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Abstract 

Environmental impact assessment is the need of the hour as it plays a pivotal 

role in promoting environmental sustainability and biological balance. This 

study demands a robust modelling framework to address diverse factors 

associated with agricultural activities and their complex relation patterns 

influencing sustainable development. This research work applies the Fuzzy 

Cognitive Mapping approach to make intensive studies on the factors 

subjected to the domains of agriculture, biological scaling, and environmental 

sustainability. Fuzzy logic and the cognitive mapping technique are 

competent in handling both the uncertainty and non-linearity in interrelation 

impacts between the factors of the study. The model developed in this work 

considers critical environmental factors derived from various input data 

sources. The modelling results demonstrate the efficacy of Fuzzy Cognitive 

Mapping in making environmental impact assessments of agricultural 

practices considering the factors of biological scaling. The insights from this 

research will facilitate agriculturalists and policymakers to enhance 

agricultural productivity by mitigating the environmental impacts and paving 

the way for sustainable development. 

Keywords: Fuzzy Cognitive Maps (FCM), Environmental Impact 

Assessment (EIA), Sustainable Development, Agriculture.  
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1. Introduction 

The agricultural activities are significant for the global population to sustain and they support the 

rural economic growth by contributing to resource management. Innovations and advanced 

techniques are applied in farming to enhance agricultural yield. The productivity is increased by 

employing rigorous farming methods. However, implementing intensive farming causes 

environmental degradation such as soil deprivation, water contamination, biodiversity loss, and 

high emissions of greenhouses. The extensive utility of fertilizers also contributes to the 

ecological imbalance. Agriculturalists of the modern age are promoting contemporary 

agricultural practices to optimize profit with minimum investments within a short period. 

Though profit earnings are considered to be the advantages of these farming methods, the 

environmental impacts are the major consequences of exercising such practices.  The extent of 

negative environmental effects of agricultural practices is estimated using the tool of 

environmental impact assessment (EIA). This tool serves as a means of evaluating the adverse 

environmental effects to develop a suitable framework for ensuring environmental sustainability. 

In general, EIA considers several aspects of agricultural practices and ecological systems with 

biological scaling in making estimations of the environmental impacts. The conventional 

methods of EIA fall short in handling the complexity of the factors and uncertainties in their 

relationships. This unveils the need to develop a mathematical model with fuzzy logic to make 

an intense study of the factors related to the impact assessment. Fuzzy-based mathematical 

models are competent in dealing with uncertainties and imprecise information. 

Fuzzy Cognitive Maps (FCM) are viable decision tools applied in investigating the 

interrelationship between the factors of the problem. FCMs are basically graphical structures that 

are more like directed graphs depicting both the factors and their relationship as nodes and edges 

respectively. The edge weights assume values between the ranges from -1 to 1 i.e. [-1,1]. The 

edge weights assume the value 1 if there is a positive impact between the factors, -1 if there exist 

negative impacts, and 0 if no impacts exist. These FCM structures are more robust and potent in 

handling complex patterns of relationships. FCM-based modelling is widely applied to different 

decision-making areas irrespective of the nature of the domain discipline. The FCM model 

developed in this work encompasses the techniques of biological scaling for making precise 

assessments after studying the inter-association impacts between the factors. The inclusion of 

biological scaling provides opportunities for considering different ecosystems in the study and 

also facilitates making suitable adjustments for modelling. Incorporating the aspects of biological 

scaling adds another layer of accuracy to the environmental assessment impact in this model.  

Fuzzy Cognitive Mapping is considered to be the most apt option in examining the factors of the 

study. FCMs are more accommodative and flexible as they engages intuitions from different 

perspectives. This decision framework begins with the identification of crucial study factors 

focusing especially on environmental aspects influenced by agricultural activities. The 

intervention of the experts and the stakeholders is highly demanded in graphing the FCM 

architecture based on the ecological data. Mathematical modelling of the factors and their 

relationships are determined with FCM techniques. The linguistic representation of the 

associational impacts is determined using fuzzy logic and triangular fuzzy numbers are applied 

in quantification of these linguistic representations. On simulating the FCM model with various 
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scenarios, the resultants of agricultural impacts shall be determined. By employing this model, 

the decision-makers shall formulate suitable measures to mitigate the environmental challenges.  

 

The primary objectives of this research work are  

 Development of a more comprehensive FCM model considering factors affiliated with 

the environmental impact assessment of the agricultural activities embracing biological 

scaling.  

 Determination of the inter-associational impacts between the factors to outline the 

mitigating measures for handling environmental disarray caused by intensive farming 

practices 

The contents of the paper are structured into the following segments. Section 2 presents the 

related works. Section 3 sketches the modalities of developing fuzzy cognitive frameworks. The 

section develops an FCM model to examine the inter-associational impacts. Section 4 discusses 

the outcomes of the model and makes inferences from the model results. The last section 

concludes the work with impending directions based on this research work. 

2. State of Art of Work 

This section exhibits the applications of FCM in the context of agriculture, promoting farming 

practices, and environmental sustainability. The existing research gaps are also identified and the 

specific contributions made in this work are also highlighted.  Fuzzy Cognitive Maps (FCM) 

stem from cognitive map structures developed by Axelrod [1].  Kosko [2] discussed cognitive 

structure with fuzzy logic and unveiled the conceptualization of FCM. These fuzzy graphical 

structures are widely applied in social contexts and later extended to different domains of 

decision-making to consider core factors and their relationships in modelling. Some of the 

noteworthy contributions of FCM in agriculture and related components are presented in this 

section. Markinos et al [3] described the utility of FCMs in demonstrating precision agriculture 

for fostering farming practices. Papageorgiou et al [4,5] applied the soft computing techniques of 

FCM to build a relation between the parameters of cotton crop production and employed FCM in 

making predictions on cotton yield. Kontogianni et al [6] applied FCM as a decision support 

system in handling the risks of the marine environment. Ceccato [7] studied the implications of 

participatory FCM in environmental assessments. Kang et al [8] developed a more 

comprehensive decision model to evaluate environmental management systems and industrial 

perspectives. Peng et al [9] focused on the applications of the steady states obtained using FCM 

models in studying the three-rivers ecosystem. Pourreza et al [10] discussed the opportunities of 

improving the environmental improvement in energy sectors with FCM structures. Vimala [11] 

developed an integrated FCM model with advanced graphical features to make an analysis of 

organic agriculture with the comprehension of complex systems. Ortega et al [12] constructed 

FCM models to promote environmentally sustainable practices in the background of water 

quality management systems. Mourhir et al [13] explored the advantages of the FCM model in 

precision farming and its potential impacts on environmental sustainability. Jayashree et al [14] 

determined the competency of the FCM model in precision farming by applying it to a specific 
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instance of coconut yield management. The effects of smart farming are articulated by Mohamed 

[15] with agent-based modeling and dynamic FCM models. 

 Bahri et al [16] initiated the development of a hybrid model combining FCM approaches 

with multi-agent systems to promote sustainable agriculture. Kokkinos et al [17] presented the 

FCM modelling framework to mitigate the carbon emission encompassing circular economy and 

energy transition. Poomagal et al [18] developed a prediction-based FCM model to determine the 

dangerous impacts of agricultural practices on the environment. Yarahmandi et al [19] described 

the evaluating efficacy of the FCM model in making environmental assessments. Alomia et al 

[20] applied FCMs to study various farming systems and livestock management from the 

perspectives of the stakeholders. Sivakamasundari and Smitha [21,22] studied the impacts of 

pesticide usage in agriculture using an intuitionistic fuzzy-based FCM model. Papageorgiou et al 

[23] aggregated FCM models to explore different dimensions of agriculture. Mourhir [24] 

presented a recent review of the potential of FCM models in environmental management and 

various types of fuzzy parameters were discussed [25-48].   The literature above showcases CFM 

models' potential to serve as decision tools in enhancing operational efficiency primarily in risk 

assessments, performance evaluation, and predictions. The framework of FCM models is highly 

competent, robust, and flexible to accommodate complex and dynamic decision systems. 

Leveraging FCM models in decision-making facilitates policymakers to devise suitable strategies 

for agricultural development. However, this section spots a few research gaps as follows, 

 FCM modelling on environmental impact assessment with a holistic perspective is not 

initiated 

 Comprehensive outlook of the factors adhering to biological scaling are not subjected to 

the FCM model to the best of our knowledge, only a few significant factors from the 

model's components are taken into account of the earlier framed models. 

This has motivated the authors to design a more comprehensive FCM model to identify the 

consequential impacts of agricultural practices that are obstructing and enhancing the 

sustainability of the environment together with biological scaling.   

3. FCM Framework 

This section presents the procedure of a fuzzy cognitive map in constructing a model to make 

investigations on the inter-associational impacts between the factors. The framework is presented 

in Fig.1. 

Step 1: Concept Definition 

 In general, building an FCM model begins with the definition of concepts or the factors 

subjected to the nature of the decision-making problem. In the context of making assessments on 

the environmental impacts of agricultural practices and biological scaling few significant 

environmental parameters are considered. 
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Step 2: Construction of Connection Matrix 

 A connection matrix W is formulated reflecting the inter-associational impacts between 

the concepts say Ci and Cj. The elements of the matrix say wij indicates the associational 

impacts or the relational impacts between the concepts. The values of wij in general assume 

values between the interval range [-1,1]. However, in this case, the linguistic connection matrix 

is framed. 

Step 3: Fuzzification of the Matrix 

 The linguistic variables are quantified using triangular fuzzy numbers of the form (l,m,n), 

and the respective numerical quantification is given for the linguistic representations. 

Step 4: Initialization of the State Vector 

 The initial state vector is A
(0)

 is defined in such a way the values represent the levels of 

each of the concepts.  

A
(0) 

 = [ 𝑎1
(0)
, 𝑎2

(0)
, . . 𝑎𝑛

(0)
], where n is the number of concepts. 

Step 5: Updation of the State Vector 

 The state vector is updated by passing on to the connection matrix and using the FCM 

rule 

A
(t+1)

 = f (A 
(t)

×W) ----------------------- (1) 

Where f is the sigmoid function of the form f(x) = 
1

 1   
  

Step 6: Determination of Fixed Point 

The above step is repeated until the fixed point is determined. The iterative approach is followed 

and the procedure is truncated if the convergence is attained.  

 

 

 

 

 

Fig. 1 FCM Framework 
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4. FCM Modelling of the Factors Contributing to the Decision Problem 

This section develops an FCM model by considering the factors from various perspectives. The 

factors that are considered in general are presented in Fig. 2 

 

 

 

Fig. 2 Core Factors of FCM 

The concepts that are subjected to each of the factors are presented in Fig. 3 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Core Concepts of FCM 

The description of the concepts considered in this FCM framework is presented in Table 1. The 

factors considered for the study are more pertinent to agricultural practices and environmental 

impacts. The factors in the biological systems are carefully chosen with scaling effects and the 

interconnections are represented using fuzzy logic.  

Table 1 Description of the Concepts 

Concepts Description 

C1: Fertilizer Usage (FU) Utility of fertilizers in agriculture influencing soil fertility 

and crop productivity 

C2: Pesticide Usage (PU) Utility of the pesticides to mitigate the effects of the pests 

C3: Irrigation Methods (IM) Watering of the crops to promote crop health 

C4: Crop Rotation (CR) Variation in crop cultivation to enrich soil health 
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C5: Soil Health (SH) Quality of the soil supporting crop cultivation 

C6: Water Quality (WQ) Composition of water affected by agricultural activities 

C7: Air Quality (AQ) Emission of pollutants caused by agricultural activities  

C8: Biodiversity (BD) Variation of species in agricultural settings 

C9: Ecosystem Resilience (ER) Potency of the ecosystem to withstand and recover from 

environmental challenges 

C10: Ecosystem Viability (EV) Profitability from agricultural activities  

 

Based on the expert’s opinion and ecological data, the connection matrix W with linguistic 

variables is formulated as in Table 2. The factors in the biological systems are carefully chosen 

with scaling effects and the interconnections are represented using fuzzy logic. The construction 

of the connection matrix explicates the impacts between the factors assuring holistic and robust 

assessments. 

Table 2 Linguistic Connection Matrix 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

C1 NI MPI WPI NI SNI MNI WNI WNI NI WPI 

C2 MPI NI WPI NI MNI SNI MNI WNI NI WPI 

C3 WPI WPI NI WPI WPI MNI WNI WNI NI MPI 

C4 NI NI WPI NI MPI WPI WPI MPI MPI MPI 

C5 SNI MNI WPI MPI NI SPI MPI MPI MPI WPI 

C6 MNI SNI MNI WPI SPI NI MPI MPI MPI MPI 

C7 WNI MNI WNI WPI MPI MPI NI WPI MPI WPI 

C8 WNI WNI WNI MPI MPI MPI WPI NI MPI WPI 

C9 NI NI NI MPI MPI MPI MPI MPI NI MPI 

C10 WPI WPI MPI MPI WPI MPI WPI WPI MPI NI 

  

The description of the linguistic variable and its equivalent numerical quantification is made 

using triangular fuzzy numbers and is presented in Table 3. 

Table 3 Representation and Quantification of Linguistic Variables 

Linguistic Variable Notation 

Triangular Fuzzy 

Number Quantification 

(l,m,n) 

Defuzzified Value 
(𝒍 +𝒎+ 𝒏)

𝟑
 

Strong Positive Influence  SPI (0.7,1,1) 0.9 

Moderate Positive Influence MPI (0.4,0.7,1) 0.7 

Weak Positive Influence WPI (0.1,0.4,0.7) 0.4 

No Influence NI (-0.1,0,0.1) 0 

Weak Negative Influence  WNI (-0.7,-0.4,-0.1) -0.4 

Moderate Negative Influence MNI (-1,-0.7,-0.4) -0.7 

Strong Negative Influence SNI (-1,-1,-0.7) -0.9 
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The FCM graphical representation is presented in Fig.4. The figure is a directed graph 

representation with nodes representing the concepts and the edges the relationship between the 

concepts with edge weights as defuzzified values. The graphical depiction has ten nodes. 

 

Fig. 4 FCM Architecture 

The modified connection matrix is presented in Table 4 using the defuzzification mentioned in 

Table 3. 

Table 4 Modified Connection Matrix 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

C1 0 0.7 0.4 0 -0.9 -0.7 -0.4 -0.4 0 0.4 

C2 0.7 0 0.4 0 -0.7 -0.9 -0.7 -0.4 0 0.4 

C3 0.4 0.4 0 0.4 0.4 -0.7 -0.4 -0.4 0 0.7 

C4 0 0 0.4 0 0.7 0.4 0.4 0.7 0.7 0.7 

C5 -0.9 -0.7 0.4 0.7 0 0.9 0.7 0.7 0.7 0.4 

C6 -0.7 -0.9 -0.7 0.4 0.9 0 0.7 0.7 0.7 0.7 

C7 -0.4 -0.7 -0.4 0.4 0.7 0.7 0 0.4 0.7 0.4 

C8 -0.4 -0.4 -0.4 0.7 0.7 0.7 0.4 0 0.7 0.4 

C9 0 0 0 0.7 0.7 0.7 0.7 0.7 0 0.7 

C10 0.4 0.4 0.7 0.7 0.4 0.7 0.4 0.4 0.7 0 
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By performing the FCM modelling using Python the following convergence plot is determined 

and presented as Fig. 5 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Convergence of FCM State Values 

Using Python, the final state vector obtained is  

[-0.99487224, -0.99717321, -0.67594209, 0.99731111, 0.99995976, 0.99999074, 0.99981761, 

0.99981762, 0.99952635, 0.96592959]. This vector represents the influences of the concepts 

concerning agricultural practices and biological scaling.  

5. Results and Discussion 

The inferences from the final state vector are presented in Table 5. 

Table 5 Inference from the State Values 

Concepts State Values Inferences 

C1: Fertilizer Usage (FU) -0.995 Reduction of fertilizer utility is critical in 

balancing the ecosystem 

C2: Pesticide Usage (PU) -0.997 Minimizing pesticide usage contributes to 

ecological balance 

C3: Irrigation Methods (IM) -0.675 Irrigation methods shall be customized based 

on the requirements 

C4: Crop Rotation (CR) 0.997 Crop rotations are beneficial to the ecosystem 

C5: Soil Health (SH) 0.999 Soil health is significant for a sustainable 

ecosystem 

C6: Water Quality (WQ) 0.999 The maximum values indicate the significance 

of maintaining quality standards  

C7: Air Quality (AQ) 0.999 Good air quality is crucial for sustaining the 
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ecosystem 

C8: Biodiversity (BD) 0.999 Underscores the significance of conserving the 

species 

C9: Ecosystem Resilience 0.999 Contributes to a maximum of sustaining 

ecosystem 

C10: Ecosystem Viability 0.962 Favours robust ecosystem 

From Table 5 above, it is very evident that a well-composed and sustainable ecosystem is 

achieved by reducing the utility of both fertilizers and pesticides. On the other hand, enhancing 

crop rotation practices, ensuring soil, water, and air quality, and preserving biodiversity are more 

significant. The higher values of ecosystem resilience and viability contribute to a sustainable 

ecosystem.  The final values of the concepts are depicted in Fig.6 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Final State Values of the Concepts 

 

In Fig 6, the concepts C1, C2, and C3 assume negative values indicating that these concepts have 

to be minimized in the context of environmental sustainability. On the other hand, the other 

concepts have to be maximized. The progression of the state vector over iterations is presented as 

heatmaps in Fig. 7 with different colours representing the state values.  
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Fig. 7 State Vector Heatmap Over Iterations 

From the above results, the factors contributing to the environmental impact assessments caused 

by agricultural practices and biological scaling are well examined and their interrelation impacts 

are studied.  

6. Conclusion 

This research work demonstrates the efficiency of fuzzy cognitive maps in evaluating and 

visualizing the inter-associations between agricultural practices and their environmental impacts. 

The fixed point obtained using FCM modelling indicates the concepts contributing to ecological 

imbalance. The other aspects contributing to environmental sustainability are also determined 

from the final vector. The graphical visualizations of FCM facilitate acquiring several insights 

into the dynamics of the model proposed in this research work. The proposed model promotes 

ecosystem resilience and viability and assists in making decisions on agricultural enhancement 

by embedding it into the framework of environmental impact assessments. This research work 

shall be extended with different versions of fuzzy representations.  
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