level (level of 

concepts) were simulated to reveal the concepts (policy scenarios) that could achieve these 
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key goals. The selected concepts were 'Water Projects', 'Integrated Management and Laws', 

'Development and Urbanization', 'Technology' and 'Community Participation'. Then, the 

"Appropriateness" of each selected policy scenario was tested against three designed 

criteria. The results of these scenarios demonstrated that 'Development and Urbanization' 

concept had a significant negative impact on the 'Economic Situation'. Due to this and the 

fact that Jordan, like many developing countries, has moved towards development and 

urbanization, this scenario was considered inappropriate. Then, the other four scenarios 

were investigated to assess their "Appropriateness" in their lower levels (the levels of key 

variables and original variables). This was made based on three important criteria 

(Importance, Feasibility and Influence) that determine their efficacy and practicality in real 

applications.   

Consequently, this thesis revealed four appropriate and realistically recommendations for 

decision makers for their consideration in "Mitigating the Water Scarcity Problem in Jordan". 

The first recommendation was to establish water projects taking into account the economic 

situation. For example, the Disi and Red Sea-Dead Sea Water Conveyance strategic projects 

were very large projects requiring massive financial support. They could significantly 

improve the water situation in the longer run, and therefore, every possible effort should be 

made to overcome any challenge, especially the financial challenge. On the other hand, 

small harvesting water projects to gather and save rainwater into proper dams, reservoirs, 

pits and wells came second after strategic projects in their effectiveness in improving the 

water situation, but at the same time harvesting projects were much less expensive than 

strategic projects.  

The second recommendation was to promote an integrated water management and 

reinforce effective laws. This was achieved mainly through reforming and integrating water 

management in Jordan and improving the respective laws on water rights to make them 

deterrent and influential in order to control and protect water resources from attacks and 

illegal use. The cooperation and agreements by other national and international institutions 

for technical and financial support would be helpful in implementing this recommendation 

for integrated management. In addition, water management should have well-studied and 

stable policies and plans, skilled and trained labour force, good maintenance and 

contingency plans. It also includes promotion of water awareness and education of the 

public and farmers of the optimal use of water and adaptation to available water. Finally, it 
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recommends striving to secure Jordan’s water rights from neighbouring countries through 

effective negotiations.  

The third recommendation was to Improve and utilize modern technologies, such as water 

re-use, especially for agricultural use. These technologies are expensive, and therefore 

exploiting these technologies, like water projects, depend on the financial situation, and 

hence, Government should overcome the financial challenge. Modern technologies of 

irrigation and water networks in houses and farms played an important role in water saving 

with minimum expense. The final recommendation was to enhance community 

participation, particularly involving the private sector in water management while keeping 

the water resources under Governmental control. This recommendation also included the 

participation of national and international organisations to support the water sector in 

Jordan through financial and technical support as well as to invest in Jordan water projects. 

6.3 Contributions 

This thesis addressed the advancement of the processes involved in FCM modelling, most of 

which are currently qualitative, in order to develop a robust FCM approach in which most of 

its processes are conducted through accurate calculation methods. As an overall result of 

this, a robust semi-quantitative FCM model was proposed as a key contribution of this 

thesis. This key contribution was broken down into the following contributions achieved by 

this research:  

1. Enhanced the representation of imprecise FCM connection values using the 2-tuple 

fuzzy linguistic representation model. This magnified the role of fuzzy logic concepts 

in dealing with different types of imprecise/vague values during different calculations 

performed by the proposed FCM model. 

2. Enhanced the 2-tuple model. This improved the ability of this model to represent, in 

addition to positive linguistic values, negative linguistic information. 

3. Developed a new centrality measure of FCM variables called Consensus Centrality 

Measure (CCM). This enhanced the method to determine the importance of a 

variable in FCM.     

4. Provided a new method to assign credibility weights for FCMs and variables in FCM. 

This improved the FCM aggregation and condensation methods by considering the 

credibility (importance) of the FCM and variables, respectively, in their calculations.  
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5. Enhanced the FCM condensation method. This method used multiple levels of 

condensation and an accurate quantitative approach to calculate the strength of 

condensed connections.  

6. Enhanced the FCM aggregation method. This method combined the FCMs in a fuzzy 

way using 2-tuple fuzzy model and considered the credibility weights of connections 

in each FCM when they were combined with corresponding connections in other 

FCMs.  

Furthermore, this thesis addressed and investigated the application of the proposed 

model in "Mitigating the Water Scarcity Problem in Jordan" (thesis case study). The 

implementation of this case study presents another key contribution of this thesis. This 

key contribution has two parts: 

1. For the first time, a comprehensive study was conducted to fully understand and 

address the water scarcity situation in Jordan. In this, adequate data and information 

were collected through conducting in-depth interviews and involved developing 

FCMs with relevant stakeholders and then analysing these data and information 

based on different methods of analysis, especially, graph theory methods.  

2. Introduced reasonable and effective recommendations for "Mitigating the Water 

Scarcity Problem in Jordan" from robust policy scenarios simulations conducted on 

the developed stakeholder FCM systems followed by in-depth investigations of 

influential concepts (policies) at all three levels of the FCM hierarchy to ensure that 

proposed recommendations are in terms of original variables, practically, realistic 

and economically feasible. 

6.4 Future Work 

This thesis indicates several directions for future work. It suggests the following to be 

considered:  

1. For further enhancing the optimisation of the FCM approach, further research would 

be suggested.  

a. Enhance the approach to FCM simulation based on fuzzy neural networks.  
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b. Develop a reasonable computational method to prioritize between the 

centrality measures- degree, closeness, and betweenness- which are used to 

obtain the CCM of a variable or FCM. 

c. Improve the method of assigning the credibility weight to a variable or FCM 

by considering, in addition to CCM concept, other concepts such as 

assessment of convergence and consistency of the variable and FCM. 

d. Develop a quantitative clustering method such as Self-Organization Map 

(SOM) to condense similar variables at the lower level of condensation into 

condensed variables (groups) at the higher level. 

2. It is very useful to test the validity of the proposed model. Therefore, the following 

tests can help: 

a.  Test the model application of the thesis case study with more stakeholders 

knowledgeable of the domain, such as domain experts and decision makers.  

b. Compare the results of the model with the models of Ministry of Water and 

Irrigation (MWI) that provide more detailed and accurate representation of 

some aspects of the system. Take advantage of these systems to provide a 

benchmark for simulations against which our own model can be checked and 

validated. 

c. Test the model on solving other real-life problems, such as "Managing and 

Organizing Traffic in Jordan to Reduce the Ever Increasing Number of 

Accidents" and “Addressing Water Scarcity Issue in Another Country, for 

example, Canterbury Region of New Zealand”.  
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Appendix A 

MATLAB Code for FCM Processes  

A.1 MATLAB code for FCM fuzzy representation process 

%% ---------------- Fuzzy Representation of FCM Weights -------------------

%  This function represents the data of FCM (imprecise weights),either in 

%  linguistic or numeric values obtained from the user by 2-tuple fuzzy 

%  linguistic representation model in both pairs of symbolic values and  

%  Beta Values. 

function [FCM_Rep_Tuple FCM_Rep_Beta] = FCM_Rep_Fun(FCM_Wgt_Mat, No_Terms) 
%% Steps: 
%  A. The following command reads the adjacency matrix of FCM weights to be  
%     represented in pairs of symbolic and Beta fuzzy values where: 
%      

%      - No_Terms is the number of linguistic terms that represent the  

%        membership functions of FCM connection weight values 
%      - FCM_Wgt_Mat is the name of the adjacency matrix of FCM weights  
%        stored in Excel file, for example 'P1_Org_FCM.xlsx' 
%      - FCM_N_W_Mat stores the numerical imprecise value of FCM 
%      - FCM_L_W_Mat stores the linguistic imprecise value of FCM 
[FCM_N_W_Mat FCM_L_W_Mat]=xlsread(FCM_Wgt_Mat); 
%   B. Determine if the imprecise weights of the FCM matrix are linguistic 

%       or numeric; if the size of the FCM_N_W_Mat is equal to one and the 

%       size of the FCM_L_W_Mat is equal to number of nodes then the 

%       weights of the FCM matrix are linguistic and vice versa. 
L1 = length(FCM_L_W_Mat);  % L1 is the dimension (# of nodes) of the FCM 
                            % matrix if its weights are linguistic 
L2 = length(FCM_N_W_Mat);  % L2 is the dimension (# of nodes) of the FCM 
                            % matrix if its weights are numeric 
%    C. The following commands define the Linguistic Term Set S, 

%       * Note: there are two defined linguistic term sets based on the  
%               [-1, 1] universe of discourse:  

%     1. S_13 consists of 13 triangular linguistic terms (S(-6) .. S(6)) 

%        to represent the fuzzy numbers of the imprecise numeric connection 

%        weight values in the interval [-1, 1] or the following inguistic  

%        terms (-VVH, -VH, -H, -M, -L, -VL, Nul, VL, L, M, H, VH, VVH) 

S_13 = [-1 -1 -0.83;-1 -0.83 -0.67; -0.83 -0.67 -0.5; -0.67 -0.5 -0.33; 
     -0.5 -0.33 -0.17;-0.33 -0.17 0;-0.17 00 .17;0 0.17 0.33;  
      0.17 0.33 0.5;0.33 0.5 0.67; 0.5 0.67 0.83; 0.67 0.83 1;0.83 1 1]; 
%     2. S_11 consists of 11 triangular linguistic terms (S(-5) .. S(6)) 

%        to represent the following linguistic terms 

%        (-VH, -H, -M, -L, -VL, Nul, VL, L, M, H, VH) 

S_11 = [-1 -1 -.75; -1 -.75 -.5; -.75 -.5 -.25; -.5 -.25 -.11; 
        -.25 -.11 0; -.11 0 .11; 0 .11 .25; .11 .25 .5; .25 .5 .75; 

  .5 .75 1; .75 1 1]; 

%    - The following if statement determines which linguistic term set S to  

%      be used in next calculations. 

if (No_Terms == 13) 

 Ling_Set = S_13; 

 S_Flag = 7; 

else 

Ling_Set = S_11; 

 S_Flag = 6; 

end % end if 

%   D. (Additional Step) The following command calls S_mf_Uni function that   
%       determines the membership function value for each value in the FCM 
%       matrix according to set S and 13 triangular membership functions 
S_MF = S_MF_Fun(Ling_Set); % determines membership functions and plot them 
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%    E. The following if statement finds the membership function value for  
%       each weight in the FCM matrix after checking the NaN weights of  
%       numerical matrix or the empty weights of linguistic matrix and  
%       replaces them by zero values  
if L1 > L2 
    N = L1; 
    % Call Chk_Emp_Vals_Fun function to check empty weights of  
    % linguistic matrix  
    [FCM_Lng_Mat] = Chk_Emp_Vals_Fun(FCM_L_W_Mat, N); 
    % Call Lng_to_Wght_Fuz function to convert the imprecise weights in the  
    % linguistic matrix into fuzzy sets in Ling_Set by calculating the  
    % membership function values for each weight 
    Wght_Fuz = Lng_to_Wght_Fuz(FCM_Lng_Mat, Ling_Set); 
else  
    N = L2; 
    % Call Chk_Nan_Vals_Fun function to check Nan weights of a  
    % numeric matrix  
    [FCM_Num_Mat] = Chk_Nan_Vals_Fun(FCM_N_W_Mat, N); 
    % Call Num_to_Wght_Fuz function to convert the weights in the   
    % numeric matrix into fuzzy sets in Ling_Set by calculating the   
    % membership function values for each weight 
    Wght_Fuz = Num_to_Wght_Fuz(FCM_Num_Mat, Ling_Set); 
end % end if 
%   Call Bta_Wght_Fun function to transform fuzzy sets in S into 
%   linguistic 2-tuple assessed in Ling_Set by calculating their equivalent  
%   Beta values 
FCM_Rep_Beta = Bta_Wght_Fun(Wght_Fuz, S_Flg);         
%   Call Beta_to_2_Tuple to represent Beta's values into pairs of  
%   2-Tuple fuzzy linguistic values 
FCM_Rep_Tuple = Beta_to_2_Tuple(Bta_Wght_Fuz); 
end % end function 
%% 
% This function is to determine the membership functions of the terms in  

% the set Ling_Set and represent them in graphical form 
function S_MF_U = S_MF_Fun(S) 
%% 
% Determine the membership function values for each term & plot them 
mftype = 'trimf'; 
x = -1: .01: 1; 
[lr lc] = size(S); 
figure(1); 
for i = 1: lr 
    S_MF(i,:) = evalmf(x, S(i,:), mftype); 
    plot( x,S_MF(i,:)) 
    hold on; 
end  % end for 
S_MF_U = S_MF; 
end % end function 
%%  
%  The job of this function is to check the Empty values in the linguistic    
%  FCM matrix and replace them by zeros  
function [FCM_Lng] = Chk_Emp_Vals_Fun(FCM_L_Mat, N) 
lng_arr = FCM_L_Mat; 
for i = 1: N 
    for j = 1: N 
        Ch_w = char(lng_arr(i,j)); 
        Ch_w = strrep(Ch_w,' ',''); 
        lng_arr(i,j) = {Ch_w}; 
    end  % end loop j 
end  % end loop i 
for i=1:N 
    for j=1:N 
        if strcmp(lng_arr(i,j), ''); 
            lng_arr(i,j)= {'0'}; 
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        end  % end if 
    end  % end loop j 
end  % end loop i 
FCM_Lng = lng_arr; 
end % end function 
%%  
%  The job of this function is to check the NaN values in the FCM matrix   
%  and replace them by zeros  
function [FCM_Num] = Chk_Nan_Vals_Fun(FCM_N_Mat, N) 
fcm_dat = FCM_N_Mat; 
for i = 1: N 
    for j = 1 :N 
        if isnan(fcm_dat(i,j)) 
            fcm_dat(i,j) = 0; 
        end  % end if 
    end  % end loop j 
end  % end loop i 
FCM_Num = fcm_dat; 
end % end function 

  
%% 
% This function converts the weights in the linguistic matrix into fuzzy  
% sets in S by calculating the membership function values for each weight  
function wght_fuz= Lng_to_Wght_Fuz(FCM_Lng_Mat, S) 
fcm_lng = FCM_Lng_Mat; 
[lvr lvc] = size(fcm_lng); 
[lr lc] = size(S); 
wght_fuz(1: lvr, 1: lvc, 1: lr) = 0; 
for k = 1: lvr 
    for j = 1: lvc 
        if (lr == 13) 
            if (strcmp(fcm_lng(j,k), '-VVH')) 
                wght_fuz(j,k,1) = 1; 
            end % end if  
            if (strcmp(fcm_lng(j,k), '-VH')) 
                wght_fuz(j,k,2) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-H')) 
             wght_fuz(j,k,3) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-M')) 
                wght_fuz(j,k,4) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-L')) 
                wght_fuz(j,k,5) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-VL')) 
                wght_fuz(j,k,6) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '0')) 
                wght_fuz(j,k,7) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+VL')) 
                wght_fuz(j,k,8) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+L')) 
                wght_fuz(j,k,9) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+M')) 
                wght_fuz(j,k,10) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+H')) 
                wght_fuz(j,k,11) = 1; 
            end % end if 
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            if (strcmp(fcm_lng(j,k), '+VH')) 
                wght_fuz(j,k,12) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+VVH')) 
                wght_fuz(j,k,13) = 1; 
            end % end if 
        else  
            if (strcmp(fcm_lng(j,k), '-VH')) 
                wght_fuz(j,k,1) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-H')) 
                wght_fuz(j,k,2) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-M')) 
                wght_fuz(j,k,3) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-L')) 
                wght_fuz(j,k,4) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '-VL')) 
                wght_fuz(j,k,5) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '0')) 
                wght_fuz(j,k,6) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+VL')) 
                wght_fuz(j,k,7) = 1; 
            end % end if  
            if (strcmp(fcm_lng(j,k), '+L')) 
                wght_fuz(j,k,8) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+M')) 
                wght_fuz(j,k,9) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+H')) 
                wght_fuz(j,k,10) = 1; 
            end % end if 
            if (strcmp(fcm_lng(j,k), '+VH')) 
                wght_fuz(j,k,11) = 1; 
            end % end if 
        end % end if 
    end % end for j 
end % end for i 
end % end function 

 
%% 
% This function converts the weights in the numeric matrix into fuzzy  
% sets in S by calculating the membership function values for each weight  
function wght_fuz = Num_to_Wght_Fuz(FCM_Num_Mat, S) 
dat = FCM_Num_Mat; 
[lvr lvc] = size(dat); 
[lr lc] = size(S); 
wght_fuz(1: lvr, 1: lvc, 1: lr) = 0; 
for k = 1: lvr 
    for j = 1 :lvc 
        if dat(k,j) ~= 0 
            for i=1:lr 
                a = S(i,1); 
                b = S(i,2); 
                c = S(i,3); 
                if (dat(k,j)==a && dat(k,j)==b ) 
                    wght_fuz(k,j,i) = dat(k,j); 
                else 
                    if (dat(k,j)==b && dat(k,j)==c) 
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                        wght_fuz(k,j,i) = dat(k,j); 
                    else  
                        if (dat(k,j)>=a && dat(k,j)<=b) 
                            wght_fuz(k,j,i) = (dat(k,j)-a)/(b-a); 
                        else   
                            if (dat(k,j)>=b && dat(k,j)<=c) 
                                wght_fuz(k,j,i) = (c-dat(k,j))/(c-b);    
                            else          
                                wght_fuz(k,j,i) = 0; 
                            end    
                        end    
                    end 
                end 
                if isnan(wght_fuz(k,j,i)) 
                    wght_fuz(k,j,i) = 0; 
                end  
            end  
        end    
    end % end for j 
end % end for i 
end % end function 
%% 
% The job of this function is to transform fuzzy sets in S into Beta values 
function  Bta_Wght_Fuz = Bta_Wght_Fun(Wght_Fuz, flag) 

flag_S = flag; 
wght_fuz = Wght_Fuz; 
[lr lc ld] = size(wght_fuz); 
bta_wght(1: lr, 1: lc) = 0; 
for j = 1: lr 
    for k = 1: lc 
        jwi = 0; 
        wi = 0; 
        for i = 1: ld 
            jwi = jwi + (i- flag_S) * wght_fuz(j,k,i); 
            wi = wi + wght_fuz(j,k,i); 
        end % end for i 
        bta_wght(j,k) = jwi / wi; 
        if isnan(bta_wght(j,k)) 
            bta_wght(j,k) = 0; 
        end %end if 
    end % end for k 
end % end for j 
Bta_Wght_Fuz = bta_wght; 
end % end function 
%% 
% This function represent Beta values into pairs of 2-Tuple  
% fuzzy linguistic values  
function  Two_Tuple_Wght = Beta_to_2_Tuple(Bta_Wght_Fuz) 
bta_wght_fuz = Bta_Wght_Fuz; 
[lr lc] = size(bta_wght_fuz); 
t_tuple_wght_fus = zeros(lr,lc,2); 
for k = 1: lr 
    for j = 1 :lc 
        i = round(bta_wght_fuz(k,j)); 
        alpha = bta_wght_fuz(k,j) - i; 
        t_tuple_wght_fus(k,j,1) = i; 
        t_tuple_wght_fus(k,j,2) = alpha; 
    end % end for j 
end % end for i 
Two_Tuple_Wght = t_tuple_wght_fus; 
end % end function 
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A.2 MATLAB code for obtaining CCM for nodes and FCMs 

A.2.1 MATLAB code for obtaining CCM for nodes  

%% ---------------- Obtaining CCM for Nodes and FCMs --------------------- 
%  The calculations are made up using Beta values represented by 2-tuple 
%  fuzzy linguistic representation model. 
%  1. The following function calculates the Consensus Centrality Measure  
%     (CCM) for nodes in every FCM.  
function [Cen_D_Nds Cen_C_Nds Cen_B_Nds Cen_CCM_Nds] = 

Calc_CCM_Nds(FCM_Rep_Beta) 
%  Store Beta values of FCM weights in FCM_Beta_Val matrix 
FCM_Beta_Val = FCM_Rep_Beta; 
%  Convert negative values to positive values  
FCM_Beta_Val = abs(FCM_Beta_Val); 
N = size(FCM_Beta_Val); 
% 1.  Calculate the Degree Centrality for nodes by calling the following 
%     function Cen_D_Nds_Fun  
[In_D Out_D Deg] = Cen_D_Nds_Fun(FCM_Beta_Val, N); 
% 2. Calculate the Closeness Centrality measure for nodes; this requires 
%    a. Calculate the shortest path between each pair of nodes by calling  
%       the following function: 
[Shrst_Pths] = Shrst_Pths_Fun(FCM_Beta_Val, N); 
%    b. Calculate the Closeness Centrality measure for nodes by calling 
%       the following function: 
[In_C Out_C Cls]=Cen_C_Nds_fun(Shrst_Pths); 
% 3.  Calculate the Betweenness Centraity for nodes; this requires 
%    a. Calculate the shortest path between each pair of nodes, which is 
%       already calculated and stored in Shrst_Pths matrix 
%    b. find the number of shortest paths between each pair of nodes 
No_Shrst_Pths = No_Shrst_Pths_Fun(FCM_Beta_Val); 
%    c Calculate the Betweenness Centrality measure for nodes  
%      by calling the following function: 
[Bet] = Cen_B_Nds_Fun(Shrst_Pths, No_Shrst_Pths, N); 
%  4. Normalize the three measures using Grayscale Image normalization  
%     function 
Norm_Deg = mat2gray(Deg); 
Norm_Cls = mat2gray(Cls); 
Norm_Bet = mat2gray(Bet); 
%  5. Convert the normalization values of the three measure vectors 
%     into fuzzy set S ={S(0) .. S(6)} (membership function values) 
Abs_S = [0 0 .17;0 .17 .33;.17 .33 .5;.33 .5 .67;.5 .67 .83;.67 .83 1;.83 1 

1]; 
Wght_Deg_Mem = Num_to_Wght_Fuz(Norm_Deg, Abs_S); 
Wght_Cls_Mem = Num_to_Wght_Fuz(Norm_Cls, Abs_S); 
Wght_Bet_Mem = Num_to_Wght_Fuz(Norm_Bet, Abs_S); 
%  6. Transform the fuzzy sets in S into Beta values 
S_Flg = 1;  
% Find the Degree Centrality for nodes represented in Beta values 
Cen_D_Nds = Bta_Wght_Fun(Wght_Deg_Mem, S_Flg);   
% Find the Closeness Centrality for nodes represented in Beta values 
Cen_C_Nds = Bta_Wght_Fun(Wght_Cls_Mem, S_Flg); 
% Find the Betweenness Centrality for nodes represented in Beta values 
Cen_B_Nds = Bta_Wght_Fun(Wght_Bet_Mem, S_Flg); 
%  7. Calculate the CCM Centraity for nodes, 
%     Here we consider that all three centrality measures (Degree,  

%     Closeness and Betweenness) have the same weight, that means b(D) =  

%     b(C) = b(B) and b(D) + b(C) + b(B) = 1, therefore 
Cen_CCM_Nds = (1/3) * Cen_D_Nds  + (1/3) * Cen_C_Nds + (1/3) * Cen_B_Nds; 
end % end function 
%% 
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A.2.2 MATLAB code for obtaining CCM for FCMs  

%  2. The following function calculates the Consensus Centrality Measure  
%     (CCM) for FCM itself. It calculates firstly its three centrality 
%     measures (Degree, Closeness and Betweenness measures) of the FCM and  
%     then it combines these measures using weighted aggregation operator  

%     to obtain the Consensus Centrality Measure (CCM) for FCM represented  
%     in Beta values  
%  Hint: the function utilizes the calculated Degree, Closeness and 
%  Betweenness measures (Cen_D_Nds Cen_C_Nds Cen_B_Nds)  
%  for nodes in this FCM to calculate FCM centrality  measures 
function [FCM_Deg FCM_Cls FCM_Btw CCM_FCM] = Calc_CCM_FCM(Cen_D_Nds 

Cen_C_Nds Cen_B_Nds) 
Deg = Cen_D_Nds; 
Cls = Cen_C_Nds; 
Btw = Cen_B_Nds; 
No_Nds = length(Deg); 
Max_Deg = max(Deg); 
Max_Cls = max(Cls); 
Max_Btw = max(Btw); 
Sum_Deg = 0; 
Sum_Cls = 0; 
Sum_Btw = 0; 
for i = 1: No_Nds 
    Sum_Deg = Sum_Deg + (Max_Deg - Deg(1, i)); 
    Sum_Cls = Sum_Cls + (Max_Cls - Cls(1, i)); 
    Sum_Btw = Sum_Btw + (Max_Btw - Btw(1, i)); 
end %end for i 
FCM_Deg = Sum_Deg / (No_Nds -1);   
FCM_Cls = Sum_Cls / (((No_Nds -1) * (No_Nds - 2)) / (2 * No_Nds -3)); 
FCM_Btw = Sum_Btw / (No_Nds -1); 
CCM_FCM = (1/3) * FCM_Deg + (1/3) * FCM_Cls + (1/3) * FCM_Btw; 
end % end function 
%% 
%  This function finds the Degree Centrality Measure for each node in FCM 
%  which is equal to the absolute summation of its in-degree and out-degree 
%  where k is the number of nodes. 
function [indeg_nds outdeg_nds deg_nds] = Cen_D_Nds_Fun(Beta_Val,k) 
for i = 1: k 
    in_nds(i) = sum(Beta_Val(:, i)); 
    out_nds(i) = sum(Beta_Val(i, :)); 
    deg(i) = indeg_nds(i) + outdeg_nds(i); 
end % end for i 
indeg_nds = in_nds'; 
outdeg_nds = out_nds'; 
deg_nds=deg'; 
end % end function 
%% 
%  This function finds shortest paths between each pair of nodes in FCM 
%  matrix and stores those shortest paths in a matrix (shrst_pths) 
%  where N is the number of nodes. 
function [Shrst_Pths] = Shrst_Pths_Fun(Beta_Val, N) 
% Convert the Beta_Val to a sparse matrix (Beta_Val_S)  
Beta_Val_S = sparse(Beta_Val); 
% then find the shortest paths between each pair of nodes  
% in the FCM matrix. 
Shrst_Pths = graphallshortestpaths(Beta_Val_S); 
end 
%% 
%  This function finds the Closeness Centrality Measure for each node in  
%  FCM which is equal to the average of its in-closeness and out-closeness  
%  measures, where N is the number of nodes. 
function [incls_nds outcls_nds cls_nds] = Cen_C_Nds_fun(shrst_pths) 
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N = length(shrst_pths); 
% Suggest a high number as a value for K such as 100; it must be greater 

% than the highest value of shortest paths between each pair of nodes  
K = 100; 
% The following nested loops set the K value to each pair that has no path 
% between them and store the result in the conversion matrix (conv_m). 
for u = 1: N 
    for v = 1: N 
        if isinf(shrst_pths(u, v)) 
            conv_m(u, v) = K; 
        else 
            conv_m(u, v) = shrst_pths(u, v); 
        end % end if 
    end % end for v 
end % end for u 
% The following commands find the In-Closeness and Out-Closeness Centrality 
% values for nodes in FCM 
incls_nds = sum(conv_m(:,:)); 
outcls_nds = sum(conv_m(:,:)'); 
for d = 1: N 
   incls_nds(d) = (N-1)*(1/incls_nds(d)); 
   outcls_nds(d) = (N-1)*(1/outcls_nds(d)); 
end %end for d 
% The following command calculates the Closeness Centrality values for  
% nodes in FCM 
cls_nds = (incls_nds + outcls_nds); 
incls_nds = incls_nds'; 
outcls_nds = outcls_nds'; 
cls_nds = cls_nds'; 
end % end function 
%% 
%  This function finds the number of shortest paths between each pair of  
%  nodes in FCM  and stores those numbers in the matrix (no_shrst_pths)  
function no_shrst_pths= No_Shrst_Pths_Fun(Beta_Mat) 
[a h] = size(Beta_Val); 
sp = sparse(Beta_Val); 
n = 1; 
p1 = zeros(a*a,h); 
allpathes = zeros(1, a+2); 
hw = zeros(1,a); 
for i = 1: a 
    for j = 1: a 
        [t b c] = graphshortestpath(sp, i, j); 
        [r n1] = size(b); 
        b(1, n1+1: a) = zeros(1, a-n1); 
        p1(n, :) = b; 
        ind(n, 1) = i; 
        ind(n, 2) = j; 
        ind(n, 3) = t; 
        b = []; 
        n = n+1; 
    end % end for j 
end % end for i 
q = 0; 
zz = 1; 
gg = 1; 
for i = 1: a 
    for j = 1: a 
        for v = 1: a 
            [t1 b1 c1] = graphshortestpath(sp, i, v); 
            [t2 b2 c2] = graphshortestpath(sp, v, j); 
            [qq b1s] = size(b1); 
            [qq1 b1s1] = size(b2); 
            if (b1s~=0 && b1s1~=0) 
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                [qq b1s] = size(b1); 
                b1b2 = [b1(1, 1: b1s-1), b2]; 
                [r n1] = size(b1b2); 
                b1b2(1, n1+1: a) = zeros(1, a-n1); 
                d12 = t1 + t2; 
                row = i * j; 
                [r n1] = size(b1b2); 
                if (n1==a && ind(zz,3)<a) 
                    ch = b1b2 == p1(zz, :); 
                    count = sum(ch); 
                    if (d12==ind(zz,3) && count~=a) 
                        l1 = 0; 
                        if (gg>1) 
                            for kk=1:gg-1 
                                hw = allpathes(kk, 1: a); 
                                count2 = hw==b1b2; 
                                count3 = sum(count2); 
                                if count3 == a 
                                    l1 = l1 + 1; 
                                end % end if 
                            end % end for kk 
                        end % end if 
                        if (l1==0)       
                            q = q + 1; 
                            allpathes(gg, 1: a) = b1b2; 
                            allpathes(gg, a+1) = i; 
                            allpathes(gg, a+2) = j; 
                            gg = gg+1; 
                        end % end if 
                    end % end if 
                end % end if 
            end % end if  
        end %end for v 
        no_shrst_pths(i, j) = q; 
        q = 0; 
        zz = zz + 1; 
    end % end for j 
end % end for i 
index1 = 1; 
for i = 1: a  
    for j = 1: a 
        if (ind(index1, 3) > a) 
            ind(index1,3) = 0; 
        end % enf if 
        if (j~=i && (ind(index1,3)~=0)) 
           no_shrst_pths(i ,j) = no_shrst_pths(i, j) + 1; 
        end % end if 
        index1 = index1 + 1; 
    end % end for j 
end % end for i 
end % end function 
%% 
%  This function finds the Betweenness Centrality Measure for each node in  
%  FCM  
function [Btw_Nds] = Cen_B_Nds_Fun(shrst_pths, no_shrst_pths,n) 
for v = 1: n 
    btw_nds(v) = 0; 
    for s = 1: n 
        for t = 1: n 
            if (shrst_pths(s,t)==shrst_pths(s,v)+shrst_pths(v,t) & v~=t & 

v~=s) 
                no_paths_v(s, t, v) = no_shrst_pths(s, v) * 

no_shrst_pths(v, t); 
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                btw_nds(v) = btw_nds(v)+ no_paths_v(s, t, v) / 

no_shrst_pths(s, t); 
            end % end if 
        end % end for t 
    end % end for s 
 Btw_Nds = btw_nds'; 
end % end for v 
end % end function 

 

A.3 MATLAB code for obtaining credibility weights for nodes and FCMs 

%% ----------- Obtaining Credibility Weights for Nodes and FCMs ----------- 
% This Function is to calculate the credibility weights (CW) for nodes  
% Note: this function also can calculate the credibility weights (CW) for 

% FCMs by just replacing CCM Beta values of Nodes by CCM Beta values of  

% FCMs in the function call command 
function CW_Nds = CW_Nds_Fun(Cen_CCM_Nds) 
% 1. Recall CCM Beta values of nodes 
CCM_Beta = Cen_CCM_Nds; 
% 2. Convert CCM Beta values of nodes into interval [0, 1] by calling the 
%    following function 
CCM_Crisp = Cnv_Bta_to_0_1(CCM_Beta, S_mf); 
% 3. Sum the CCM converted values of nodes. 
Sum_CCM_Crisp = sum(CCM_Crisp); 
% 4. Find the cedibility weights of nodes by dividing each CCM converted 
%    value by the sum of all CCM converted values of nodes  
CW_V = CCM_Crisp / Sum_CCM_Crisp; 
CW_Nds = CW_V'; 
end 
%% 
% The job of this function is to convert CCM Beta values represented by  
% 2-tuple fuzzy linguistic model into numeric values in the range [0, 1] 
function Num_Vec_01 = Cnv_Bta_to_0_1(Bta_Vev, S_mf) 
% Define the numerical range 
X = 0: 0.01: 1; 
Lc = length(Bta_Vev); 
for r = 1: Lc 
    Beta = Bta_Vev(r); 
    if Beta == 6 
        Num_Vec(r) = 1; 
    else    
        if Beta == 0 
            Num_Vec(r) = 0; 
        else   
            H = fix(Beta); 
            R = Beta - H; 
            H_S = H + 1; 
            % Use mean of maximum (MoM) defuzzification method to defuzzify 
            % the resulted values by calling the MATLAB Function defuzz() 
            Mem_1 = defuzz(X, S_mf(H_S,:),'mom'); 
            Mem_2 = defuzz(X, S_mf(H_S+1,:),'mom'); 
            Num_Vec(r) = Mem_1 * (1 - R) + Mem_2 * R; 
        end  
    end  
end  
Num_Vec_01 = Num_Vec; 
end  
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A.4 MATLAB code for FCM condensation and refinement processes  

A.4.1 MATLAB code for FCM condensation process  

%% -----------------------FCM Condensation Process ----------------------- 
%  This function condenses a large user defined FCM into a small FCM   
%  throughout multi-level condensation, where 
%  - No_Con is the number of condensation levels 
%  - FCM_Rep_Beta is the matrix of connection weight values of FCM at the  
%    lower level of condensation 
%  - CW_Nds is the matrix of credibility weight values CW of FCM nodes at  
%    the lower level  
%  - FCM_Nams is the matrix of names of FCM nodes at the lower level  
function [Hghst_Lev_FCM CCM_Hghst_Grp CW_Hghst_Grp] = 

FCM_Condensation(No_Con, FCM_Rep_Beta, CW_Nds, FCM_Nams) 
% - Determine the number of levels required for condensation process 
No_Level = No_Con; % No_Level is the number of levels 
% - Recall the Beta connection weight values of FCM at the lower level  
FCM_Val_Low_L = FCM_Rep_Beta; 
% - Recall the credibility weight values of FCM nodes at the lower level   
FCM_CW_Nds_Low_L = CW_Nds; 
% - Recall the names of FCM nodes at the lower level   
FCM_Nms = FCM_nams; 
for N_Con = 1: No_Level % for any level of condensation 
% - Determine a Lookup table which defines group nodes at the higher  
%    level of condensation and their nodes at the lower level 
    if (N_Con == 1) 
        [Grp_Nms] = Lkup_Tbl_level1; 
    else 
        [Grp_Nms] = Lkup_Tbl_level2; 
    end % end if 
% We use here the Names of nodes to express the level of condensations 
% for example, consider the following names AA1, AA2, AB1, AB2, AB3 etc are 
% names of nodes at the lower level. Then, the names of the groups at the 
% higher level will be AA, AB. And AA1 and AA2 nodes are to be condensed  
% into AA group, and AB1, AB2 and AB3 nodes are to be condensed into AB  
% group at the lower level, and so on. 
% For the next higher level of condensation, the names of groups will be A, 
% B, C etc. And AA, AB are to be condensed into A group at the higher level 
% of condensation and so on. 
% - Call the following function to refine the connection weight values of  
%    FCM at the lower level 
    [Ref_FCM_Low_L] = Refine_FCM(FCM_Nms, FCM_Val_Low_L,FCM_CW_Nds_Low_L, 

N_Con)     
% - Initialize an adjacency matrix for the groups at the higher level of  
%    condensation and fill its connection weighs by zeros 
    Len = length(Grp_Nms);% Len is the number of groups at the higher level 
    Higher_FCM = zeros(Len, Len); % initialize zero matrix between groups  
                                  % at the higher level 
% - Condense the nodes at the lower level into groups at a higher level 

          
    Check = 0; 
    N = length(FCM_Val_Low_L);% N is the number of nodes at the lower level 
    for i = 1: N  
    % - Determine the name of node at the lower level 
        Low_T_N = []; 
        Low_T_N = FCM_Nms(i, 1);  
    % - Call the following function to determine the group that the node   
    %   i belongs to it 
        [High_of_Low_T] = High_of_Low_fun(Low_T_N, Grp_Nms, N_Con); 
        if High_of_Low_T > Check 
        % - Call the following function to determine the nodes at the   



 
 

210 

        %   lower level and they belong to the same group of node i  

        %   (group(i)) which affect other nodes in different groups 
            [Cnt_Low_T Loc_Low_T]= Def_Nds_Same_Grp(FCM_Nms, N, Low_T_N, 

    N_Con); 
        % - The following nested loop is to condense the nodes and their 
        %   connections at the lower level into groups at a higher level 
            for j = 1: N 
                Low_R_N = []; 
                Low_R_N = FCM_Nms(j, 1); % Recall  node j at lower level 
                % - Determine the group that the node j belongs to it 
                [High_of_Low_R] = High_of_Low_fun(Low_R_N, Grp_Nms); 
                % - Determine the nodes at the lower level and they belong  
                %   to the same group of node j (group(j)) 
                [Cnt_Key_R Loc_Low_R]= Def_Nds_Same_Grp(FCM_Nms, N, 

  Low_R_N); 
                % Store in Grp_FCM matrix all connection weights between  
                % the nodes of group(i) and the nodes of group(j) 
                Grp_FCM = []; 
                for a = 1: Cnt_Low_T 
                    for b = 1: Cnt_Key_R 
                        Grp_FCM(a,b) = FCM_Val_Low_L(Loc_Low_T(a), 

     Loc_Low_R(b)); 
                    end % end for b 
                end % end for a 
                ind_T = [];    
                ind_R = []; 
                [ind_T ind_R] = find(Grp_FCM); % Remove zero connections 
                ind_T_u = []; 
                ind_T_u = unique(ind_T); 
                ind_R_u = []; 
                ind_R_u = unique(ind_R); % Remove duplicate connections 
                s_ind_T = length(ind_T_u); 
                s_ind_R = length(ind_R_u); 
                Loc_Low_NT = []; 
                % The next loop is to determine the nodes in group(i) that  
                % have connections to any node in group(j) 
                for x = 1: s_ind_T 
                    Loc_Low_NT(x) = Loc_Low_T(ind_T_u(x)); 
                end % end for x 
                % Assign new credibility weights for nodes in group(i) 
                [CW_T_Low]= Fnd_CW_in_High_fun(Loc_Low_NT,  

            FCM_CW_Nds_Low_L); 
                Loc_Low_NR= []; 
                % The next loop is to determine the nodes in group(j) that  
                % have connections from any node in group(i) 
                for z = 1: s_ind_R 
                    Loc_Low_NR(z) = Loc_Low_R(ind_R_u(z)); 
                end % end for z 
                % Assign new credibility weights for nodes in group(j) 
                [CW_R_Low]= Fnd_CW_in_High_fun(Loc_Low_NR,  

            FCM_CW_Nds_Low_L); 
                Wkl=0;                   
                % The next loop calculates the condensed connection between 
                % group(i) and group(j), taking into account in this 
                % calcualtion the new credibility weights of nodes in both 
                % groups  
                for k = 1: s_ind_T 
                    for l = 1: s_ind_R 
                        Wkl = Wkl + FCM_Val_Low_L(Loc_Low_NT(k),  

     Loc_Low_NR(l)) * CW_T_Low(k) * CW_R_Low(l); 
                    end % end for l 
                end % end for k     
                % Assign the calculated value as a connection weight value 
                % between group(i) and group(j) at the higher level of   



 
 

211 

                % FCM condensation 
                Higher_FCM(High_of_Low_T, High_of_Low_R) = Wkl;  
                if isnan(Higher_FCM(High_of_Low_T, High_of_Low_R)) 
                    Higher_FCM(High_of_Low_T, High_of_Low_R)=0; 
                end % end if 
            end % end for j     
        end % end if  
        % The next step is to calculate a connection weight value between 
        % another different group(i) and group(j) at the higher level 
        % of FCM condensation  
    end % end for i  
    High_Level_FCM = Higher_FCM; % Obtain the matrix of FCM at the higher  
                                 % level of Condensation represented in  
                                 % Beta values 
    % Call the following function to calculate the CCM of nodes (groups) at 
    % the higher level 
    [High_Cen_D_Nds High_Cen_C_Nds High_Cen_B_Nds High_Cen_CCM_Nds] = 

Calc_CCM_Nds(High_Level_FCM)   
    % Call the following function to calculate the credibility weights of  
    % nodes (groups) at the higher level 
    High_CW_Nds = CW_Nds_Fun(High_Cen_CCM_Nds) 
    FCM_CW_Nds_Low_L = High_CW_Nds; 
    FCM_Val_Low_L = High_Level_FCM; 
    % Now repeat above steps for next level of condensation 
end % end for N_Con 
% Obtain the matrix of nodes (groups) at the highest level of FCM  
% Condensation Process  
Hghst_Lev_FCM =  High_Level_FCM;  
% Obtain the CCM of nodes (groups) of condensed FCM  
CCM_Hghst_Grp = High_Cen_CCM_Nds; 
% Obtain the credibility weights CW of nodes (groups) of condensed FCM  
CW_Hghst_Grp = High_CW_Nds; 
end % end function 
%%  
% This function is to determine the Lookup Table at the level one of    
% condensation  
function  [Grp_Nms_Level1] = Lkup_Tbl_level1 
Grp_Nms_Level1 = {'AA','AB','AC','BA','CA','DA','DB','DC','EA','EB', 
                  'EC','FA','FB','FC','FD','GA','GB','GC','GD','GE', 
                  'GF','HA','HB','IA','IB','IC','JA','JB','KA','KB', 
                  'KC','LA' 'LB','LC','LD','LE','MA','MB', 'MC','MD', 
                  'ME','MF'}; 
end   
%%  
% This function is to determine the Lookup Table at the level two of    
% condensation  
function  [Grp_Nms_Level2] = Lkup_Tbl_level2 
Grp_Nms_Level2 = {'A','B','C','D','E','F','G','H','I','J','K','L','M'}; 
end  
%%  
%  The job of this function is to determine the group that a node 
%  belongs to it  
function  [High_of_Low] = High_of_Low_fun(Low_V_N, High_Nms, C_N) 
Level = C_N; %Determine the level of condensation 
Ch = 0; 
L = length(High_Nms); 
Co = 1; 
if (Level == 1) 
    Flag = 2; % To determine the names of nodes based on level one    
else 
    Flag = 1; % To determine the names of nodes based on level two 
end % end if 
while (~Ch) && (Co<=L) 
    Str = High_Nms(Co); 
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    Ch1 = strncmp(Low_V_N, Str, Flag); 
    if Ch1 
        Ch = 1; 
        High_of_Low = Co; % Determine the group 
    else 
        Co= Co+1; 
    end % end if 
end % end while 
end % end function 
%%  
%  This function determins the nodes at same group of a node 
function  [Cnt_High Loc_High]= Def_Nds_Same_Grp(FCM_Nms, N, Low_T_N, Level) 
Cnt_High = 0; 
Loc_High = []; 
if (Level == 1) 
    Flag = 2; % To determine the names of nodes based on level one    
else 
    Flag = 1; % To determine the names of nodes based on level two 
end % end if 
for i = 1: N 
    Low_Vs_N = FCM_Nms(i+1, Flag); 
    ch = strncmp(Low_T_N, Low_Vs_N, Flag); % Check if a node at the same 
    if ch                                  % group   
        Cnt_High = Cnt_High + 1; % Count the nodes at the same group 
        Loc_High(Cnt_High) = i;  % Store the locations of nodes at the   
    end % end if                 % same group 
end % end for i 
end % end function 
%%  
%  The job of this function is to assign new credibility weights for nodes 
%  at the lower level of FCM condensation in order to use them in the    
%  calculation of the connections between the nodes (groups) at the higher  
%  level of FCM condensation 
function  [CW_in_High]= Fnd_CW_in_High_fun(Loc_Low_NT, CW_V) 
Ln = length(Loc_Low_NT); % Determine the number of nodes 
N = length(CW_V); 
CW_in_High1 = []; 
for i = 1: Ln 
    CW_in_High1(i) = CW_V(Loc_Low_NT(i)); 
end  % end for i 
sum_cw = sum(CW_in_High1); 
CW_in_High1 = CW_in_High1 / sum_cw; % Use original credibility weights of 
CW_in_High = CW_in_High1;% nodes to assign new credibility weights for them 
End 

 

A.4.2 MATLAB code for FCM refinement process  

%% 
%  This function is to refine the FCM at the lower level of condensation  
%  by removing the connections between the nodes in the similar group 
%  and then update their connections between them to become connections  
%  between different concept groups  
function [Ref_FCM_Low] = Refine_FCM(FCM_Nms, FCM_Low_L,CW_Nds_Low,N_C) 
Ref_FCM = FCM_Low_L; 
N = length(Ref_FCM); 
FCM_Nms = FCM_Nms; 
FCM_CW_Nds_Low_L = CW_Nds_Low; 
Nam = 3 - N_C;   
for i = 1: N % i indicates source nodes 
    % determine the name of the source node 
    Low_T_N = []; 
    Low_T_N = FCM_Nms(i,Nam);  
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    for j = 1: N % j indicates target nodes at the same group of node i 
        % determine the name of the target node 
        Low_R_N = []; 
        Low_R_N = FCM_Nms(j,Nam);   
        if strncmp(Low_T_N, Low_R_N, Nam) 
            if Ref_FCM(i,j) ~= 0 % if two nodes in the same group are at 

                                 % higher level 
                for k = 1: N % k indicates nodes in other groups and  
                             % whether they  have a connection with node j      
                    if Ref_FCM(j,k) ~= 0 % if there is a connection between  
                                         % node i and node k 
                       % calculate new credibility weights for nodes i & j 
                         CWi = FCM_CW_Nds_Low_L(i)/(FCM_CW_Nds_Low_L(i) +  

 FCM_CW_Nds_Low_L(j));  
                         CWj = FCM_CW_Nds_Low_L(j)/(FCM_CW_Nds_Low_L(i) +  

 FCM_CW_Nds_Low_L(j)); 
                       % assign a new connection between node i and node k    
                         New_C = CWi * Ref_FCM(i,j) + CWj * Ref_FCM(j,k); 
                         % Compare the new connection between i & k nodes  
                         % with their original connection, if it exists,  
                         % and choose the maximum of the absolute  

 % connection of them to assign it as a new  
                         % connection between i & k nodes 
                         if abs(Ref_FCM(i,k)) >= abs(New_C)  
                             Ref_FCM(i,k) =Ref_FCM(i,k); 
                         else  
                             Ref_FCM(i,k) = New_C; 
                         end % end if 
                    end % end if 
                end % end for k 
            end % end if 
            Ref_FCM(i,j) = 0; % remove the connection between two nodes  
        end % end if            % at the same groups 
    end %end for j  
end % end for i 
Ref_FCM_Low = Ref_FCM; % obtain the refinement matrix at the lower level 
end % end function  
 

A.5 MATLAB code for FCM fuzzy aggregation process 

%% ----------------------- FCM Fuzzy Aggregation Process ----------------- 
function [Soc_FCM] = FCM_Fuz_Agg(No_FCMs, No_D_Nds, CW_V, Terms) 
%  This function aggregates many FCMs into one Group or Social FCM using  
%  a novel fuzzy aggregation method. It uses the 2-tuple fuzzy linguistic  
%  representation model to represent the connection weight values of FCMs  
%  in fuzzy Beta values. This method can also combine different FCMS that 
%  are assessed in different linguistic term sets. It can uniform the 
%  representation of the connection weight values of FCMs assessed in 
%  different linguistic term sets into membership function values assessed  
%  in a standard set called the Base Linguistic Term Set (BLTS). This  
%  process is called a Normalization Process because it normalizes the  
%  different linguistic sets into a standard set. The objective of the 
%  uniform (normalization) process is to accurately deal with the imprecise 
%  values of FCMs without loss or distortion of information. 
%  Moreover, the fuzzy aggregation method uses credibility weights of FCMs 
%  in the aggregation process to recognise the differences existing in the   
%  levels of information/knowledge in the development of FCMs. 
%  To do that, this function performs the following processes:  
%  where 
%  - No_FCMs is the number of FCMs to be combined 
%  * Note: each FCM has a name that starts with FCM followed by a 
%    sequence number from 1 to the number of FCMs, such as FCM1, FCM2, 
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%    etc.  
%  - No_D_Nds is the number of distinct nodes in all FCMs to be combined. 
%  * Note: each node has a name that starts with Nds followed by a 
%    sequence number from 1 to the number of Nds like Nds1, Nds2, 
%    etc. These names of nodes are stored in the first column of the matrix  
%    of each FCM. 
%  - CW_V is a vector that stores the credibility weights of FCMs to be 
%    combined in correspondence to the sequence order of FCMs. 
%    For example, CW_V(1) gives the credibility weight of FCM1, and so. 
%  - Terms is a vector that stores, in corresponding with the sequence  
%    order of FCMS, the number of linguistic terms that represents the 
%     membership functions of FCM connection weight values 
%    For example, Terms(1) gives the number of terms of FCM1, and so on. 
%  * Note: here we use two types of linguistic term sets based on the  
%    [-1, 1] universe of discourse; the first one consists of 11 terms  
%    (S(-5) .. S(5)) to represent the following linguistic terms 
%    (-VH, -H, -M, -L, -VL, Nul, VL, L, M, H, VH)  
%    The second set consists of 13 terms (S(-6) .. S(6)) to represent the  
%    fuzzy numbers of the numeric values or the following linguistic terms 
%    (-VVH, -VH, -H, -M, -L, -VL, Nul, VL, L, M, H, VH, VVH) 
Num_FCMs = No_FCMs; % Determine the number of FCMs to be combined 
Num_D_Nds = No_D_Nds; % Determine the number of distinct nodes in FCMs 
CW_FCMs = CW_V; % Determine the credibility weights of FCMs  
Terms_Vec = Terms; % Determine the number of terms represented in the FCMs 
%  - Define the Uniform Linguistic Term Set (BLTS). In this method, we  
%    choose 13 triangular linguistic terms (S(-6) .. S(6)) based on the  
%    [-1, 1] universe of discourse to express the BLTS. This set is  
%    sufficient to normalize other linguistic term sets representing the 
%    membership function values of FCMS. 
BLTS = [-1 -1 -0.83;-1 -0.83 -0.67; -0.83 -0.67 -0.5; -0.67 -0.5 -0.33; 
         -0.5 -0.33 -0.17;-0.33 -0.17 0;-0.17 00 .17;0 0.17 0.33;  
         0.17 0.33 0.5;0.33 0.5 0.67; 0.5 0.67 0.83; 0.67 0.83 1;0.83 1 1]; 
%  - Initialize an adjacency matrix for the group or social FCM and fill  
%    its elements by zero values  
Soc_Grp(1: Num_D_Nds, 1: Num_D_Nds) = 0;  
% Aggregation Process 
for i = 1: Num_FCMs 
    k = i; 
    s = num2str(k); 
    FCM_Name = strcat('FCM',s,'.xlsx'); 
    % The following command reads the matrix of FCM consisting of the names  
    % of nodes and its connection weights represented by Beta values and  
    % stores the Beta values in FCM_Beta_Val matrix and names of nodes in  
    % FCM_Nds_Nam vector   
    [FCM_Beta_Val FCM_Nds_Nam]=xlsread(FCM_Name); 
    % Count the number of nodes in FCM_Beta_Val matrix 
    No_FCM_Nds = length(FCM_Beta_Val);  
    % - Normalization Process 
    %   * We need only to normalize the linguistic set that consists of 11  
    %     linguistic terms in BLTS. The linguistic terms in 13 linguistic  
    %     set represent the same membership functions of the linguistic  
    %     terms in BLTS. So, there is no need to normalize this set. 
    %  - For the set of 11 linguistic terms  
    %    * Convert the Beta values of FCM into interval [-1, 1] 
    No_Terms = Terms_Vec(i); 
    if (No_Terms == 11) 
        S_mf = [-1 -1 -.75 ; -1 -.75 -.5; -.75 -.5 -.25; -.5 -.25 -.11; 
                -.25 -.11 0; -.11 0 .11; 0 .11 .25; .11 .25 .5 ;  
                .25 .5 .75; .5 .75 1; .75 1 1]; 
    %    * Num_FCM_11 represents the connection weight values of FCM in  
    %      the interval [-1, 1] 
    Num_FCM_11 = Cnv_Bta_to_11(FCM_Beta_Val, S_mf, No_Terms); 
    %    * Uniform the 11 linguistic terms with BLTS (13 linguistic terms) 
    Unif_Set = Norm_11Set_in_BLTS(S_mf, BLTS); 
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    %    * Find the membership functions of FCM values represented in the 
    %      interval [-1, 1] after normalizing its linguistic set in BLTS 
    Wght_fuz_Uni = Num_to_wght_Uni(Num_FCM_11, Unif_Set); 
    % converting these values to their equivalent Beta values 
    S_Flag = 6; 
    FCM_Beta_Val = Bta_Wght_Fun(Wght_Fuz, S_Flg);         
    end  % end if 
    %  - Augment the FCM_Beta_Val matrix to include all distinct nodes  
    %    * Initialize zero augmented matrix for FCM_Beta_Val matrix  
    Aug_FCM(1: Num_D_Nds, 1: Num_D_Nds) = 0;  
    % The following nested Loops store the values of connections in 
    % FCM_Beta_Val matrix to the corresponding connections in the  
    % augmented matrix. 
    for r = 1: No_FCM_Nds 
        for c = 1: No_FCM_Nds 
            % Check if the FCM_Beta_Val connection value is not zero 
            if FCM_Beta_Val(r,c)  
                Nam_Nd_Row = FCM_Nds_Nam(r); % Define the name of  
                S_Nam_Row = Nam_Nd_Row{1};   % transmitter node 
                Nam_Nd_Col = FCM_Nds_Nam(c); % Define the name of  
                S_Nam_Col = Nam_Nd_Col{1};   % receiver node 
                Pos_Aug_Row = str2num(S_Nam_Row(4)); % Determine the index  
                Pos_Aug_Col = str2num(S_Nam_Col(4)); % of each node 
                % Store the FCM_Beta_Val connection value in corresponding  
                % positions of these nodes in the augmented matrix 
                Aug_FCM(Pos_Aug_Row, Pos_Aug_Col) = FCM_Beta_Val(r,c);  
            end % end if 
        end % end for c 
    end % end for r 
    %  - Weight the connection values of augmented matrix by multiplying  
    %    them by its FCM credibility weight. 
    Wghtd_Aug_FCM = CW_FCMs(i) * Aug_FCM; 
    %  - Combine the weighted augmented matrix to the group/social matrix  
    Soc_Grp = Soc_Grp + Wghtd_Aug_FCM; 
    % The next iteration of the loop i is to repeat the above steps for 
    % another FCM that is to be combined     
end  % end for i 
end % end function 
%% 
% This function converts the Beta value of FCM connection weights into  
% numeric values in the range [-1, 1] depending on the linguistic term set    
% S_mf that assesses these values  
function Num_in_11 = Cnv_Bta_to_11(FCM_Beta_11, S_mf, No_Terms) 
FCM_Beta = FCM_Beta_11; 
N_T = No_Terms; 
S_N_Terms = S_mf; 
Max_Beta = (N_T - 1)/ 2; 
% Define the numerical range 
X = -1: 0.01: 1; 
[sr sc] = size(FCM_Bta); 
FCM_Crsp(1: sr, 1: sc) = 0; 
for r = 1: sr 
    for c = 1: sc 
        Beta = FCM_Bta(r, c); 
        if Beta == (-1 * Max_Beta) 
            FCM_Crsp(r, c) = -1; 
        else  
            if Beta == Max_Beta 
                 FCM_Crsp(r, c) = 1; 
            else   
                if Beta == 0 
                    FCM_Crsp(r, c) = 0; 
                else  
                    H = fix(Beta); % Use trunc operation 
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                    R = Beta - H; 
                    H_S = H + Max_Beta +1; 
                    if H_S+1 > N_T  
                        FCM_Crsp(r, c) = 1; 
                    else 

 % Use mean of maximum (MoM)defuzzification method  
                   % to defuzzify the resulting values by calling the  
                   % MATLAB Function (defuzz()) 
                        Mem_1 = defuzz(X, S_N_Terms(H_S,:),'mom'); 
                        Mem_2 = defuzz(X, S_N_Terms(H_S+1,:),'mom'); 
                        FCM_Crsp(r, c) = Mem_1 * (1 - R) + Mem_2 * R; 
                    end % end if 
                end % end if 
            end % end if 
        end % end if 
    end % end for c 
end % end for r 
Num_in_11 = FCM_Crsp; 
end % end function 
%% 
function Set_11_Norm = Norm_11Set_in_BLTS(Set_11_to_Norm, BLTS_Set) 
mftype = 'trimf'; 
BLTS = BLTS_Set; 
Set_to_Norm = Set_11_to_Norm; 
X = -1: 0.01: 1; 
[lr_a, lc_a] = size(Set_to_Norm); 
for i = 1: lr_a 
    % Find the membership function values for the 11 linguistic terms to be 
    % normalized in the 13 linguistic terms (BLTS) 
    Set_to_Norm_mf(i,:) = evalmf(X, Set_to_Norm(i,:), mftype); 
end % end for i 
[lr_BLTS,lc_BLTS]=size(BLTS); 
for k= 1: lr_BLTS 
    % Find the membership function values for BLTS  
    BLTS_mf(k,:) = evalmf(X, BLTS(k,:) ,mftype); 
end % end for k 
len = length(X); 
for a = 1: lr_a 
    for b = 1: len 
        for c = 1: lr_BLTS 
            % Find the minimum membership function of the representation of  
            % the value on the universe of discourse using 11 linguistic  
            % term set and BLTS  
            min_a(a, c, b) = min(Set_to_Norm_mf(a, b), BLTS_mf(c, b)); 
        end % end for c 
    end % end for b 
end % end for a 
for y = 1: lr_a 
    for z = 1: lr_BLTS 
        % Find the maximum membership function value from all possible 
        % minimum values that represent each of the above values 
        max_a(y, z) = max(min_a(y, z, :)); 
    end % end for z 
end % end for y 
Set_11_Norm=max_a; 
end % end function 
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Appendix B 

Consent Form, Questionnaire and Research Information Sheet  

B.1 Consent Form  

 نموذج موافقة
 

 متين  : نموذجالمشكلة حل اجل توصيات من لتقديم األردن في المياه ندرة مشكلة ومحاكاة وتحليل معالجة :اسم البحث

 .المشكلة هذهفي  أصحاب المصلحة تصورات  ومحاكاة يقوم على تحليل كمي وشبه
 

 

في المشروع،  رئيسي ة كموضوععلى هذا األساس أوافق على المشاركو. أعاله المسمىلقد قرأت وفهمت وصف المشروع 

المقابلة  أنوأنا أفهم أيضا . يتيعلى نشر نتائج المشروع على أساس أنه سيتم الحفاظ على عدم الكشف عن هو وأنا موافق

حتى قدمتها كنت قد سحب أي معلومات ذلك بما في  من المشروع نسحبأقد  ني، وأMP3 مسجل تسجيلها على معي سيتم 

 . المقابلة اللحظة التي يتم فيها التوقيع على نموذج
 
 

 االسم:                                                                                                                              

 
 

 التوقيع:                                                          التاريخ:                                                           
 
 
 

 
 الباحث 

 
 مأمون عبيدات
 طالب دكتوراة

 قسم البيئة والمجتمع والتصميم
48صندوق بريد   
 جامعة لينكولن

7487لينكولن   
 كانتيربري، نيوزيالندا

mamoon.obiedat@lincolnuni.ac.nz  :بريد الكتروني 
 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz
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Consent Form 
 

Name of Project: Addressing, analysing and simulating Water Scarcity Problem in Jordan to introduce 
recommendations in mitigating the problem: Robust semi-quantitative model for analysis and policy 
scenario simulations based on stakeholder perceptions of the problem. 
 

 
I have read and understood the description of the above-named project.  On this basis I agree to 
participate as a subject in the project, and I consent to publication of the results of the project with 
the understanding that anonymity will be preserved.  I understand also that my interview will be 
recorded on an MP3 player and I may withdraw from the project, including withdrawal of any 
information I have provided up to the point at which the interview transcript is signed off. 
 
 
 

Name:    
 
 
 
Signed:     Date:    
 
 
Researcher: 
 
Mamoon Obiedat  
PhD Candidate 
Environment, Society and Design Division. 
PO Box 84 
Lincoln University 
Lincoln 7647 
Canterbury, New Zealand. 
Email: mamoon.obiedat@lincolnuni.ac.nz 
 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz
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B.2 Questionnaire Form 

 استبيان
 

 متين  : نموذجالمشكلة حل اجل توصيات من لتقديم األردن في المياه ندرة مشكلة ومحاكاة وتحليل معالجة اسم البحث:

 .المشكلة هذهفي  أصحاب المصلحة تصورات  ومحاكاة يقوم على تحليل كمي وشبه
 

استجواب. سؤال بدون أي رفض اإلجابة عنبحيث يمكنك  التالية المفتوحة من األسئلة تتكون المقابلة  
 

 أسئلة عامة . أ

 ؟وموطنك األصلي كم عمرك، وما جنسك وعملك .1

ذا تصنف األردن حسب وضعها المائي مقارنة بدول العالم مابماذا تعرف عن الوضع المائي في االردن، و .2

 ؟األخرى

 االردن في المياه ندرة مشكلة عن تخبرني ان يمكن ماذا .3

، وهل لديك حل تقترحه لتجنب هذه هذه المشكلة لحلوماذا تفعل من انقطاع للمياه في منزلك، هل عانيت  .4

 ؟المشكلة نهائيا  

 

 لتحديد العوامل واالعتبارات الرئيسية؟أسئلة  . ب

والمياة : مياه االمطار، المياه الجوفية، المياه السطحية مفتاحية)كلمات  التقليديةما هي اهم الموارد المائية  .1

المياه الناتجة من التحلية ومعالجة مياه الصرف : مفتاحية)كلمات وغير التقليدية  المشتركة مع دول الجوار(

 ؟ الصحي والمياه الرمادية( في االردن

مياه والكمية المخصصة تقريبا  لكل استخدام )كلمات مفتاحية:  لمياه في االردناالستخدامات الرئيسية ل ما هي .2

برأيك يجب أن تكون ما هي و (االستخدامات االخرىمياه الزراعة مياه  تخدامات المنزلية،واالس الشرب

 ؟حاجاتمن هذه الأولويات تزويد المياه 

، وما تأاثيرها على النمو التنمية والتطوير في مشكلة نقص المياه في االردن منناتجة السلبية الاثار ما هي األ .3

 ؟اجتماعية، اقتصادية، سياسية، الخ..( أاثار : مفتاحيةكلمات )األردن 

 :مفتاحية)كلمات  يها يفوق التزويد بهاالطلب عل وجعلما هي العوامل الرئيسية التي تؤاثر على شح المياه  .4

والمغتربين  النمو السكاني وتدفق الالجئين ارتفاع ،المناخ تغير ضعف اإلدارة المتكاملة لموارد المياه،

التنمية  مصادرها،و، االستغالل المفرط للمياه شح الموارد المائية المتجددة، القيود المالية والزائرين،

، ضعف القوانين واالنظمة المتعلقة بالمياه وحقوقها، نقص  ية والسياحيةوالصناع يةاالستثماروة يالزراع

 الصعوبات السياسية(؟  التلوث، الفاقد من المياه، الموارد البشرية الماهرة، 

المائي في االردن  الوضعوتحسين  ندرة المياه للحد من ام بهاالقي يمكن للمواطنين التي اإلجراءاتأهم  ما هي .5

لتخزين مياه االمطار، ترشيد استهالك المياه باستخدام  وارضية : بناء مخازن منزلية سطحيةمفتاحية)كلمات 

ر المياه دخدام االمثل للمياه وعدم هاالستاجهزة توفير المياه الحديثة، تحسين السلوك الفردي مثل تكنولوجيا 

 (؟ والتكيف مع النقص الشديد للمياه

المائي في االردن  الوضعندرة المياه، وتحسين  للحد من القيام بها يمكن للحكومة التي أهم اإلجراءات ما هي .6

قوانين تحسين وتفعيل االنظمة والل، فعا وإصالح مؤسسي إدارة جيدةنظام مائي مناسب و: مفتاحية)كلمات 

ومنع  مصادر المياه، مراقبة المياه وفقدان تسرب ي الماكنفورال صالحإدورية و صيانةالمتعلقة بالمياه، 

لها، تحديث تعرفة المياة على اساس الجودة واالستخدام، وتعزيز الثقة  وغير المشرع االستخدام الجائر

ن مصادر جديدة للمياه، تأمين حقوق األردن البحث ع ،المتبادلة بين المواطن والمسؤول، تحسين توزيع المياه

برامج توعية وتعليمية لتعليم المواطنين زيادة طرق الحصاد المائي، من المياه المشتركة مع دول الجوار، 

 والمزارعين االستخدام االمثل للمياه (؟ 
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لوفر المائي في االردن ندرة المياه، وتحسين ا للحد من القيام بها يمكن للمزارعين التي أهم اإلجراءات ما هي .7

: تحسين انظمة الري باستخدام طرق ري فعالة وقنوات ري مبطنة تستخدم الري التدريجي، مفتاحية)كلمات 

واستخدام  التحول االستراتيجي في الزراعة مثل استخدام نوعيات محاصيل زراعية ذات استخدام قليل للمياه

المياه في  وفقدان الفوري الماكن تسرب ن خالل االصالحم الفاقد من المياه ، وتقليلالبيوت البالستيكية

 (؟   ، عمل حفر وأبار جمع مائية مزارعهم

ما هو دور التكنولوجيا الحديثة مثل معالجة مياه الصرف الصحي والمياه الرمادية الناتجة عن االستخدامات  .8

شيد االستهالك، اجراء البحوث المنزلية، تحلية المياه المالحة، استخدام التقنيات الحديثة في الري وتر

واستخدام تكنولوجيا المعلومات وقواعد البيانات في تحسين الوضع المائي وادارة موارده في االردن وأيضا 

 ما تإاثيرها المادي على الوفر المالي؟

 مشكلة يقلليحسن من الوضع المائي ومن شأنه أن  في قطاع المياه القطاع الخاص مشاركة  هل تعتقد أن .9

، وهل يجب أن تكون هناك جهة منظمة من المياه العرض والطلب على بين وتحقيق التوازن المياه ندرة

 ؟الحكومة لإلشراف عليه من اجل تأمين حقوق الناس من احتياجاتهم الرئيسية للمياه

 هو أاثر التنمية والتطوير على الوضع المائي والمالي في االردن؟ ما .11

ين )البحر مشروع الديسي ومشروع ناقل البحرما رأيك في مشاريع المياه االستراتيجية في االردن مثل  .11

وهل هما بدائل جيدة لتقليص الفجوة بين الطلب  في تحسين الوضع المائي في االردن االحمر والبحر الميت(

 نجازهما؟مقارنة بالكلفة المادية الباهضة الالشديد على المياه والموارد المائية 

هل برأيك ان تحسين المصادر الموجوده من خالل ما ذكر سابقا  يكفي لسد جميع الحاجات المائية وتحقيق  .12

التوازن بين الطلب والتزويد على المياه ام ان هناك حاجة لمصادر جديدة، وإذا كانت هناك حاجة لمصادر 

 جديدة، فماذا تقترح وما تإاثيرها المادي على الوفر المالي؟

المعرفة التقليدية، : مفتاحية)كلمات  موارد المياه في األردن هي االشياء التي تقترحها من اجل استدامة ما .13

 ؟ التكنولوجيا، االدارة والنظام المائي الجيدين(

 هل هناك أي شيء أخر تود أن تقوله أو تضيفه في هذه المقابلة؟ .14

 

يملك الضيف عندما ال  ألي أمر غير واضح. سيتم انهاء المقابلةقد يرافق هذه األسئلة أسئلة فرعية لمزيد من التوضيح 

.إلضافته  اي شيء)الشخص الذي يجري معه المقابلة(   

 

 لرسم الخريطة اإلدراكية؟أسئلة  . ج

التي تؤاثر على الوضع المائي في األردن سواء حددت العوامل  قد بعد انتهاء المقابلة ستكون وحسب وجهة نظرك

التي تمثل هذه العوامل وتأاثيرها على  رسم الخريطة اإلدراكيةمباشرة، والمطلوب اآلن منك  بطريقة مباشرة أو غير

 بعضها البعض.

 قبل رسم الخريطة اإلدراكية:

 هل تريد أن تضيف أو تلغي أو تعدل أي متغير من قائمة المتغيرات التي ذكرتها في المقابلة؟  .1

 

من فضلك، مثل المتغيرات التي ذكرتها في المقابلة على شكل عقد )تمثيل المتغير داخل دائرة( اثم ارسمهم على ورقة 

 موجهة. اثم عين مقدار كل عالقة حسب تصورك.  أسهممناسبة. اثم ارسم العالقات بين هذه المتغيرات على شكل 

 ريطتك؟ هل تريد أن تضيف أو تلغي أو تعدل أي متغير أو عالقة في خ .2
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استخدام مصطلحات لغوية مثل قليل،  بين الصفر والعشرة أو يمكنك استخدام أي رقم حقيقي بين الصفر والواحد أو :مالحظة

 .لتحديد مقدار هذه العالقةمتوسط، مرتفع 

 

Researcher: 
 
Mamoon Obiedat  
PhD Candidate 
Environment, Society and Design Division. 
PO Box 84 
Lincoln University 
Lincoln 7647 
Canterbury, New Zealand. 
Email: mamoon.obiedat@lincolnuni.ac.nz 
 
 

 الباحث
 

 مأمون عبيدات
 طالب دكتوراة

 قسم البيئة والمجتمع والتصميم
48صندوق بريد   
 جامعة لينكولن

7487لينكولن   
 كانتيربري، نيوزيالندا

mamoon.obiedat@lincolnuni.ac.nz  :بريد الكتروني 

 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz
mailto:mamoon.obiedat@lincolnuni.ac.nz
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Questionnaire 

 
Name of Project: Addressing, analysing and simulating Water Scarcity Problem in Jordan to introduce 
recommendations in mitigating the problem: Robust semi-quantitative model for analysis and policy 
scenario simulations based on stakeholder perceptions of the problem. 
 
The interview consists of the following open-ended questions. You may decline to answer any 
question without questioning.  
 
A. General questions 

 

1. What are your age, gender and occupation? 

2. What do you know about general water situation in Jordan and what is behind it? 

3. What can you tell me about water scarcity in Jordan? 

4. Have you any experienced water interruption in your house, if so, how many times, 
approximately per month and what do you do to manage this problem? 

 

B. Questions identifying main factors and key considerations  

 

1. What are the important conventional water resources (keywords: rainwater, groundwater, 
surface water, and water shared with neighbouring countries) and non-conventional water 
resources (keywords: water produced from the desalination and the treatment of 
wastewater and grey water) in Jordan? 

2. What are the main water uses and allocations for these uses in Jordan (keywords: domestic 
water, irrigation water and other uses)? 

3. Tell me about negative impacts that rise from water scarcity problem in Jordan (keywords: 
social, investment, economic, political impacts, etc.)?  

4. What are the main factors that affect water scarcity and raise the demand for water in 
Jordan (keywords: weakness of integrated management of water resources, climate change, 
high population growth and influxes of refugees, financial constraints, economic growth, lack 
of water resources, overuse and overexploitation of water resources, development of 
agriculture, investment and industry, , weakness of laws and by-laws concerning water and 
water rights, shortage skilled human resources, pollution, wastage of water, and political 
difficulties)? 

5. What are the most important actions that citizens can take to reduce water scarcity and 
improve water situation in Jordan (water supply) in Jordan (keywords: surface roof water 
harvesting, rationalize water consumption by using modern devices, improve individual 
behaviour such as  placing public-interest on private-interest, pay water tariffs without delay, 
promote confidence between the citizen and the official, and adaptation to the severe 
shortage of water)? 

6. What are the most important actions that government can take to reduce water scarcity and 
improve water situation in Jordan (keywords: suitable water system, good management, 
effective institutional reform, improve and activate water laws and regulations, periodic 
maintenance and immediately repair the leak and loss of water, control groundwater wells 
and prevent their overuse, updating water tariffs based on quality and use, promote 
confidence between the citizen and the official, improve water distribution, seek for new 
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water resources, securing Jordan rights of the water shares with neighbouring countries, 
increase water harvesting methods, and awareness and educational programs for citizen and 
farmers)? 

7. What are the most important actions that farmers can take to reduce water scarcity and 
improve water situation in Jordan (keywords: improve irrigation systems by using more 
effective irrigation methods, strategic shift in agriculture such as selection of crops varieties 
with lower water consumption, reduce water losses by implementing water demand 
management practices and immediately repair the leak and loss of water in their farms, and 
make pits and wells to collect and store water)?  

8. What is the role of modern techniques such as wastewater and grey water treatment, 
desalination, the use of modern techniques in irrigation and rationalize consumption, 
research, information technology and databases to improve and manage the water situation 
and resources in Jordan? And what are the impacts of these technologies on the financial 
situation?  

9. Do you think that the participation of the private sector in the water sector would improve 
the water situation and reduce the scarcity problem and achieve a balance between water 
supply and demand? And is there should be a hand of government to oversee the private 
sector in order to secure the rights of people from their basic needs of water?  

10. What are the impacts of the development and urbanization on water situation and financial 
situation in Jordan? 

11. What do you think about the strategic projects, such as Disi and Red Sea – Dead Sea Water 
Conveyance to improve the water situation in Jordan? Are they good alternatives to reduce 
the gap between water demand and supply compared to the large cost of their completion? 

12. Do you think that improving water resources through what previously stated is sufficient to 
meet all the needs of water and achieve a balance between water demand and supply or 
there is a need for new sources? If so, what do you suggest for this and what is its impact on 
the financial situation? 

13. What are the things that you propose for the sustainability of water resources in Jordan 
(Keywords: traditional knowledge, technology, good management, proper water system, 
deterrent laws, and reduce wastage of water)? 

14. Is there anything else you would like to say or add to the interview? 

 

These questions may be accompanied by sub-questions for further clarification of anything unclear. 

The Interview will finish when the interviewee has nothing to add. 

 

Drawing fuzzy cognitive map  

 

Now, you have identified the factors (variables) that influence and change on the water scarcity in 

Jordan, and we move to draw the cognitive map that represents these factors and the connections 

between them. Before drawing the cognitive map 

1. Do you want to add, delete or update any variable(s) from the list of variables you 
mentioned? 
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Please, represent your variables as nodes and draw them in the white board provided. Then, draw 

the connections among the nodes. Then, assign strength to each connection as you perceive them. 

2. Do you want to add, delete or update any variable(s) or connection(s) in your map? 

 

Note, the interviewee can use real numbers between 0 and 1 or linguistic terms such as: weak, 

moderate, strong etc. to describe the strength of the connections in his/her map.  

 
Researcher: 
 
Mamoon Obiedat  
PhD Candidate 
Environment, Society and Design Division. 
PO Box 84 
Lincoln University 
Lincoln 7647 
Canterbury, New Zealand. 
Email: mamoon.obiedat@lincolnuni.ac.nz 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz
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B.3 Research Information Sheet  

 ورقة معلومات البحث
 

، أنا طالب دكتوراه في جامعة لينكولن في نيوزيالندا. اشكرك على وقتك، مشاركتك في بحثي مأمون عبيدات، اسمي مرحبا

 هذا أمر مهم وحيوي. وأنت مدعو للمشاركة في مشروع بعنوان:  

 
معالجة وتحليل ومحاكاة مشكلة ندرة المياه في األردن لتقديم توصيات من اجل حل المشكلة: نموذج  متين وشبه كمي 

 يقوم على تحليل ومحاكاة  تصورات أصحاب المصلحة في هذه المشكلة.
 

:الهدف من هذا المشروع هو  

 

تصنف األردن رابع أفقر دولة في العالم في مصادر المياه، حيث تقدر حصة الفرد في األردن سنويا  من المياه حوالي 

م151
3
م1111بينما يبلغ خط الفقر المائي العالمي للفرد حوالي   

3
. تعتبر المياه الجوفية والمياه السطحية أهم مصدرين 

أساسيين للمياه في األردن يليهما مياه األمطار والمياه المشتركة مع دول الجوار، ويحتل قطاع الزراعة الجزء األكبر من 

االستخدامات المنزلية اثم االستخدامات األخرى كالصناعة والسياحة وغيرها. ونظرا  الطلب على المياه يليه مياه الشرب و

لشح الموارد المائية في األردن فإن الطلب على المياه يفوق كثيرا  التزويد بها، أضف إلى ذلك ازدياد النمو السكاني وتدفق 

الزراعية والصناعية واالستثمارية والسياحية،  الالجئين والنمو االقتصادي الذي يعتمد على المياه خصوصا في المجاالت

كل ذلك يؤدي إلى ازدياد الحاجة الشديدة إلى المياه وتوسيع الفجوة بين الطلب والتزويد ويصبح الوضع المائي تحديا  

 استراتيجيا  خطرا  على معظم مجاالت الحياه في األردن.

للحصول على  العالقةأصحاب  ة منمع مجموعات مختلفة عديدإلجراء مقابالت لذلك فإن الهدف من هذا المشروع هو 

. واستمزاج آرائهم حول كيفية تحسين الوضع المائي وتنميته في األردنالمائي  الوضعحول  تصوراتهمووجهات نظرهم 

طني للمياه في يتم التركيز على أسباب ندرة المياه وآاثارها السلبية ، واستدامة الموارد المائية واألمن الوسعلى وجه التحديد، 

وأيضا  ما هو دور كل من  األردن، والتحديات التي تحول دون تنمية الموارد المائية الحالية والبحث عن موارد مائية جديدة.

المواطن والحكومة والمزارع والمستثمر في تخفيف الضغط على الموارد المائية والحد من مشكلة اختالل التوازن بين 

 في األردن. العرض والطلب على المياه

، في المقابلة سوف أطلب منك األجابة على األسئلة المفتوحة في ورقة االستبيان MP3 سيتم تسجيل المقابلة باستخدام مسجل

المرفقة،أيضا خالل المقابلة كالنا سوف يدون على ورقة منفصلة المالحظات والعوامل المهمة )المتغيرات( التي تؤاثر ولها 

م تسجيلك الصوتي ومتغيراتك ومالحظاتك عالقة على الوضع المائي في األردن. في نهاية المقابلة سوف أطلب منك استخدا

هي عبارة عن عقد )دوائر( وأسهم ذات اتجاه واحد بين هذه العقد  التي دونتها لتساعدك في رسم الخريطة االدراكية التي 

بحيث يتم تمثيل المتغيرات في هذه العقد وتمثيل العالقات )تأاثير العوامل على بعضها البعض( من خالل هذه األسهم 

 على النحو التالي:هة الموج

  لوحفي المقابلة على شكل عقد في الخريطة )تمثيل المتغير داخل دائرة( على  تسم المتغيرات المهمة التي ذكرر .1
 مناسبة.   أو ورقة 

 رسم العالقات بين المتغيرات على شكل خطوط )أسهم( موجهة.   .2

 اإم الخريطةعلى كل سهم موجه بين أي متغيرين وعند رأسه في  وضع .3

 .اإلشارة + إذا كانت العالقة بين المتغيرين تمثل تأاثير ايجابي  . أ
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+H 

-VH 

عالقة  الوضع المائيالمتغير الهدفي إلى  المياه الجوفيةن المتغير المصدري مالعالقة  -

الوضع بشكل مرتفع في  زيادة المياه الجوفية فإن هذا سيؤدي إلى زادت ايجابية بمعنى إذا

في الوضع المائيبشكل مرتفع  نقصالمياه الجوفية فإن هذا سيؤدي إلى  نقصتالمائي وإذا   

 

 زادتبمعنى إذا  سلبيةعالقة  الوضع المائيإلى المتغير  الزراعةالعالقة من المتغير  -

 نقصتالوضع المائي وإذا ل مرتفع جدا  في بشك نقص فإن هذا سيؤدي إلى زراعةال

في الوضع المائيبشكل مرتفع جدا   زيادةالزراعة فإن هذا سيؤدي إلى   

 

 

 .إذا كانت العالقة بين المتغيرين تمثل تأاثير عكسي -أو اإلشارة   . ب

ن على كل سهم موجه بين أي متغيرين وعند رأسه في خريطتك مقدار العالقة )أي ما مقدار تأاثير متغير معين يعيت .4

استخدام  بين الصفر والعشرة أو باستخدام إما أرقام حقيقية بين الصفر والواحد أوعلى المتغيرات األخرى( وذلك 

  ، مرتفع جدا .متوسط، مرتفع قليل، ،جدا   مصطلحات لغوية مثل قليل

   حسب الشكل التالي:  مثال توضيحي:

  

    

 

 

 

في الخريطة الخاصة بك.  عالقاتاثم، سوف أطلب منك إذا كنت ترغب في إضافة أو حذف أو تحديث أي متغيرات أو 

الخيار  كلوجها في الخريطة الخاصة بك لكنك نسيت أن تدرو التي ذكرتها في المقابلةأقترح عليك المتغيرات سأيضا، 

 .ال وألخذها في االعتبار أ

مساعدة من شأنها التقديم توصيات ومن اثم  قمت بتصميمها قوية نماذج محوسبةباستخدام  هذه الخرائط سيتم تحليلبعد ذلك 

التخفيف من حدة مشكلة ندرة المياه وتحقيق التوازن بين العرض والطلب تحسين الوضع المائي وهدف بفي صنع القرار 

 .على المياه في األردن

 

تتضمن:المشروع مشاركتك في هذا   
 

الوقت الالزم مشاركتك في هذا البحث هي عمل تطوعي ويمكنك أن ترفض اإلجابة على أي سؤال بدون تقديم أي تبرير. 

دقيقة تشمل المقابلة والتحقق من نصوص المقابلة ورسم الخريطة. إذا  121إلى  91لمساهمتك في هذا البحث قد يستمر من 

أكملت المقابلة ورسمت الخريطة فإنه لك الحق لمراجعة النتائج، بحيث يمكنك االحتفاظ بنسخة من الخريطة وأي ورقة 

لك الصوتي، وحتي هذه اللحظة يمكنك تعديل أو سحب أي أو كل مساهماتك أو استخدمت في المقابلة وأيضا تسجي

مالحظاتك بدون أي تبرير. إذا قمت بتأكيد ان مساهماتك هي صحيحة ودقيقة من وجهة نظرك ووافقت على التوقيع عليها 

اس أنه سيتم الحفاظ على فهذا يعني أنك موافق على المشاركة في البحث وأعطيت الموافقة على نشر نتائج البحث على أس

سرية هويتك يعني ذلك أنهمن المستحيل ربط هويتك الشخصية بالمعلومات التي أعطيتها. لضمان عدم الكشف عن هويتك 

سأقوم بتعيين رقم عشوائي أو اسم مستعار معروف فقط من قبلي إلجراء التحليل وسيتم ترميز البيانات من خريطتك في 

 مع الخرائط االخرى بدون استخدام أي رابط إلى هويتك.مصفوفة وتحليلها اثم جمعها 

لمشاركة في هذا المشروع؟لمستعد ما زلت  هل تفهم حقوقك كمشارك؟ هلبناءا  على ذلك،     
 

 على سبيل المتابعة لهذا النشاط ، سوف يطلب منك:

  .ال وجود ألي متابعة 

 في أداء المهام وتطبيق اإلجراءات، هناك مخاطر في:

 خاطرم يوجد ال . 
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 يتم تنفيذ هذا المشروع من قبل:

 إسم الباحث الرئيسي: مأمون عبيدات .1

 

اهتمامات بخصوص هذا المشروع، من فضلك ال تتردد باإلتصال بي على  إذا لديك أي استفسار أو ترغب بمناقشة أي

  العنوان التالي:

 مأمون عبيدات
 طالب دكتوراة

 قسم البيئة والمجتمع والتصميم
48صندوق بريد   
7487لينكولن  - جامعة لينكولن  

 كانتيربري، نيوزيالندا
mamoon.obiedat@lincolnuni.ac.nz :بريد الكتروني 

 

شرفي الباحث أيضا ، إذا كان لديك مزيد من االستفسارات أو اإلهتمامات حول هذا البحث من فضلك ال تتردد باإلتصال بم

 الرئيسي. عناوين المشرفين البريدية هي نفسها العنوان البريدي للباحث الرئيسي: 

 

 إسماء مشرفي الباحث الرئيسي وعناوينهم االلكترونية: .2

  :الدكتورة سانديا سامرسينقا )مشرف رئيسي(، بريد الكترونيSandhya.Samarasinghe@lincoln.ac.nz 

 عد(، بريد الكتروني: الدكتور مجدي محسن )مشرف مسا magdy.mohssen@lincoln.ac.nz 

 

المشروع من يتم تمويل أخالقيات اإلنسان في جامعة لينكولن، و لجنةالموافقة عليه من قبل والمشروع تم مراجعته وتنقيحه 

 به الخاصة تهلمشارك نسخلسيتم تقديم ، والمقابلة باستخدام مسجل تسجيلميزانية الدراسات العليا في جامعة لينكولن، سيتم 

 عندها سيتم اخذ المالحظات فقط.، المقابلة تسجيلب ترغب ال لكنة وعلى طلبه. وإذا كنت على استعداد إلجراء مقابل ا  بناء

   لمشاركة؟باهل أنت مهتم 

 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz
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Research Information Sheet  
 

Lincoln University 
 

Faculty, Department or Research Centre: Faculty of Environment, Society and Design (FESD), 
Department of Environmental Management. 

 
Research Information Sheet 

 
Hello. My name is Mamoon Obiedat and I am a PhD student at Lincoln University in New Zealand. 
Thank you for your time, your participation is vital for my research. You are invited to participate as a 
subject in a project entitled: 
 

Addressing, analysing and simulating Water Scarcity Problem in Jordan to introduce 
recommendations in mitigating the problem: Robust semi-quantitative model for analysis and 

policy scenario simulations based on stakeholder perceptions of the problem. 
 
 
The aim of this project is:  
 
Jordan is classified the fourth water poorest country in the world. The per capita share of water per 
year in Jordan is 150 CM, while the water poverty line per capita in the world is 1000 CM. The most 
important key water resources in Jordan are groundwater and surface water, and then rainwater and 
water shared with neighbouring countries. The agriculture sector occupies most of water demand, 
followed by drinking and household uses and other uses such as industry, tourism etc. Due to lack of 
water resources in Jordan, the water demand far exceeds supply. In addition, increasing population 
growth, influx of refugees, and economic growth, especially in the fields of agricultural, industrial, 
investment and tourism, lead to higher water demand and expand the gap between water demand 
and supply. As a result, the water situation becomes a strategic challenge threatens the most lifelines 
in Jordan.  
 
Therefore, the aim of this project is to conduct interviews with different stakeholder groups to obtain 
their views and opinions about the water security in Jordan. Specifically, the focus is on the reasons 
for water scarcity and its negative impacts in Jordan, water resources sustainability and national 
water security in Jordan, and the challenges that prevent the development of existing water 
resources and the search for new water resources. In addition, the interview will focus on the role of 
the citizen, farmer and Government in mitigating the pressure on water resources and reducing the 
imbalance between water supply and demand in Jordan. 
 
The interview will be recorded using MP3 recorder. In the interview, I will ask you to answer the 
open-ended questions in the questionnaire sheet. During the interview, both I and you will write out 
separately on a sheet of paper the comments and important factors (variables) that affect the water 
scarcity in Jordan. At the end of the interview, I will ask you to use your written variables and 
comments to help you draw a map (called Fuzzy Cognitive Map (FCM)). The FCM consists of nodes 
(circles) and directed arrows between these nodes, so that the variables are represented in these 
nodes and the relationships (the effect of variables on each other) between these variables are 
depicted using these directed arrows as follows: 
 

1.  Draw your important variables in the form of map nodes on an appropriate size paper or 
white board given to you.   

2.  Draw direct arrows between nodes that represent connections between nodes.  
3.  Assign to each directed arrow between any two nodes of your map either  

a. (+) sign if the connection represents a positive effect between two nodes or  
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b. (-) sign if the connection   represents an inverse effect between two nodes. 
4.  Assign on the head of each directed arrow between any two nodes of your map the strength 

of connection (i.e., how much one node affects the other node) either using numbers 
between 0 and 1 or between 1 and 10, or linguistic terms such as low, medium, high etc. 

 
Example, according the following graph: 
 
 
 
 
 
 
 
 
 
 
 
Then, I will ask you if you want to add, delete or update any variables or connections in your map.  
 
The maps (FCMs) then will be analysed using robust computational approaches to introduce 
recommendations that will help in decision making aimed at alleviating water scarcity problem and 
balance between demand and supply of water in Jordan. 
 
 
Your participation in this project will involve: 
 
Your participation in the research is voluntary and you may decline to answer questions without 
questioning. Your involvement will last approximately 90 to 120 minutes for interview and verifying 
the interview transcripts and drawing your map. If you complete the interview and draw the map you 
have the right to review the results: copy of FCM, transcripts, and audio recording and up to this 
point you can either modify or withdraw any or all of your input or comments without questioning. If 
you confirm that your input is correct and accurate and you agree to sign off it means that you have 
consented to participate in the research and given consent to publication of the results of the project 
with the understanding that your anonymity will be preserved meaning that it will be impossible to 
link the identity of you with the information that you have provided. To ensure your anonymity I will 
assign you a random number or pseudonym known only by me for conducting the analysis, and the 
data from your map will be coded into a matrix and analysed and then aggregated with other maps 
without using any link to your identity. 
 
Do you understand your rights as a participant? Are you still prepared to participate in this project? 
 
As a follow-up to this activity, you will be asked to: 
 
No follow-up is envisioned. 
 
In the performance of the tasks and application of the procedures, there are risks of:  
 
No risks. 
 
The project is being carried out by: 
 
Name of principal researcher: 

 
Mamoon Obiedat 

- The connection from Groundwater variable to Water Situation 

variable is positive; this means if the Groundwater increases this will 

lead to a very high increase in the Water Situation and if the 

Groundwater decreases this will lead to a very high decrease in the 

Water Situation.    

- The connection from Agriculture variable to Water Situation variable 

is negative; this means if the Agriculture increases this will lead to a 

very high decrease in the Water Situation and if the Agriculture 

decreases this will lead to a very high increase in the Water Situation        
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If you have any questions or you wish to discuss any concerns regarding this project, please do not 
hesitate to contact me at 
 
Mamoon Obiedat  
PhD Candidate 
Environment, Society and Design Division. 
PO Box 84 
Lincoln University 
Lincoln 7647 
Canterbury, New Zealand. 
Email: mamoon.obiedat@lincolnuni.ac.nz 
 
Name of my Supervisors  

 
Also, if you have any further questions or concerns about this research please feel free to contact my 
research supervisors. Their postal address is the same as my postal address. 
 
Prof  Sandhya Samarasinghe (Supevisor), email: Sandhya.Samarasinghe@lincoln.ac.nz   
Dr. Magdy Mohssen (Associate Supervisor), email: magdy.mohssen@lincoln.ac.nz  
 
The project has been reviewed and approved by the Lincoln University Human Ethics Committee. The 
project is funded by my Lincoln University Postgraduate funding. The interview will be recorded on 
an MP3 recorder and the participant will be offered his/her own copy on request. If you are willing to 
be interviewed but do not wish to be recorded I will then take notes. Are you interested in 
participating? 
  

mailto:mamoon.obiedat@lincolnuni.ac.nz


 
 

231 

Appendix C 

General Information about Stakeholders, Interviews and FCMs 
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1. Male 36 Private 21-Feb-12 129 Romtha 47 117 0.054 

2. Male 53 Private 22-Feb-12 135 Bani Kenanh 45 256 0.129 

3. Male 45 Private 22-Feb-12 120 Irbid 29 205 0.252 

4. Male 42 Local 25-Feb-12 105 Irbid 41 143 0.087 

5. Male 26 Local 4-Mar-12 90 Ajloun 42 169 0.098 

6. Male 34 Local 16-Mar-12 97 Eidon 51 243 0.095 

7. Male 54 Expert 18-Mar-12 75 Amman 42 193 0.112 

8. Male 43 Expert 18-Mar-12 83 Amman 50 264 0.108 

9. Male 55 Expert 18-Mar-12 80 Amman 36 177 0.140 

10. Male 42 Manager 22-Mar-12 77 Amman 41 182 0.111 

11. Male 52 Manager 2-Apr-12 67 Amman 36 196 0.156 

12. Male 57 Manager 2-Apr-12 71 Amman 36 158 0.125 

13. Male 46 Manager 2-Apr-12 75 Amman 44 231 0.122 

14. Male 62 Manager 2-Apr-12 89 Amman 52 261 0.098 

15. Male 48 Expert 10-Apr-12 95 Huson 46 191 0.092 

16. Male 33 Farmer 15-Apr-12 115 Irbid 45 202 0.102 

17. Male 43 Local 19-Apr-12 85 Huson 40 174 0.112 

18. Male 42 Expert 22-Apr-12 88 Huson 35 130 0.109 

19. Male 45 Expert 2-May-12 83 Bani Abeed 40 160 0.103 

20. Male 47 Expert 13-May-12 76 Irbid 46 214 0.103 

21. Female 40 Manager 14-May-12 90 Beshra 50 273 0.111 

22. Male 35 Farmer 19-May-12 117 Mashare 56 377 0.122 

23. 5 Males 37-62 Farmer 20-May-12 144 Middle Valleys 44 192 0.101 

28.  Female 43 Local 22-May-12 70 North Valley 55 282 0.094 

29.  Female 40 Farmer 22-May-12 73 South Valley 47 196 0.090 

30.  Male 52 Farmer 27-May-12 92 Al-Quelia't 52 289 0.109 

31.  Male 52 Farmer 27-May-12 87 North Valley 54 327 0.114 

32.  Male 70 Farmer 27-May-12 85 Middle Valleys 33 119 0.113 

33.  Male 32 Local 4-Jun-12 61 Al-Mefrag 57 231 0.072 

34.  Female 38 Private 11-Jun-12 95 Amman 40 155 0.099 

35.  Female 43 Local 12-Jun-12 63 Irbid 52 207 0.078 

36.  Female 36 Private 13-Jun-12 110 Amman 42 182 0.106 

37.  Male 55 Private 14-Jun-12 65 Amman 48 227 0.101 

38.  Male 37 Manager 20-Jun-12 70 Jaresh 41 143 0.087 

39.  Male 48 Local 20-Jun-12 60 Irbid 54 377 0.132 
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Appendix D 

The Original Variables Defined by the stakeholders 
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1.  AA1 Quantity of Water 35 2.  AB1 Quality of Water  2 

3.  AC1 Sustainability of Water 30 4.  BA1 Water Supply 29 

5.  BA2 Ground Water 8 6.  BA3 Surface Water 9 

7.  BA4 Rains 19 8.  BA5 Shared Water Resources 31 

9.  CA1 Water Demand 29 10.  CA2 Drinking & Household Uses 9 

11.  CA3 Agriculture and Irrigation 
Uses 

25 12.  CA4 Industry Uses 15 

13.  CA5 Tourism Uses 11 14.  CA6 Investment Uses 1 

15.  CA7 Other Uses 9 16.  DA1 Financial Situation and 
Income 

31 

17.  DA2 Government Budget 4 18.  DB1 Donor Countries 21 

19.  DB2 Foreign Loans 2 20.  DC1 Farmers’ Financial 
Situation 

5 

21.  DC2 Farmers’ Agricultural Loans 1 22.  EA1 Technical Loss & Leaking of 
Water Networks 

34 

23.  EA2 Administrative Losses 5 24.  EB1 Water Losses During 
Irrigation 

1 

25.  EB2 Evaporation that could be 
Controlled 

6 26.  EC1 Wastage of Rainfall 1 

27.  FA1 Water Harvesting Projects 26 28.  FA2 Proper Dams 14 

29.  FA3 Wells, Reservoirs & Pits for 
Collecting Rain 

24 30.  FA4 Water Network for 
Collecting Rains 

2 

31.  FB1 Disi Project 34 32.  FB2 Red Sea – Dead Sea Water 
Conveyance Project 

28 

33.  FC1 Expand Existing Dams  2 34.  FC2 Artificial Recharge Dam 1 

35.  FC3 Charging Groundwater 3 36.  FC4 Remove Sludge from Dams 3 

37.  FC5 Find Deep Groundwater 3 38.  FC6 Transfer Excess Rain Water 
into Dams 

1 

39.  FD1 Ground and Surface 
Reservoirs and Wells 

13 40.  GA1 Ministry of Water and 
Irrigation  

2 

41.  GA2 Water Authority of Jordan  2 42.  GA3 Jordan Valley Authority 3 

43.  GA4 Ministry of Agriculture  3 44.  GA5 Government  5 

45.  GB1 Laws and By-Laws 
concerning Water and Water 

Rights 

18 46.  GB2 Enforcement of 
Regulations & Laws 

7 

47.  GB3 Fines and Penalties 5 48.  GB4 New and Effective 
Legislations and Powerful 

Policies 

6 

49.  GB5 Land Use Laws 1 50.  GB6 Control, Monitor and 
Protect water Resources 

and Equipment 

12 
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51.  GC1 Periodic and Regular 
Maintenance of Water 

Networks 

22 52.  GD1 Develop & Improve 
Existing Water Resources 

4 

53.  GD2 Determine the Priorities & 
Water Quotas 

1 54.  GD3 Establish Just and 
Transparent Water 
Distribution Policy 

14 

55.  GD4 Provide Reliable and Efficient 
Service 

16 56.  GD5 Improve Municipal Water 
Networks 

21 

57.  GD6 Improve the Water 
Infrastructure 

5 58.  GD7 Meet the Water Demand 
Adequately 

3 

59.  GD8 Water Quantity & Quality 
Management 

4 60.  GD9 Development of Water 
Projects 

6 

61.  GE1 Integrated efforts of 
institutions 

22 62.  GE2 Good Management &  
Institutional Reform  

11 

63.  GE3 Proper Water System 2 64.  GE4 Skilled Human & Labour 
Resources 

2 

65.  GE5 Improve Competency in the 
Water Sector 

3 66.  GE6 Stable Policies  2 

67.  GF1 Strategic,  Well Prepared 
Contingency Plans 

2 68.  GF2 Awareness & Educational 
Programs for Citizens & 

Farmers 

7 

69.  GF3 Advertising Campaigns & 
Training Workshops 

2 70.  GF4 Short, Medium and Long-
Term Solutions 

1 

71.  GF5 Water Pricing Policy 21 72.  GF6 Good Ideas 1 

73.  GF7 Seek for new Water 
Resources 

16 74.  GF8 Procurement &  Collection 
of Debts 

2 

75.  GF9 Retrenchment 2 76.  GFZ0 Promote Citizens & 
Farmers Trust in Officials 

5 

77.  GFZ1 Exporting & Marketing 
Agricultural Production 

4 78.  GFZ2 Farmer Support 5 

79.  GFZ3 Incentive and Reward 
Systems 

2 80.  GFZ4 Establishing an Institute  1 

81.  GFZ5 Building Codes 3 82.  GFZ6 Securing Water Rights 
from Neighbouring 

Countries 

1 

83.  HA1 General Development 27 84.  HA2 Agricultural Development 15 

85.  HA3 Industrial Development 3 86.  HA4 Tourism Development 4 

87.  HA5 Investment Development 1 88.  HA6 Human Resources 
Development 

1 

89.  HA7 Economic Growth and 
Development 

6 90.  HA8 Farmland Expansion and 
Forestation 

5 

91.  HA9 Level of Dead Sea ( Reviving 
the Dead Sea) 

4 92.  HA10 Improve Food and Health 
Security  

4 

93.  HA11 Agricultural Productivity 4 94.  HA12 Desert Farming 2 

95.  HB1 General Urbanization 6 96.  HB2 Life Style Improvement 6 

97.  HB3 Expansion of Construction 1 98.  HB4 Greening & Landscaping 
the Country 

4 

99.  IA1 Wastewater Treatment 
Technology 

35 100.  IA2  Brackish Water Treatment 
Technology 

5 

101.  IA3  Grey Water Treatment 
Technology 

19 102.  IA4  Desalination Technology  16 

103.  IB1  Modern Techniques and 
Devices 

31 104.  IB2  Rationalize Consumption 
Devices 

1 
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105.  IB3  Dual Networks Technology 1 106.  IB4  Nuclear Energy 
Technology 

3 

107.  IB5  New Electricity Generation 
Technique 

7 108.  IB6  Remote Sensor Devices 1 

109.  IB7  SCADA System 1 110.  IC1  Scientific Research  10 

111.  IC2  Database Systems 2 112.  IC3  Genetic Engineering in 
Agriculture 

1 

113.  IC4  Documentation and Reports 1 114.  IC5  Laboratory Testing of 
Water 

1 

115.  JA1  Citizen Awareness 16 116.  JA2  Farmer Awareness 19 

117.  JA3  Societal Awareness & 
Realization 

9 118.  JA4  Education 2 

119.  JB1  Traditional Knowledge and 
Understanding 

4 120.  KA1  Strategic Shift in 
Agriculture 

25 

121.  KA2  Improve Irrigation Systems 34 122.  KA3  Choose Appropriate 
Periods for Irrigation 

2 

123.  KA4  Planting Restricted Crops  2 124.  KA5  Improve Farm Water 
Networks 

4 

125.  KA6  Farmer Adapt and Cope 
with the limited available 

Water 

1 126.  KA7  Use Greenhouses 8 

127.  KA8  Farmer Cooperation with 
the Government 

1 128.  KA9  Caring for the Water 
Resources 

1 

129.  KB1  Rationalize Water 
Consumption 

22 130.  KB2  Improve Individual 
Behaviour 

2 

131.  KB3  Improve Residential Water 
Network 

3 132.  KB4  Optimal Use of Water 6 

133.  KB5  Family Planning 2 134.  KB6 Citezen Adapt and Cope 
with limited available 

Water 

1 

135.  KB7  Citizen Cooperation with the 
Government 

2 136.  KB8  Caring for the Water 
Resources  

1 

137.  KC1  Private Sector Participation 33 138.  KC2  Water Users Associations 9 

139.  KC3  Teamwork and Community 
Participation 

2 140.  KC4  Regional and International 
Cooperation 

3 

141.  KC5  Share Experience and 
Knowledge readily 

5 142.  KC6  Foreign Water Investment 
Projects 

2 

143.  LA1  General Social Impacts 
(Pressure, Stress, Injustice 

and Social Troubles) 

33 144.  LA2  Low level of Health and 
Hygiene  

1 

145.  LA3  Motivation to do Crime 1 146.  LA4  Survival and Fear for the 
Future 

1 

147.  LB1  General Economic Impacts 29 148.  LB2  Investment Impacts 6 

149.  LB3  Tourism Impacts 1 150.  LB4  Restriction on 
Development 

1 

151.  LB5  Decline in Livestock 1 152.  LC1  Restriction on Agriculture 
and Productivity  

14 

153.  LC2  Diminishing Farmland 2 154.  LC3  High Cost of Agriculture 5 

155.  LC4  Diseases and Destruction of 
Crops 

2 156.  LD1  Political Problems with 
Neighbouring Countries 

6 

157.  LD2  Wars for Water 3 158.  LE1  Drought and 
Desertification 

2 

159.  LE2  Pollution 5 160.  MA1  Incremental and 31 
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Accelerated Population 
Growth  

161.  MA2  Natural Population Growth 2 162.  MA3  Short Migrations  4 

163.  MA4  Refugees Influx 1 164.  MA5  Incoming Expatriates and 
Visitors  

5 

165.  MA6  Foreign Workers 1 166.  MB1  Political Difficulties and 
Crises 

30 

167.  MB2  Non-Fulfilment of the Rights 
to Shared Water,  Peace 
Treaty and International 

Agreements 

5 168.  MC1  Climate Change 10 

169.  MC2  Increase in Desertified and 
Dried Lands 

5 170.  MC3  Entrapment and 
Fluctuating Rainfall 

2 

171.  MC4  Geographical Situation 5 172.  MC5  Scarcity of Renewable 
Water Resources 

2 

173.  MD1  Overexploitation and 
Depletion of Groundwater 

9 174.  MD2  Overuse and Excessive 
Use of water 

11 

175.  MD3  Water Pollution 18 176.  MD4  Assault on Water Sources 8 

177.  MD5  Corruption and Favouritism 15 178.  MD6  Use of Water Illegally 8 

179.  MD7  Use of Highlands Water 1 180.  MD8  Excessive use of Fertilizers 
in Agriculture 

2 

181.  ME1  Summer Season Demand 12 182.  ME2  Exceeding Amman's Quota 
of Irrigation Water 

5 

183.  ME3  Pumping and Energy 
Interruptions 

3 184.  ME4  Technical Problems 1 

185.  MF1  High Cost of Water 4 186.  MF2  Cost of Operation and 
Maintenance of Water 

Infrastructure 

2 
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Appendix E 

The CCM values of the 35 FCMs and the top 5 nodes with the 

highest CCM values in every original FCM 
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1.  Private Sector 0.806 DA1 AA1 GE2 CA3 GD6 

2.  Private Sector 0.715 DA1 GE2 AA1 CA3 LB2 

3.  Private Sector 0.710 DA1 AA1 GE2 GD4 LB1 

4.  Local People 0.771 DA1 AA1 AC1 HA7 GB6 

5.  Local People 0.774 DA2 AA1 GE2 HA7 GF7 

6.  Local People 0.747 AA1 DA1 IB1 GE2 AC1 

7.  Expert 0.738 DA1 AA1 GE3 AC1 CA1 

8.  Expert 0.730 DA1 GE2 AA1 AC1 BA1 

9.  Expert 0.753 DA1 AA1 GE2 HA1 EA1 

10.  Manager 0.743 DA1 IB1 GE1 AA1 EA1 

11.  Manager 0.734 DA1 GE1 AA1 AC1 EA1 

12.  Manager 0.791 DA1 AA1 AC1 GE1 HA1 

13.  Manager 0.772 DA1 GE1 AA1 EA1 AC1 

14.  Manager 0.743 DA2 AA1 AC1 HA1 CA1 

15.  Expert 0.772 DA1 AA1 BA1 AC1 IB1 

16.  Farmer 0.707 DA1 IB1 GE1 AA1 HA1 

17.  Local People 0.765 DA2 GE2 AA1 AC1 CA1 

18.  Expert 0.777 DA1 AA1 GE1 HA1 AC1 

19.  Expert 0.745 DA1 CA1 AC1 HA11 GE1 

20.  Expert 0.749 DA2 GE1 HA1 CA1 AC1 

21.  Manager 0.737 DA1 GE1 HA1 AA1 CA1 

22.  Farmer 0.709 DA1 AA1 CA3 DC1 AC1 

23.  Farmer 0.772 DA1 GE1 EA1 AA1 AC1 

24.  Local 0.680 DA1 GE1 HA1 CA1 LA1 

25.  Farmer 0.727 DC1 AA1 DA1 CA3 HA10 

26.  Farmer 0.709 DA1 GE1 AC1 CA1 HA1 

27.  Farmer 0.709 DA1 AA1 DC1 HA11 MD6 

28.  Farmer 0.702 DA1 LA1 AC1 CA3 AA1 

29.  Local People 0.745 DA1 HA1 AA1 GE1 EA1 

30.  Private Sector 0.749 DA1 IB1 AC1 CA1 HA1 

31.  Local People 0.695 DA1 KC1 AA1 HA1 AC1 

32.  Private Sector 0.743 DA1 AA1 GE1 AC1 CA1 

33.  Private Sector 0.739 DA1 GE1 HA1 AA1 AC1 

34.  Manager 0.706 DA1 GE2 IB1 AA1 CA1 

35.  Local People 0.716 AA1 DC1 DA1 CA3 HA11 
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Appendix F 

The variables suggested by stakeholders for improving water 

situation in Jordan 
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1.  FA1 Water Harvesting 

Projects 

P01, P05, P08, P09, P11, P13, P14, 

P15, P16, P17, P18, P19, P21, P27, 

P28, P29, P30, P31, P32, P33, P34, 

P35, P36, P37, P38, P39  

4 6 5 5 6 

2.  FA2 Proper Dams P05, P06, P08, P10, P12, P15, P17, 

P21, P22-26, P29, P30, P34, P36, P37 
3 3 2 3 3 

3.  FA4 Water Network for 

Collecting Rains 

P4, P16,  
0 1 0 0 1 

4.  FB1 Disi Project P01, P02, P03, P04, P05, P06, P07, 

P08, P09, P10, P11, P12, P13, P14, 

P15, P16, P17, P18, P19, P20, P21, 

P22-26, P27, P28, P30, P31, P32, P33, 

P34, P35, P36, P37, P38, P39 

6 8 7 7 6 

5.  FB2 Red Sea – Dead Sea 

Water Conveyance 

Project 

P2, P4, P07, P08, P09, P10, P11, P12, 

P13, P14, P15, P16, P17, P18, P19, 

P20, P21, P22-26, P28, P30, P31, P33, 

P34, P35, P36, P37, P38, P39 

4 6 7 7 4 

6.  FC1 Expand Existing 

Dams  

P11, P13 
0 0 0 2 0 

7.  FC2 Artificial Recharge 

Dam 

P14 
0 0 0 1 0 

8.  FC3 Charging 

Groundwater 

P15, P30, P34 
1 0 1 0 1 

9.  FC4 Remove Sludge 

from Dams 

P12, P15 
0 0 1 1 0 
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10.  FC5 Find Deep 

Groundwater 

P8, P14, P37 
1 0 1 1 0 

11.  FC6 Transfer Excess Rain 

Water into Dams 

P29 
0 0 0 0 1 

12.  GB1 Laws and By-Laws 

concerning Water 

and Water Rights 

P01, P02, P03, P06, P07, P08, P09, 

P10, P11, P12, P13, P14, P15, P16, 

P17, P19, P34, P37 

5 2 5 5 1 

13.  GB2 Enforcement of 

Regulations & Laws 

P22, P28, P29, P35, P36, P38, P39 
1 3 0 1 2 

14.  GB3 Fines and Penalties P01, P04, P16, P18, P27 1 1 1 0 2 

15.  GB5 Land Use Laws P15 0 0 1 0 0 

16.  GB6 Control, Monitor 

and Protect water 

Resources  

P01, P04, P10, P13, P14, P16, P20, 

P21, P22-26, P30, P32, P38 1 1 1 5 4 

17.  GC1 Periodic and 

Regular 

Maintenance of 

Water Networks 

P01, P02, P03, P04, P05, P06, P08, 

P09, P12, P13, P14, P16, P17, P18, 

P20, P21, P27, P30, P32, P33,  P34, 

P35, P37 

5 6 4 3 4 

18.  GD1 Develop & Improve 

Existing Water 

Resources 

P14, P15, P18, P32 

0 0 2 1 1 

19.  GD2 Determine the 

Priorities & Water 

Quotas 

P16 

0 0 0 0 1 

20.  GD3 Establish Just and 

Transparent Water 

Distribution Policy 

P01, P04, P06, P16, P17, P18, P22-26, 

P28, P29, P30, P31, P34, P35, P39 2 6 1 0 5 

21.  GD4 Provide Reliable and 

Efficient Service 

P02, P03, P05, P06, P07, P08, P09, 

P10, P11, P13, P20, P21, P35, P36, 

P37, P38 

4 3 4 5 0 

22.  GD5 Improve Municipal 

Water Networks 

P05, P06, P07, P08, P09, P10, P12, 

P13, P17, P20, P21, P22-26, P27, P28, 

P30, P31, P33, P34, P35, P36, P38 

2 6 4 5 4 

23.  GD6 Improve the Water 

Infrastructure 

P01, P07, P14, P22-26, P28 
1 1 1 1 1 
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24.  GD7 Meet the Water 

Demand Adequately 

P07, P13, P14 
0 0 1 2 0 

25.  GD8 Water Quantity & 

Quality 

Management 

P03, P06, P37, P38 

2 1 0 1 0 

26.  GD9 Development of 

Water Projects 

P14, P15, P20, P27, P28, P30 
0 1 2 1 2 

27.  GE1 Integrated efforts of 

Institutions 

P10, P11, P12, P13, P14, P15, P16, 

P18, P19, P20, P21, P27, P28, P29, 

P30, P31, P32, P33, P34, P35, P36, 

P37, P38 

3 3 4 6 6 

28.  GE2 Good Management 

&  Institutional 

Reform  

P01, P02, P03, P04, P05, P06, P08, 

P09, P14, P17, P38 3 4 2 2 0 

29.  GE3 Proper Water 

System 

P07, P13,  
0 0 1 1 0 

30.  GE4 Skilled Human & 

Labour Resources 

P28, P30 
0 1 0 0 1 

31.  GE5 Improve 

Competency in the 

Water Sector 

P02, P11, P21 

1 0 0 2 0 

32.  GE6 Stable Policies  P31, P33 0 1 0 0 1 

33.  GF1 Strategic,  Well 

Prepared  

Contingency Plans 

P31, P35 

0 1 0 0 1 

34.  GF2 Awareness & 

Educational 

Programs for 

Citizens & Farmers 

P02, P03, P08, P28, P30, P33, P34 

3 2 1 0 1 

35.  GF3 Advertising 

Campaigns & 

Training Workshops 

P11, P14 

0 0 0 2 0 

36.  GF4 Short, Medium and 

Long-Term 

Solutions 

P33 

0 1 0 0 0 
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37.  GF5 Water Pricing Policy P01, P02, P04, P06, P07, P08, P13, 

P15, P16, P17, P19, P20, P21, P27, 

P28, P30, P33, P35, P36, P37, P38 

4 6 5 3 3 

38.  GF6 Good Ideas P37 1 0 0 0 0 

39.  GF7 Seek for new Water 

Resources 

P01, P02, P03, P04, P05, P06, P13, 

P14, P15, P16, P19, P27, P31, P32, 

P34, P37 

5 3 2 2 4 

40.  GF8 Procurement &  

Collection of Debts 

P14, P38 
0 0 0 2 0 

41.  GF9 Retrenchment P33, P37 1 1 0 0 0 

42.  GFZ0 Promote Trust of 

Citizens & Farmers 

in Officials 

P1, P2, P21, P33, P37 

3 1 0 1 0 

43.  GFZ2 Farmer Support P22-26, P28, P29, P31, P39 0 2 0 0 3 

44.  GFZ3 Incentive and 

Reward Systems 

P07, P14 
0 0 1 1 0 

45.  GFZ4 Establishing an 

Institute  

P01 
1 0 0 0 0 

46.  GFZ5 Building Codes P20, P21, P35 0 1 1 1 0 

47.  GFZ6 Securing Water 

Rights from 

Neighbouring 

Countries 

P01, P02, P04, P05, P06, P07, P08, 

P09, P14, P15, P16, P17, P18, P19, 

P20, P21, P22-26, P27, P28, P30, P31, 

P32, P33, P34, P35, P36, P37, P38, P39 

5 8 7 3 7 

48.  IA1 Wastewater 

Treatment 

Technology 

P01, P02, P03, P04, P05, P06, P07, 

P08, P09, P10, P11, P12, P13, P14, 

P15, P16, P17, P18, P19, P20, P21, 

P22-26, P27, P28, P29, P30, P31, P32, 

P33, P34, P35, P36, P37, P38, P39 

6 8 7 7 7 

49.  IA2  Brackish Water 

Treatment 

Technology 

P14, P15, P19, P20, P28 

0 1 3 1 0 

50.  IA3  Grey Water 

Treatment 

Technology 

P07, P08, P09, P10, P11, P12, P13, 

P15, P16, P18, P20, P21, P28, P30, 

P32, P33, P35, P36, P37 

2 3 6 5 3 

51.  IA4  Desalination P01, P05, P06, P08, P10, P13, P14, 2 3 3 4 4 
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Technology  P15, P16, P17, P18, P21, P27, P31, 

P32, P36 

52.  IB1  Modern 

Techniques and 

Devices 

P01, P06, P07, P08, P09, P11, P12, 

P13, P14, P15, P17, P18, P19, P20, 

P21, P22-26, P27, P28, P30, P33, P34, 

P35, P36, P37, P38, P39 

4 6 7 6 3 

53.  IB2  Rationalize 

Consumption 

Devices 

P33 

0 1 0 0 0 

54.  IB3  Dual Networks 

Technology 

P35 
0 1 0 0 0 

55.  IB4  Nuclear Energy 

Technology 

P07, P15 
0 0 2 0 0 

56.  IB5  New Electricity 

Generation 

Techniques 

P07, P09, P20, P21, P22, P29, P33 

0 1 3 1 2 

57.  IB6  Remote Sensor 

Devices 

P14 
0 0 0 1 0 

58.  IB7  SCADA System P30 0 0 0 0 1 

59.  IC1  Scientific Research  P01, P02, P04, P05, P06, P08, P09, 

P17, P37, P38 
3 4 2 1 0 

60.  IC2  Database Systems P21, P37 1 0 0 1 0 

61.  IC3  Genetic 

Engineering in 

Agriculture 

P33 

0 1 0 0 0 

62.  IC4  Documentation and 

Reports 

P35 
0 1 0 0 0 

63.  IC5  Laboratory Testing 

of Water 

P30 
0 0 0 0 1 

64.  KC1  Private Sector 

Participation 

P01, P02, P04, P05, P06, P07, P08, 

P09, P10, P11, P12, P13, P14, P15, 

P16, P18, P19, P20, P21, P22-26, P27, 

P28, P29, P30, P31, P32, P33, P34, 

P35, P36, P37, P38, P39 
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Appendix G 

The two levels of condensation, level one includes the Key 

Variables, and level two includes the Key Concepts 

Key Considerations 
(Concepts) Resulted from 

Level Two of 
Condensation 

Key Variables 
Resulted from Level  
one of Condensation 

Original Variables 
From Participants 

Code Name Code Name Code Name 

A 
1. Water 

Situation 

AA 
1. Quantity of 

Water  
AA1 1. Quantity of Water  

AB 
2. Quality of 

Water 
AB1 2. Quality of Water  

AC 
3. Sustainability 

of Water 
AC1 3. Sustainability of Water 

B 
2. Water 

Resources 
BA 

4. Water 
Resources 

BA1 4. Water Supply 

BA2 5. Ground Water 

BA3 6. Surface Water 

BA4 7. Rains 

BA5 8. Shared Water Resources 

C 
3. Water 

Demand 
CA 

5. Water Uses 
(Demand) 

CA1 9. Water Demand 

CA2 10. Drinking & Household Uses 

CA3 
11. Agriculture and Irrigation 

Uses 

CA4 12. Industry Uses 

CA5 13. Tourism Uses 

CA6 14. Investment Uses 

CA7 15. Other Uses 

D 
4. Economic 

Situation 

DA 
6. National 

Funding 
DA1 

16. Financial Situation and 
Income 

DA2 17. Government Budget 

DB 
7. External 

Funding 
DB1 18. Donor Countries 

DB2 19. Foreign Loans 

DC 
8. Farmer 

Funding 
DC1 20. Farmers’ Financial Situation 

DC2 21. Farmers’ Agricultural Loans 

E 
5. Wastage of 

Water 

EA 
9. Loss of Water 

Networks 

EA1 
22. Technical Losses & Leaking of 

the Water Networks 

EA2 23. Administrative Losses 

EB 
10. Wastage of 

irrigation water 

EB1 
24. Water Losses During 

Irrigation 

EB2 
25. Evaporation that could be 

Controlled 

EC 
11. Wastage of 

Rainfall 
EC1 26. Wastage of Rainfall 

F 
6. Water 

Projects 
FA 

12. Water & Rain 
Harvesting 
Projects 

FA1 27. Water Harvesting Projects 

FA2 28. Proper Dams 

FA3 
29. Wells, Reservoirs & Pits for 

Collecting Rain 
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FA4 
30. Water Network for Collecting 

Rains 

FB 
13. Strategic Water 

Projects 

FB1 31. Disi Project 

FB2 
32. Red Sea – Dead Sea Water 

Conveyance Project 

FC 
14. Develop the 

Water 
Resources 

FC1 33. Expand Existing Dams  

FC2 34. Artificial Recharge Dam 

FC3 35. Charging Groundwater 

FC4 36. Remove Sludge from Dams 

FC5 37. Find Deep Groundwater 

FC6 
38. Transfer Excess Rain Water 

into Dams 

FD 
15. Water Storage 

Methods 
FD1 

39. Ground and Surface 
Reservoirs and Wells 

G 
7. Integrated 

Management 
and Laws 

GA 

16. Authorities 
responsible for 
Integrated 
Management 

GA1 
40. Ministry of Water and 

Irrigation  

GA2 41. Water Authority of Jordan  

GA3 42. Jordan Valley Authority 

GA4 43. Ministry of Agriculture  

GA5 44. Government  

GB 
17. Legislations, 

Laws & 
Regulations 

GB1 
45. Laws and By-Laws concerning 

Water and Water Rights 

GB2 
46. Enforcement of Regulations & 

Laws 

GB3 47. Fines and Penalties 

GB4 
48. New and Effective 

Legislations and Powerful 
Policies. 

GB5 49. Land Use Laws 

GB6 
50. Control, Monitor and Protect 

water Resources and 
Equipment 

GC 18. Maintenance GC1 
51. Periodic and Regular 

Maintenance for Water 
Networks 

GD 
19. Management 

of Demand & 
Supply 

GD1 
52. Develop & Improve Existing 

Water Resources 

GD2 
53. Determine the Priorities & 

Water Quotas 

GD3 
54. Establish Just and 

Transparent Water Distribution 
Policy 

GD4 
55. Provide Reliable and Efficient 

Service 

GD5 
56. Improve Municipal Water 

Networks 

GD6 
57. Improve the Water 

Infrastructure 

GD7 
58. Meet the Water Demand 

Adequately 

GD8 
59. Water Quantity & Quality 

Management 
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GD9 
60. Development of Water 

Projects 

GE 
20. Management 

Reform 

GE1 
61. Integrated efforts of 

institutions 

GE2 
62. Good Management &  

Institutional Reform  

GE3 63. Proper Water System 

GE4 
64. Skilled Human & Labour 

Resources 

GE5 
65. Improve Competency in the 

Water Sector 

GE6 66. Stable Policies  

GF 
21. Plans, 

Programs and 
Solutions 

GF1 
67. Strategic,  Well Prepared 

Contingency Plans 

GF2 
68. Awareness & Educational 

Programs for Citizens & 
Farmers 

GF3 
69. Advertising Campaigns & 

Training Workshops 

GF4 
70. Short, Medium and Long-

Term Solutions 

GF5 71. Water Pricing Policy 

GF6 72. Good Ideas 

GF7 
73. Seek for new Water 

Resources 

GF8 
74. Procurement &  Collection of 

Debts 

GF9 75. Retrenchment 

GFZ0 
76. Promote Trust of Citizens & 

Farmers in Officials 

GFZ1 
77. Exporting & Marketing 

Agricultural Production 

GFZ2 78. Farmer Support 

GFZ3 
79. Incentive and Reward 

Systems 

GFZ4 80. Establishing an Institute  

GFZ5 81. Building Codes 

GFZ6 
82. Securing Water Rights from 

Neighbouring Countries 

H 
8. Development 

and 
Urbanization 

HA 22. Development 

HA1 83. General Development 

HA2 84. Agricultural Development 

HA3 85. Industrial Development 

HA4 86. Tourism Development 

HA5 87. Investment Development 

HA6 
88. Human Resources 

Development 

HA7 
89. Economic Growth and 

Development 

HA8 
90. Farmland Expansion and 

Forestation 

HA9 
91. Level of Dead Sea ( Reviving 

the Dead Sea) 
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HA10 
92. Improve Food and Health 

Security  

HA11 93. Agricultural Productivity 

HA12 94. Desert Farming 

HB 23. Urbanization 

HB1 95. General Urbanization 

HB2 96. Life Style Improvement 

HB3 97. Expansion of Construction 

HB4 
98. Greening & Landscaping the 

Country 

I 9. Technology 

IA 
24. Water Re-Use 

Technology 

IA1 
99. Wastewater Treatment 

Technology 

IA2 
100.  Brackish Water Treatment 

Technology 

IA3 
101.  Grey Water Treatment 

Technology 

IA4 102.  Desalination Technology  

IB 
25. Modern 

Technology 

IB1 
103.  Modern Techniques and 

Devices 

IB2 
104.  Rationalize Consumption 

Devices 

IB3 105.  Dual Networks Technology 

IB4 106.  Nuclear Energy Technology 

IB5 
107.  New Electricity Generation 

Techniques 

IB6 108.  Remote Sensor Devices 

IB7 109.  SCADA System 

IC 26. Research & IT 

IC1 110.  Scientific Research  

IC2 111.  Database Systems 

IC3 
112.  Genetic Engineering in 

Agriculture 

IC4 113.  Documentation and Reports 

IC5 114.  Laboratory Testing of Water 

J 
10. Acquired and 

Conventional 
Knowledge 

JA 
27. Acquired 

Knowledge 

JA1 115.  Citizen Awareness 

JA2 116.  Farmer Awareness 

JA3 
117.  Societal Awareness & 

Realization 

JA4 118.  Education 

JB 
28. Conventional 

Knowledge 
JB1 

119.  Traditional Knowledge and 
Understanding 

K 
11. Community 

Participation 
KA 29. Farmer Role 

KA1 120.  Strategic Shift in Agriculture 

KA2 121.  Improve Irrigation Systems 

KA3 
122.  Choose Appropriate Periods 

for Irrigation 

KA4 123.  Planting Restricted Crops  

KA5 
124.  Improve Farm Water 

Networks 

KA6 
125.  Adapt and Cope with 

available Water 

KA7 126.  Use Greenhouses 

KA8 127.  Cooperation with the 
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Government 

KA9 
128.  Caring for the Water 

Resources 

KB 30. Citizen Role 

KB1 
129.  Rationalize Water 

Consumption 

KB2 
130.  Improve Individual 

Behaviour 

KB3 
131.  Improve Household Water 

Network 

KB4 132.  Optimal Use of Water 

KB5 133.  Family Planning 

KB6 
134.  Adapt and Cope with 

available Water 

KB7 
135.  Cooperation with the 

Government 

KB8 
136.  Caring for the Water 

Resources  

KC 

31. Non-
Governmental 
institutions 
Role 

KC1 137.  Private Sector Participation 

KC2 138.  Water Users Associations 

KC3 
139.  Teamwork and Community 

Participation 

KC4 
140.  Regional and International 

Cooperation 

KC5 
141.  Share Experience and 

Knowledge readily 

KC6 
142.  Foreign Water Investment 

Projects 

L 
12. Consequences 

of Water 
Scarcity 

LA 
32. Negative Social 

Impacts 

LA1 
143.  General Social Impacts 

(Pressure, Stress, Injustice and 
Social Troubles) 

LA2 
144.  Low level of Health and 

Hygiene  

LA3 145.  Motivation to do Crime 

LA4 
146.  Survival and Fear for the 

Future 

LB 
33. Negative 

Economic  
Impacts 

LB1 147.  General Economic Impacts 

LB2 148.  Investment Impacts 

LB3 149.  Tourism Impacts 

LB4 150.  Restriction on Development 

LB5 151.  Decline in Livestock 

LC 
34. Negative 

Agricultural 
Impacts 

LC1 
152.  Restriction on Agriculture 

and Productivity  

LC2 153.  Diminishing Farmlands 

LC3 154.  High Cost of Agriculture 

LC4 
155.  Diseases and Destruction    

of Crops 

LD 
35. Negative Policy 

Impacts 

LD1 
156.  Political Problems with 

Neighbouring Countries 

LD2 157.  Wars for Water 

LE 
36. Negative 

Environmental 

LE1 158.  Drought and Desertification 

LE2 159.  Pollution 
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Impacts 

M 
13. Causes of 

Water 
Scarcity 

MA 37. Overpopulation 

MA1 
160.  Incremental and 

Accelerated Population Growth  

MA2 161.  Natural Population Growth 

MA3 162.  Short Migrations  

MA4 163.  Refugees Influx 

MA5 
164.  Incoming Expatriates and 

Visitors  

MA6 165.  Foreign Workers 

MB 
38. International 

Policies with 
Neighbours 

MB1 
166.  Political Difficulties and 

Crises 

MB2 
167.  Non-Fulfilment of the Rights 

to Shared Water,  Peace Treaty 
and International Agreements 

MC 
39. Negative 

Environmental 
Effects 

MC1 168.  Climate Change 

MC2 
169.  Increase in Decertified and 

Dried Lands 

MC3 
170.  Entrapment and Fluctuating 

Rainfall 

MC4 171.  Geographical Situation 

MC5 
172.  Scarcity of Renewable 

Water Resources 

MD 
40. Negative 

Behaviours 

MD1 
173.  Overexploitation and 

Depletion of Groundwater 

MD2 
174.  Overuse and Excessive Use 

of water 

MD3 175.  Water Pollution 

MD4 176.  Assault on Water Sources 

MD5 177.  Corruption and Favouritism 

MD6 178.  Use of Water Illegally 

MD7 179.  Use of Highlands Water 

MD8 
180.  Excessive use of Fertilizers 

in Agriculture 

ME 
41. Demand 

Stimulations 

ME1 181.  Summer Season Demand 

ME2 
182.  Exceeding Amman's Quota 

of Irrigation Water 

ME3 
183.  Pumping and Energy 

Interruptions 

ME4 184.  Technical Problems 

MF 
42. Faults and High 

Cost 
 

MF1 185.  High Cost of Water 

MF2 
186.  Cost of Operation and 

Maintenance of Water 
Infrastructure 
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Appendix H 

The CCM values of 35 FCMs and highest 5 CCM values of 5 nodes in 

every FCM at the first level of condensation (level of key variables) 
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1.  Private Sector 0.729 26 80 0.123 DA AA MD CA GE 

2.  Private Sector 0.708 26 134 0.206 DA GE GF AA CA 

3.  Private Sector 0.663 23 140 0.277 DA GF GD BA AA 

4.  Local People 0.709 25 90 0.15 DA AA GF GE MD 

5.  Local People 0.753 27 117 0.167 DA AA GE HA GD 

6.  Local People 0.645 31 158 0.170 AA DA IB GD CA 

7.  Expert 0.681 29 136 0.167 AA DA GD IB GE 

8.  Expert 0.692 32 168 0.169 AA DA GE AC MD 

9.  Expert 0.600 27 130 0.185 DA IB GD AA GE 

10.  Manager 0.662 27 131 0.187 DA IB HA GD GB 

11.  Manager 0.618 26 130 0.200 DA GE AA KC AC 

12.  Manager 0.680 25 114 0.19 DA AA HA IB  GE 

13.  Manager 0.589 31 162 0.174 DA GE GF AA GD 

14.  Manager 0.647 30 155 0.178 DA HA AC AA GE 

15.  Expert 0.684 28 127 0.168 AA BA DA CA AC 

16.  Farmer 0.723 30 134 0.154 DA HA AA BA GE 

17.  Local People 0.682 27 113 0.161 DA GE HA  CA AA 

18.  Expert 0.694 24 89 0.162 DA GE AA AC HA 

19.  Expert 0.690 26 110 0.169 DA HA AC GE BA 

20.  Expert 0.645 29 149 0.183 GE DA HA AC MD 

21.  Manager 0.659 30 156 0.179 DA GE GF HA GD 

22.  Farmer 0.625 28 167 0.221 HA AA KC MD CA 

23.  Farmer 0.624 28 129 0.170 DA CA GE AA HA 

24.  Local 0.609 29 145 0.190 DA GE HA MD KA 

25.  Farmer 0.596 30 115 0.132 DC CA HA AA DA 

26.  Farmer 0.620 30 162 0.186 DA MD AC HA CA 

27.  Farmer 0.599 30 161 0.185 MD HA GF AA LC 

28.  Farmer 0.633 24 86 0.156 DA CA LA AC AA 

29.  Local People 0.607 33 146 0.138 DA GF CA HA AA 

30.  Private Sector 0.634 28 116 0.153 DA IB CA HA BA 

31.  Local People 0.628 32 141 0.142 HA  DA KC AA EA 

32.  Private Sector 0.664 19 112 0.138 DA AA GE MD EA 

33.  Private Sector 0.579 30 138 0.159 DA GE HA KC GF 

34.  Manager 0.688 28 105 0.139 DA GE KC IB AA 

35.  Local People 0.639 28 166 0.220 MD HA DA AA GA 
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Appendix I 

The CCM values of 35 FCMs and highest 5 CCM values of 5 concepts 

in every FCM at the second level of condensation (level of concepts 

/ key consideration) 
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1.  Private Sector 0.561 13 42 0.269 D M G A I 

2.  Private Sector 0.702 13 76 0.487 G K D C I 

3.  Private Sector 0.542 13 68 0.436 G A C H D 

4.  Local People 0.532 13 49 0.314 G A D I K 

5.  Local People 0.704 13 59 0.378 G A D K M 

6.  Local People 0.640 13 67 0.429 G M A I B 

7.  Expert 0.699 13 67 0.429 G A D M I 

8.  Expert 0.529 13 64 0.410 A M G H K 

9.  Expert 0.646 13 63 0.404 I G A M C 

10.  Manager 0.556 13 67 0.429 G I A H M 

11.  Manager 0.674 13 64 0.410 G D A I K 

12.  Manager 0.580 13 59 0.378 G D A H F 

13.  Manager 0.666 13 72 0.462 G I D M A 

14.  Manager 0.665 13 68 0.436 G H D A M 

15.  Expert 0.627 13 64 0.410 G A M B I 

16.  Farmer 0.559 13 66 0.423 G M H D I 

17.  Local People 0.623 13 57 0.365 G D H A M 

18.  Expert 0.644 13 49 0.314 D G A H I 

19.  Expert 0.567 13 57 0.365 G D H I K 

20.  Expert 0.642 13 62 0.397 G M A I D 

21.  Manager 0.607 13 72 0.462 G A I D M 

22.  Farmer 0.461 13 79 0.506 K G D A M 

23.  Farmer 0.589 13 64 0.410 G K D A C 

24.  Local 0.545 13 69 0.442 M K D G H 

25.  Farmer 0.583 13 63 0.404 D G H K A 

26.  Farmer 0.645 13 74 0.474 M G D H A 

27.  Farmer 0.617 13 72 0.462 G M H D A 

28.  Farmer 0.520 13 45 0.288 L G D M C 

29.  Local People 0.644 13 75 0.480 M G I D F 

30.  Private Sector 0.483 13 51 0.327 D G M A I 

31.  Local People 0.625 13 64 0.417 M G K A I 

32.  Private Sector 0.614 13 56 0.359 D M G A I 

33.  Private Sector 0.619 13 63 0.404 G D M C K 

34.  Manager 0.655 13 55 0.353 D G K A I 

35.  Local People 0.597 13 79 0.506 M D G K A 
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Appendix J 

The original variables and their CCM values in group FCMs after 

aggregating the stakeholder FCMs into their corresponding group 

FCM 

Private Sector Local People Expert Manager Farmer 
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1. DA1 0.946 1. AA1 0.970 1. AA1 0.789 1. AA1 0.745 1. AA1 0.841 

2. GE1 0.745 2. AB1 0.134 2. AB1 0.297 2. AC1 0.555 2. AC1 0.653 

3. CA1 0.695 3. AC1 0.801 3. AC1 0.699 3. BA1 0.441 3. BA1 0.363 

4. AA1 0.660 4. BA1 0.392 4. BA1 0.466 4. BA4 0.189 4. BA3 0.219 

5. HA1 0.639 5. BA2 0.235 5. BA2 0.285 5. BA5 0.278 5. BA4 0.235 

6. AC1 0.617 6. BA3 0.230 6. BA3 0.249 6. CA1 0.621 6. BA5 0.220 

7. KC1 0.584 7. BA4 0.393 7. BA4 0.351 7. CA3 0.228 7. CA1 0.517 

8. EA1 0.562 8. BA5 0.236 8. BA5 0.314 8. CA4 0.251 8. CA3 0.511 

9. MB1 0.502 9. CA1 0.527 9. CA1 0.532 9. CA5 0.255 9. CA4 0.202 

10. DB1 0.436 10. CA2 0.293 10. CA2 0.328 10. DA1 0.674 10. CA5 0.199 

11. MD4 0.416 11. CA3 0.499 11. CA3 0.327 11. DA2 0.704 11. DA1 0.850 

12. IB1 0.403 12. CA4 0.233 12. CA4 0.256 12. DB1 0.345 12. DB1 0.260 

13. FB1 0.401 13. CA5 0.247 13. DA1 0.996 13. EA1 0.502 13. DC1 0.628 

14. HA2 0.400 14. CA6 0.009 14. DB1 0.228 14. EA2 0.247 14. DC2 0.176 

15. MF1 0.374 15. CA7 0.404 15. EA1 0.413 15. FA1 0.378 15. EA1 0.348 

16. IA3 0.372 16. DA1 0.734 16. EB1 0.260 16. FA2 0.239 16. EB2 0.201 

17. LC3 0.364 17. DA2 0.750 17. EB2 0.115 17. FA3 0.273 17. FA1 0.277 

18. BA1 0.362 18. DB1 0.149 18. EC1 0.238 18. FB1 0.375 18. FA2 0.241 

19. LA1 0.358 19. EA1 0.386 19. FA1 0.311 19. FB2 0.443 19. FA3 0.196 

20. GD5 0.357 20. EB2 0.161 20. FA2 0.260 20. FC1 0.243 20. FB1 0.225 

21. GF5 0.355 21. FA1 0.273 21. FA3 0.005 21. FC2 0.227 21. FB2 0.287 

22. LD1 0.349 22. FA2 0.250 22. FB1 0.317 22. FC3 0.001 22. FC6 0.128 

23. FB2 0.346 23. FA3 0.174 23. FB2 0.351 23. FC4 0.247 23. FD1 0.004 

24. GD4 0.345 24. FA4 0.192 24. FC3 0.312 24. FC5 0.233 24. GA1 0.234 

25. LB1 0.342 25. FB1 0.195 25. FC4 0.012 25. FD1 0.210 25. GA3 0.344 

26. IA1 0.327 26. FB2 0.249 26. FC5 0.338 26. GA2 0.258 26. GA4 0.063 

27. ME3 0.322 27. FC3 0.169 27. FD1 0.248 27. GA5 0.249 27. GB2 0.304 

28. CA5 0.320 28. FD1 0.108 28. GB1 0.346 28. GB1 0.416 28. GB4 0.157 

29. JA2 0.314 29. GA5 0.115 29. GB3 0.192 29. GB4 0.216 29. GB6 0.171 

30. MD3 0.309 30. GB1 0.197 30. GB5 0.220 30. GB6 0.321 30. GD3 0.413 

31. LD2 0.306 31. GB3 0.172 31. GC1 0.258 31. GC1 0.296 31. GD5 0.186 

32. LC1 0.305 32. GB4 0.138 32. GD1 0.229 32. GD1 0.224 32. GD6 0.198 

33. GC1 0.289 33. GB6 0.186 33. GD3 0.204 33. GD3 0.286 33. GD9 0.201 

34. LB2 0.287 34. GC1 0.240 34. GD4 0.404 34. GD4 0.357 34. GE1 0.661 

35. ME1 0.286 35. GD1 0.151 35. GD5 0.349 35. GD5 0.297 35. GE4 0.158 

36. CA3 0.283 36. GD2 0.118 36. GD6 0.328 36. GD6 0.158 36. GE6 0.189 

37. MA5 0.283 37. GD3 0.268 37. GD7 0.232 37. GD7 0.266 37. GF1 0.165 

38. MA1 0.281 38. GD4 0.443 38. GD9 0.265 38. GD9 0.308 38. GF2 0.004 

39. JA1 0.278 39. GD5 0.272 39. GE1 0.385 39. GE1 0.684 39. GF5 0.218 

40. CA4 0.268 40. GD8 0.190 40. GE2 0.403 40. GE2 0.339 40. GF7 0.152 

41. MF2 0.260 41. GE1 0.439 41. GE3 0.400 41. GE3 0.166 41. GFZ1 0.041 

42. GB2 0.254 42. GE2 0.589 42. GF2 0.214 42. GE4 0.197 42. GFZ2 0.083 

43. GE2 0.253 43. GF2 0.137 43. GF5 0.282 43. GE5 0.227 43. GFZ6 0.399 

44. MB2 0.252 44. GF5 0.168 44. GF7 0.336 44. GF2 0.195 44. HA1 0.464 

45. FA2 0.248 45. GF7 0.336 45. GFZ3 0.011 45. GF3 0.332 45. HA2 0.446 
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46. LB4 0.247 46. GFZ6 0.101 46. GFZ6 0.261 46. GF5 0.252 46. HA5 0.273 

47. LB5 0.240 47. HA1 0.333 47. HA1 0.456 47. GF7 0.335 47. HA8 0.388 

48. DB2 0.239 48. HA2 0.492 48. HA2 0.336 48. GF8 0.014 48. HA9 0.157 

49. MD5 0.239 49. HA3 0.215 49. HA3 0.304 49. GFZ3 0.008 49. HAZ0 0.020 

50. FA1 0.237 50. HA4 0.405 50. HA4 0.403 50. GFZ6 0.085 50. HAZ1 0.022 

51. BA5 0.232 51. HA7 0.379 51. HA6 0.288 51. HA1 0.580 51. HAZ2 0.529 

52. EA2 0.228 52. HB1 0.206 52. HAZ1 0.013 52. HA4 0.351 52. HB2 0.232 

53. GF9 0.227 53. HB2 0.248 53. HAZ2 0.328 53. HA8 0.355 53. HB4 0.256 

54. MC2 0.227 54. HB4 0.402 54. HB1 0.339 54. HA9 0.193 54. IA1 0.274 

55. GD3 0.221 55. IA1 0.387 55. HB2 0.328 55. HAZ0 0.007 55. IA2 0.193 

56. IA4 0.220 56. IA3 0.150 56. HB4 0.355 56. HAZ2 0.354 56. IA3 0.215 

57. GF8 0.214 57. IA4 0.273 57. IA1 0.308 57. HB1 0.323 57. IA4 0.186 

58. GF4 0.211 58. IB1 0.306 58. IA2 0.265 58. HB3 0.240 58. IB1 0.271 

59. KC6 0.206 59. IB4 0.157 59. IA3 0.312 59. IA1 0.386 59. IB5 0.206 

60. GB4 0.205 60. IC1 0.214 60. IA4 0.329 60. IA2 0.225 60. JA1 0.161 

61. MD6 0.205 61. JA1 0.163 61. IB1 0.437 61. IA3 0.311 61. JA2 0.265 

62. EB2 0.201 62. JA2 0.163 62. IB4 0.318 62. IA4 0.294 62. KA1 0.338 

63. FD1 0.195 63. JA3 0.176 63. IB5 0.419 63. IB1 0.629 63. KA2 0.280 

64. JA3 0.193 64. JB1 0.174 64. IC1 0.284 64. IB6 0.258 64. KA5 0.169 

65. GE6 0.192 65. KA1 0.293 65. JA1 0.271 65. IB7 0.223 65. KA7 0.205 

66. KC5 0.191 66. KA2 0.347 66. JA2 0.239 66. IC5 0.226 66. KA8 0.282 

67. ME2 0.190 67. KA3 0.001 67. JA3 0.209 67. JA1 0.315 67. KA9 0.201 

68. GF2 0.190 68. KA5 0.100 68. JB1 0.288 68. JA2 0.349 68. KB1 0.170 

69. IB5 0.188 69. KA7 0.113 69. KA1 0.282 69. JA3 0.306 69. KB7 0.206 

70. MA6 0.186 70. KB1 0.299 70. KA2 0.248 70. JA4 0.274 70. KB8 0.211 

71. KA2 0.185 71. KB3 0.117 71. KB1 0.256 71. JB1 0.223 71. KC1 0.298 

72. GF1 0.183 72. KC1 0.329 72. KB4 0.344 72. KA1 0.254 72. KC2 0.284 

73. KA1 0.183 73. KC5 0.191 73. KC1 0.394 73. KA2 0.285 73. KC6 0.268 

74. MD1 0.182 74. LA1 0.557 74. LA1 0.421 74. KA5 0.210 74. LA1 0.413 

75. MA3 0.181 75. LB1 0.406 75. LB1 0.406 75. KA6 0.221 75. LA3 0.259 

76. IC1 0.179 76. LB2 0.274 76. LC1 0.321 76. KA7 0.233 76. LA4 0.242 

77. FA3 0.156 77. LB3 0.181 77. LE2 0.186 77. KB1 0.275 77. LB1 0.322 

78. KB1 0.153 78. LC1 0.321 78. MA1 0.355 78. KB4 0.188 78. LC1 0.380 

79. HB2 0.151 79. LC3 0.253 79. MB1 0.380 79. KB5 0.207 79. LC2 0.319 

80. KA7 0.149 80. LD1 0.304 80. MB2 0.238 80. KB6 0.217 80. LC3 0.281 

81. KB3 0.148 81. LE1 0.245 81. MC1 0.183 81. KB7 0.172 81. LC4 0.311 

82. GD8 0.148 82. LE2 0.213 82. MC4 0.010 82. KC1 0.445 82. LD1 0.209 

83. IB2 0.146 83. MA1 0.298 83. MD1 0.291 83. KC2 0.254 83. LD2 0.235 

84. MC4 0.144 84. MA2 0.014 84. MD2 0.386 84. KC3 0.236 84. MA1 0.212 

85. GB6 0.140 85. MB1 0.268 85. MD3 0.320 85. KC4 0.143 85. MB1 0.300 

86. IB3 0.135 86. MC1 0.216 86. MD5 0.200 86. KC5 0.329 86. MB2 0.146 

87. KB4 0.131 87. MC2 0.161 87. MD7 0.176 87. LA1 0.345 87. MC2 0.244 

88. GFZ6 0.128 88. MC5 0.127 88. MD8 0.211 88. LA2 0.277 88. MD1 0.313 

89. IC4 0.122 89. MD2 0.262 89. ME1 0.430 89. LB1 0.418 89. MD2 0.405 

90. CA7 0.112 90. MD3 0.354 90. MF1 0.285 90. LB2 0.264 90. MD3 0.335 

91. GFZ0 0.039 91. MD5 0.305  91. LC1 0.267 91. MD4 0.433 

92. MC1 0.028 92. MD6 0.224 92. LD1 0.274 92. MD5 0.328 

93. GFZ5 0.023 93. ME1 0.385 93. LE2 0.209 93. MD6 0.396 

94. IC3 0.020  94. MA1 0.261 94. ME1 0.291 

95. BA4 0.014 95. MA3 0.009 95. ME2 0.350 

 96. MB1 0.328 96. ME3 0.247 

97. MB2 0.246 97. MF1 0.229 

98. MC1 0.297  

99. MC2 0.022 
100 MC3 0.015 
101 MD1 0.230 
102 MD2 0.267 
103 MD3 0.349 
104 MD4 0.289 
105 MD5 0.279 
106 MD8 0.230 
107 ME3 0.263 
108 MF2 0.273 
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Appendix K 

The key variables and their CCM values in group FCMs after 

aggregating the stakeholder FCMs with key variables into their 

corresponding group FCM 
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1. AA 0.490 1. AA 0.948 1. AA 0.827 1. AA 0.707 1. AA 0.581 

2. AC 0.409 2. AB 0.140 2. AB 0.171 2. AC 0.467 2. AC 0.492 

3. BA 0.337 3. AC 0.672 3. AC 0.651 3. BA 0.591 3. BA 0.558 

4. CA 0.866 4. BA 0.633 4. BA 0.731 4. CA 0.512 4. CA 0.556 

5. DA 0.582 5. CA 0.652 5. CA 0.726 5. DA 0.704 5. DA 0.547 

6. DB 0.348 6. DA 0.852 6. DA 0.774 6. DB 0.233 6. DB 0.241 

7. EA 0.647 7. DB 0.087 7. DB 0.016 7. EA 0.189 7. DC 0.436 

8. EB 0.125 8. EA 0.343 8. EA 0.312 8. FA 0.247 8. EA 0.267 

9. FA 0.200 9. EB 0.027 9. EB 0.206 9. FB 0.242 9. EB 0.081 

10. FB 0.423 10. FA 0.266 10. EC 0.122 10. FC 0.142 10. FA 0.298 

11. FD 0.112 11. FB 0.123 11. FA 0.275 11. FD 0.056 11. FB 0.233 

12. GB 0.182 12. FC 0.092 12. FB 0.296 12. GA 0.249 12. FC 0.014 

13. GC 0.111 13. FD 0.000 13. FC 0.268 13. GB 0.353 13. FD 0.013 

14. GD 0.509 14. GA 0.039 14. FD 0.213 14. GC 0.164 14. GA 0.254 

15. GE 0.631 15. GB 0.217 15. GB 0.218 15. GD 0.619 15. GB 0.145 

16. GF 0.730 16. GC 0.221 16. GC 0.108 16. GE 0.546 16. GD 0.363 

17. HA 0.754 17. GD 0.543 17. GD 0.648 17. GF 0.506 17. GE 0.589 

18. HB 0.016 18. GE 0.673 18. GE 0.443 18. HA 0.616 18. GF 0.536 

19. IA 0.253 19. GF 0.503 19. GF 0.565 19. HB 0.296 19. HA 0.648 

20. IB 0.535 20. HA 0.409 20. HA 0.365 20. IA 0.267 20. HB 0.287 

21. IC 0.159 21. HB 0.377 21. HB 0.449 21. IB 0.351 21. IA 0.205 

22. JA 0.405 22. IA 0.290 22. IA 0.206 22. IC 0.065 22. IB 0.253 

23. KA 0.099 23. IB 0.273 23. IB 0.827 23. JA 0.323 23. JA 0.142 

24. KB 0.045 24. IC 0.245 24. IC 0.154 24. JB 0.147 24. KA 0.406 

25. KC 0.356 25. JA 0.177 25. JA 0.197 25. KA 0.255 25. KB 0.228 

26. LA 0.323 26. JB 0.133 26. JB 0.135 26. KB 0.201 26. KC 0.298 

27. LB 0.390 27. KA 0.427 27. KA 0.177 27. KC 0.506 27. LA 0.421 

28. LC 0.444 28. KB 0.259 28. KB 0.260 28. LA 0.295 28. LB 0.366 

29. LD 0.288 29. KC 0.370 29. KC 0.259 29. LB 0.332 29. LC 0.414 

30. MA 0.457 30. LA 0.463 30. LA 0.429 30. LC 0.126 30. LD 0.240 

31. MB 0.291 31. LB 0.538 31. LB 0.454 31. LD 0.159 31. MA 0.156 

32. MC 0.266 32. LC 0.293 32. LC 0.186 32. LE 0.006 32. MB 0.250 

33. MD 0.623 33. LD 0.224 33. LE 0.088 33. MA 0.150 33. MC 0.218 

34. ME 0.353 34. LE 0.382 34. MA 0.217 34. MB 0.194 34. MD 0.910 

35. MF 0.381 35. MA 0.321 35. MB 0.271 35. MC 0.141 35. ME 0.419 

 36. MB 0.264 36. MC 0.133 36. MD 0.789 36. MF 0.144 

37. MC 0.122 37. MD 0.519 37. ME 0.117  

38. MD 0.582 38. ME 0.342 38. MF 0.127 

39. ME 0.420 39. MF 0.109  
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Appendix L 

The concepts and their CCM values in group FCMs after aggregating 

the stakeholder FCMs with concepts into their corresponding group 

FCM 
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1. A 0.333 1. A 0.679 1. A 0.643 1. A 0.827 1. A 0.413 

2. B 0.267 2. B 0.458 2. B 0.416 2. B 0.677 2. B 0.526 

3. C 0.307 3. C 0.404 3. C 0.424 3. C 0.657 3. C 0.502 

4. D 0.474 4. D 0.530 4. D 0.229 4. D 0.596 4. D 0.406 

5. E 0.189 5. E 0.099 5. E 0.193 5. E 0.451 5. E 0.055 

6. F 0.447 6. F 0.187 6. F 0.188 6. F 0.437 6. F 0.476 

7. G 0.857 7. G 1.000 7. G 0.351 7. G 0.400 7. G 0.602 

8. H 0.384 8. H 0.645 8. H 0.686 8. H 0.385 8. H 0.902 

9. I 0.450 9. I 0.360 9. I 0.658 9. I 0.341 9. I 0.155 

10. J 0.197 10. J 0.153 10. J 0.155 10. J 0.306 10. J 0.031 

11. K 0.371 11. K 0.386 11. K 0.326 11. K 0.294 11. K 0.736 

12. L 0.362 12. L 0.416 12. L 0.361 12. L 0.178 12. L 0.157 

13. M 0.961 13. M 0.708 13. M 0.837 13. M 0.055 13. M 0.757 
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