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Abstract: The module division scheme of commercial aircraft and other complex system products has a signif-

icant impact on the functionality, performance, and cost of the aircraft. To obtain a scientifically sound and 

rational module division scheme for commercial aircraft, this paper establishes a comprehensive evaluation 

method for the module division scheme of commercial aircraft based on the Analytic Hierarchy Process (AHP) 

and Grey Fuzzy Evaluation Theory. A model combining AHP and Grey Fuzzy Comprehensive Evaluation is 

developed. This method is applied to assess the module division scheme of the forward fuselage structure of a 

commercial aircraft. The results indicate that the AHP-Grey Fuzzy Comprehensive Evaluation method can 

yield an optimal module division scheme for the forward fuselage structure, thereby validating the scientific 

and rational nature of the module division evaluation method for commercial aircraft. The research findings 

reveal a scientific approach to the module division of complex system products and offer new insights into the 

module division schemes of such products. Although there are limitations, the results of this study hold sig-

nificant implications for both theory and practice. 

Keywords: Analytic Hierarchy Process; Grey Fuzzy Evaluation Theory; Module Division 

 

1. Introduction 

Commercial aircraft manufacturing represents a technology-intensive, capital-intensive, and la-

bor-intensive industry[1]. Modular partitioning stands as a critical technology in aircraft design and 

manufacturing, enabling efficient system design, production, assembly, and maintenance through 

decomposition of complex systems into functionally independent modules. The rationality of module 

division directly impacts aircraft functionality, performance, and overall cost. Current research pre-

dominantly focuses on theoretical concepts of modular partitioning for complex products like com-

mercial aircraft, with limited development of mature modular division models in practical applica-

tions[2,3]. 

Tsai et al. approached complex product module division from a functional perspective[4]. They 

developed a module division methodology by analyzing interfaces and functional relationships dur-

ing complex product design, while considering the complexity of design, manufacturing, and assem-

bly . Wei et al. established a multi-criteria module division mathematical model, solved it using multi-

objective evolutionary algorithms, and employed fuzzy set evaluation methods to identify optimal 

solutions for platform-based design of complex products[5] . Chen Y.H. et al. proposed a maximum-

minimum division method: initial grouping based on maximum division criteria, followed by cluster 

analysis using minimum division units within the subsets formed by maximum division[6]. The final 

module division scheme was determined based on aggregation degrees between modules . However, 

these existing module division methods for complex products fail to meet the requirements of com-

mercial aircraft module partitioning due to their inherent limitations. 

The modularization of commercial aircraft can result in different modularization schemes based 

on functional characteristics, functional hierarchy, structural components, assembly processes, data 

management, and interface standards. These aspects focus on different priorities, and there is cur-

rently no unified evaluation model to assess the rationality and scientific nature of these 
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modularization schemes. In this paper, based on the research of modularization methods for complex 

systems, a fuzzy comprehensive evaluation method is established to conduct a comprehensive as-

sessment of the modularization schemes for commercial aircraft. Fuzzy Comprehensive Evaluation 

(FCE), as a multi-factor evaluation method based on fuzzy mathematics, has gradually become an 

important tool for solving complex decision-making problems due to its unique advantages in deal-

ing with uncertainties and fuzziness among evaluation indicators. FCE, grounded in the theory of 

fuzzy mathematics, can effectively address issues that are difficult to judge precisely due to the fuzz-

iness and uncertainty of evaluation indicators[7,8]. For example, hierarchical fuzzy comprehensive 

evaluation optimizes the evaluation process through a hierarchical structure, effectively solving the 

problem of excessive fuzziness caused by a large set of indicators. The fuzzy comprehensive evalua-

tion method combined with the AHP further enhances the scientific and rational setting of weights. 

The grey fuzzy comprehensive evaluation method, by introducing grey system theory, enhances the 

model's adaptability in dealing with incomplete information and uncertainties. Although these im-

proved methods have optimized the performance of FCE to some extent, they have certain limitations 

in terms of model complexity and computational load. The AHP-Grey Fuzzy Evaluation model es-

tablished in this paper, by integrating AHP, grey system theory, and FCE, can effectively handle 

multi-factor, multi-criteria decision-making problems in complex systems and guide the scientific 

conduct of modularization work for domestic commercial aircraft. The model has the following ad-

vantages: 

1. It has significant advantages in terms of scientific nature and adaptability, integrating the strengths 

of the Analytic Hierarchy Process (AHP), grey system theory, and Fuzzy Comprehensive Evaluation 

(FCE). It can simultaneously handle indicator weights, uncertainties, and fuzziness. It also has the 

benefits of high computational complexity and reducing subjective biases in expert scoring, thereby 

enhancing the scientific nature and accuracy of the evaluation object. 

2. It can effectively deal with multi-factor, multi-criteria decision-making problems in complex systems, 

ensuring that complex system products with multiple objectives and requirements obtain the optimal 

solution. 

2. The Analytic Hierarchy Process - Grey Fuzzy Comprehensive Evaluation Model 

The Analytic Hierarchy Process - Grey Fuzzy Comprehensive Evaluation Model [9] mainly con-

sists of two parts: the AHP and the Grey Fuzzy Evaluation System. The AHP is used to determine 

the weights of each evaluation criterion. By constructing a judgment matrix and quantifying the rel-

ative importance of each criterion through expert scoring, the weights are calculated. Grey system 

theory is primarily used to deal with the uncertainty of data and the incompleteness of information. 

Through grey relational analysis, the degree of correlation between each scheme and the ideal scheme 

is calculated. The Grey Fuzzy Comprehensive Evaluation is carried out on the basis of the AHP. The 

two complement each other and together enhance the scientific nature, reliability, and effectiveness 

of the evaluation. The overall evaluation approach is shown in Figure 1. 

Before determining the weights of the evaluation indicators for the modularization scheme of 

commercial aircraft, it is necessary to establish a corresponding evaluation indicator system. Through 

research on domestic and foreign related materials, the modularization of commercial aircraft mainly 

focuses on five key indicators: product quality reliability, product accessory selection, product func-

tionality, manufacturing and maintenance, and overall product structure composition[10]. These five 

key indicators can further be divided into eighteen sub-indicators. The evaluation indicator system 

for the modularization scheme of commercial aircraft is established based on this, as shown in Figure 

2. 
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AHP-Grey Fuzzy Comprehensive 
Evaluation

Analytic Hierarchy 
Process

Grey Fuzzy Comprehensive 
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Establish the Set of Evaluation 
Factors 

Construct Pairwise 
Comparison Matrices

Determine the Evaluation Grey 
Classes

Hierarchical Single Sorting and 
Consistency Check

Hierarchical Overall Sorting and 
Consistency Check

Calculate the Grey Statistical Numbers

Grey Fuzzy Weight Matrix and grey evaluation 
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Factor Weight Sat W Grey Fuzzy Weight Matrix R

AHP-Grey Fuzzy Comprehensive 
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Figure 1. Analytic Hierarchy Process - Grey Fuzzy Comprehensive Evaluation Model. 
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A3 Principles of Functionality

A4 Principles of Manufacturing 
and Maintenance

A21 Customer Demand

A22 Standardized Design

A23 Interchangeability of Products

A31 Product Interfaces

A32 System Function

A33 Basic Functional Components

A34 Component Clustering

A35 Technical Analysis of the Product

A41 Product Manufacturing

A42 Product Disassembly

A43 Product Suppliers

A1 Quality Assurance System 

A11 Product Quality

A12 Product Reliability

A5 Principles of Integrated 
Structure

A36 Product Weight Control

A44 Product Manufacturing and 
Transportation

A51 Top-Level Module Division

A52 Middle-Level Module Division

A53 Basic-Level Module Division
 

Figure 2. Evaluation Index System for Aircraft Module Division Scheme. 
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2.1. Hierarchical Single Sorting and Consistency Check 

Based on the fundamental calculation principles of the AHP, the consistency index of each level's 

judgment matrix is calculated. To verify the consistency of the judgment matrix, the Consistency Ra-

tio (CR) is introduced. The larger the CR, the worse the consistency of the matrix. The Consistency 

Index (CI) is defined as:
1)( max −−= nnCI 

,where λmax is the maximum eigenvalue of the judgment 

matrix, and n is the order of the matrix.The Random Consistency Index (RI) is a value that depends 

on the order of the matrix. The CR is calculated as: RICICR =  ,If CR < 0.1, the consistency of the 

judgment matrix is considered satisfactory. If the judgment matrix has significant deviations and the 

evaluation results are unreasonable, the judgment matrix should be adjusted accordingly. The spe-

cific calculation results are as follows. 

Table 1. Computatuion of index entry judgement matrix, weight and CR. 

Index A1 A2 A3 A4 A5 Weight 

A1 1 7 3 3 5 0.46 

A2 1/7 1 1/3 1/3 5 0.08 

A3 1/3 3 1 3 5 0.26 

A4 1/3 3 1/3 1 3 0.15 

A5 1/5 1/3 1/5 1/3 1 0.05 

33.5=   33.5CI =   12.1RI =   07.0C =R  

Similarly, the calculations for indicators A2, A3, A4, and A5 show that their Consistency Ratios 

(CR) are all less than or equal to 0.10. Therefore, the judgment matrices meet the requirement for 

consistency. 

Table 2. Computatuion of A1 index entry judgement matrix,weight and CR. 

Index A11 A12 Weight 

A11 1 7 0.46 

A12 1/7 1 0.08 

2=   0CI =   0RI =   0C =R  

Table 3. Computatuion of A2 index entry judgement matrix,weight and CR. 

Index A21 A22 A23 Weight 

A21 1 3 5 0.66 

A22 1/3 1 1 0.18 

A23 1/5 1 1 0.16 

03.3=   01.0CI =   58.0RI =   03.0C =R  

Table 4. Computatuion of A3 index entry judgement matrix,weight and CR. 

Index A31 A32 A33 A34 A35 A36 Weight 

A31 1 3 4 6 5 7 0.44 

A32 1/3 1 2 5 4 6 0.25 

A33 1/4 1/2 1 2 3 4 0.14 

A34 1/6 1/5 1/2 1 1 3 0.07 

A35 1/5 1/4 1/3 1 1 3 0.07 

A36 1/7 1/6 1/4 1/3 1/3 1 0.03 

 24.6=   04.0CI =   24.1RI =   04.0C =R  
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Table 5. Computatuion of A4 index entry judgement matrix,weight and CR. 

Index A41 A42 A43 A44 Weight 

A41 1 1 1/3 2 0.20 

A42 1 1 1/2 1 0.19 

A43 3 2 1 3 0.46 

A44 1/2 1 1/3 1 0.15 

08.4=   02.0CI =   90.0RI =   02.0C =R  

Table 6. Computatuion of A5 index entry judgement matrix,weight and CR. 

Index A51 A52 A53 Weight 

A51 1 1/2 1/3 0.17 

A52 2 1 1 0.39 

A53 3 1 1 0.44 

01.3=   00.0CI =   58.0RI =   02.0C =R  

2.2. Determining Indicator Weights 

Hierarchical total sorting refers to the calculation of the relative importance of each factor in a 

certain level with respect to all factors in the upper level. Since hierarchical total sorting is conducted 

from the highest level to the lowest level, it also represents the calculation of the relative importance 

of each factor in a certain level with respect to the highest level. The hierarchical total sorting can then 

be obtained based on the results of hierarchical single sorting. The results are shown in the Table 7. 

Table 7. Calculation Table for the Weights of Module Division Evaluation Indicators. 

Index Weight Index Single Weight Total Weight 

A1 0.46 A11 0.83 0.38 

A12 0.17 0.08 

A2 0.08 A21 0.66 0.05 

A22 0.18 0.01 

A23 0.16 0.01 

A3 0.26 A31 0.44 0.11 

A32 0.25 0.07 

A33 0.14 0.04 

A34 0.07 0.02 

A35 0.07 0.02 

A36 0.03 0.01 

A4 0.15 A41 0.20 0.03 

A42 0.19 0.03 

A43 0.46 0.07 

A44 0.15 0.02 

A5 0.05 A51 0.17 0.01 

A52 0.39 0.02 

A53 0.44 0.02 
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2.3. Determining Evaluation Grades 

Evaluation grades are used to classify and compare the comprehensive performance of the eval-

uated objects by dividing them into several levels. Typically, these levels are divided into four cate-

gories: "Good," "Fairly Good," "Average," and "Poor." The scores for each level are determined using 

the expert scoring method, with a 10-point scale. The scores for each grade are as follows: C = {10, 7, 

5, 2}. 

2.4. Determination of the Evaluation Grey Degree 

To determine the evaluation grey classes, it is necessary to establish the number of grey classes, 

the grey numbers, and their whitening weight functions. These elements are crucial for defining the 

evaluation grey classes. The determination of evaluation grey classes is based on the evaluation 

grades and relies on qualitative analysis. Let the evaluation value of the k-th member of the evalua-

tion group denoted by kZ  for the j-th indicator (j=1,2,…,n) be denoted as kjd . The matrix kjd  com-

posed of h is called the sample matrix of the indicator set U.The whitening weight functions selected 

in this paper are as follows: 

a. The gray number of grade Good is expressed as ),0[ + ,Its whitening weight function is: 
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b. The gray number of grade Fairly Good is expressed ass )14,7,0[ ,Its whitening weight func-

tion is: 
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c. The gray number of grade Average is expressed ass )10,5,0[ ,Its whitening weight function 

is: 
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(3) 

d. The gray number of grade Poor is expressed ass )4,2,0[ ,Its whitening weight function is: 


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2.5. Determining the Grey Statistical Numbers 

After establishing the evaluation grey classes for the four grades, the grey statistical method can 

be used to calculate the weight lid  of the j-th evaluation criterion. Additionally, the grey statistics 

ijn  and total grey statistics in  of the evaluation matrix can be obtained by using )( lij df  The spe-

cific calculations are as follows: 
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
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2.6. Calculating the Grey Fuzzy Weight Matrix and Grey Evaluation Weight Values 

Taking into account the evaluation opinions of r experts on the i-th factor, the grey evaluation 

weight for the j-th evaluation criterion is obtained as follows: 

i

ij

ij
n

n
r =  (7) 

The single-factor grey fuzzy weight matrix composed of ijr  is shown as follows: 
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2.6. Calculate the grey fuzzy evaluation matrix 

The grey fuzzy evaluation matrix is obtained by compounding the fuzzy weighted matrix and 

the fuzzy comprehensive evaluation matrix. 
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m

j
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2.6. Calculate the final evaluation result 

Calculate the final comprehensive evaluation results: 

CRWCBZ )(
`~

•=•=  (10) 

3. Case Study on the Evaluation of Modularization Schemes for the Nose Section Structure of 

commercial aircraft 

The design and manufacturing of the nose section structure have a profound impact on the over-

all performance, safety, and economy of an aircraft. A rational nose section structure design can not 

only enhance the aircraft's aerodynamic performance and structural strength but also facilitate equip-

ment installation and maintenance. Additionally, it meets ergonomic requirements and reduces pro-

duction and operational costs[11,12]. This paper evaluates the modularization schemes for the nose 

section structure to seek the optimal division plan. The nose section structure includes the 1st frame, 

cockpit components, Hatch Assembly, and so on. The specific components are mainly shown in the 

Table 8. 
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Table 8. Calculation Table for the Weights of Module Division Evaluation Indicators. 

Serial Number Name 

1 1st Frame 

2 Top Wall Panel Assembly 

3 Service Compartment Floor Assembly 

4 Left Door Frame Wall Panel Assembly 

5 Right Door Frame Wall Panel Assembly 

6 Cockpit Canopy Top Skin Assembly  

7 Cockpit Canopy Window Frame Assembly 

8 Left Cockpit Floor Assembly for Frames 3 to 9 

9 Right Cockpit Floor Assembly for Frames 3 to 9 

10 Cockpit Floor Assembly for Frames 10 to 14 

11 Cockpit Left and Right Side Skins 

12 Cockpit Loose Components 

13 Wheel Well Forward Bulkhead Assembly 

14 Wheel Well Rear Bulkhead Assembly 

15 Wheel Well Left Wall Panel Assembly 

16 Wheel Well Right Wall Panel Assembly 

17 Wheel Well Top Wall Panel Assembly 

18 Lower Forward Mid-Wall Panel Assembly 

19 Lower Forward Left Wall Panel Assembly 

20 Lower Forward Right Wall Panel Assembly 

21 Lower Rear Left Wall Panel Assembly 

22 Lower Rear Mid-Side Wall Panel Assembly 

23 Lower Rear Right Wall Panel Assembly 

24 Hatch Assembly 

Based on extensive experience in the design and manufacturing of commercial aircraft nose sec-

tions, and integrating the structural functions, processes, and comprehensive optimization ap-

proaches of the nose section, three preliminary design schemes for the nose section have been estab-

lished, as shown in the Figures 3–5. 

Nose Primary 
Structure Section

13,14,15,16,176,7,8,9,10,11,122 3 4 5 18 19 20 21 22 23 241
 

Figure 3. Module Division Scheme A. 

Nose Primary 
Structure Section

13,14,15,16,171,6,7,8,9,10,11,122 3 4 5 18 19 20 21 22 23 24
 

Figure 4. Module Division Scheme B. 

Nose Primary 
Structure Section

13,14,15,16,17,18,19,20,21,22,231,6,7,8,9,10,11,122 3 4 5 24
 

Figure 5. Module Division Scheme C. 
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Experts with extensive experience in civil aircraft design were invited to evaluate the prelimi-

nary division schemes A, B, and C. The evaluation sample matrix for each scheme was obtained 

through expert scoring. Six experts were invited to score each scheme on a 10-point scale. It was 

stipulated that all members of the evaluation group had the same weight. 

The evaluation sample size matrix of Scheme A is shown in the Table 9. According to the evalu-

ation process, the comprehensive evaluation result Z=6.98 is obtained.It can be seen that 5 < 6.98 < 7, 

which indicates that Scheme A is between "Fairly Good" and "Average". 

Table 9. The evaluation sample size matrix of Scheme A. 

Index dli Z1 Z2 Z3 Z4 Z5 Z6 

A1 
A11 3 3 4 4 4 3 

A12 6 5 5 6 5 5 

A2 

A21 7 8 7 6 6 5 

A22 6 6 5 7 5 6 

A23 7 8 6 6 5 5 

A3 

A31 5 5 4 5 5 5 

A32 8 8 7 8 6 7 

A33 8 9 8 8 9 9 

A34 8 9 8 9 8 8 

A35 9 9 8 8 8 9 

A36 8 8 9 8 9 8 

A4 

A41 9 8 9 8 8 9 

A42 8 8 9 9 7 8 

A43 7 6 5 8 5 6 

A44 9 8 8 8 9 9 

A5 

A51 9 9 9 8 9 8 

A52 7 8 6 6 7 6 

A53 6 7 5 7 6 6 

Similarly, the evaluation sample matrix for Scheme B is shown in the Table 10. The comprehen-

sive evaluation result for Scheme B is Z = 8.15. It can be seen that 7 < 8.15 < 10, which indicates that 

Scheme B is between the "Good" and "Fairly Good". This suggests that the overall evaluation of 

Scheme B is relatively high and it can be considered as a potential alternative. 

Table 10. The evaluation sample size matrix of Scheme B. 

Index dli Z1 Z2 Z3 Z4 Z5 Z6 

A1 
A11 9 8 9 10 8 9 

A12 9 8 9 10 9 9 

A2 

A21 8 8 8 9 8 9 

A22 8 7 8 8 9 8 

A23 7 8 7 7 8 9 

A3 

A31 9 9 8 10 9 9 

A32 9 9 8 9 9 8 

A33 8 9 7 8 7 8 

A34 8 7 8 9 8 8 

A35 8 7 8 7 8 9 
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A36 9 8 9 8 9 8 

A4 

A41 9 8 9 8 8 9 

A42 8 8 7 9 7 8 

A43 8 8 9 8 7 8 

A44 9 7 8 8 8 9 

A5 

A51 9 8 9 8 9 8 

A52 8 8 9 8 9 8 

A53 9 9 8 8 8 9 

The evaluation sample matrix for Scheme C is shown in the Table 11. Following the evaluation 

process, the comprehensive evaluation result for Scheme C is Z = 7.56. It can be seen that 7 < 7.56 < 

10, which indicates that Scheme C is between "Good" and "Fairly Good". This suggests that Scheme 

C can also be considered as a potential alternative. 

Table 11. The evaluation sample size matrix of Scheme C. 

Index dli Z1 Z2 Z3 Z4 Z5 Z6 

A1 
A11 9 8 9 8 8 8 

A12 5 5 5 5 4 5 

A2 

A21 8 7 7 8 8 7 

A22 8 9 8 8 7 9 

A23 7 8 7 8 7 8 

A3 

A31 7 6 7 7 8 7 

A32 7 6 6 7 6 5 

A33 5 5 6 6 5 5 

A34 7 5 6 5 7 5 

A35 6 5 5 4 5 4 

A36 8 7 6 8 7 7 

A4 

A41 7 8 7 7 7 6 

A42 7 6 6 7 8 7 

A43 6 7 6 7 5 5 

A44 6 5 5 7 5 6 

A5 

A51 5 5 4 6 4 5 

A52 7 8 7 6 7 7 

A53 8 7 6 7 7 7 

Based on the final evaluation results obtained for the three schemes, the ranking of the schemes 

can be determined as follows: 8.15 > 7.56 > 6.98. This means that Scheme B is the optimal scheme, 

followed by Scheme C, with Scheme A being relatively less favorable. Therefore, it is evident that 

Scheme B is the best option.Therefore, the structural module division scheme for the forward fuselage 

section of the commercial aircraft can be obtained as shown in the Figure 6. 
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Figure 6. The best example of modular division of the nose primary structure section. 

4. Discussion 

This study aims to explore the scientific nature of modular division schemes for commercial 

aircraft. By employing the Analytic Hierarchy Process (AHP) combined with Grey Fuzzy Compre-

hensive Evaluation model to assess the modular division schemes of commercial aircraft, we have 

demonstrated the scientific and rational nature of this model in the modular division of complex 

products. It holds guiding significance for the modular division of subsequent commercial aircraft 

and other complex products. 

The theoretical contribution of this study lies in proposing the AHP-Grey Fuzzy Comprehensive 

Evaluation model, which offers a new perspective for evaluating modular division schemes of com-

plex system products. In practical terms, our findings hold potential value for the modular division 

of commercial aircraft, such as providing scientific division schemes for various aircraft sections. 

These insights offer a scientific basis for the modular division of complex system products, especially 

aircraft. 

Despite the achievements of this study, there are certain limitations. First, the relatively small 

sample size may affect the generalizability of the results. Second, the research methodology has its 

limitations. For instance, there may be subjective biases in the experts' scoring of the schemes, alt-

hough we have addressed this through fuzzification. Future research could consider expanding the 

sample size and adopting more advanced evaluation models to overcome these limitations. Addi-

tionally, further studies could explore scientific methods for assessing the modular division schemes 

of commercial aircraft. 

In summary, by establishing the AHP-Grey Fuzzy Comprehensive Evaluation model to assess 

the modular division schemes of commercial aircraft, this study has revealed scientific methods for 

modular division of complex system products and provided new insights into the evaluation of such 

schemes. Despite its limitations, the findings of this study are significant both theoretically and prac-

tically. 

5. Conclusions 

This study aims to explore the scientific and rational nature of modular division schemes for 

commercial aircraft. By decomposing complex systems into functionally independent modules, we 

can achieve efficient design, manufacturing, assembly, and maintenance, thereby enhancing the func-

tionality, performance, and cost-effectiveness of aircraft products. Through the establishment of an 

AHP - Grey Fuzzy Comprehensive Evaluation model, using the structural modular division of the 

forward fuselage section of a commercial aircraft as a case study, we have revealed scientific methods 

for the modular division of complex system products. These results not only support the feasibility 

of our evaluation model but also provide a new theoretical perspective and practical guidance for the 

modular division schemes of complex system products. Although the study has certain limitations, 

its theoretical contributions and practical significance cannot be overlooked. Future research can 
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further explore the optimization of the AHP - Grey Fuzzy Comprehensive Evaluation model to ex-

pand on the findings of this study. 
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