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ABSTRACT 

 

Manufacturing industry has been developed outrageously during the past 

decade. The scenario also applies on Malaysian industry where 22.3% of the 

economy is generated from the manufacturing industry. Numerous latest 

concepts and technologies have been implemented by manufacturing firms to 

increase their productivity, product variety and efficiency. However, these 

changes also provide certain challenges by increasing manufacturing 

complexity and decreasing sustainability. Generally, manufacturing 

complexity is classified into internal and external complexity. This research 

intends to arrange the elements of internal manufacturing complexity (IMC) 

according to the priority through the period of enhancing sustainability. IMC 

elements were clustered into organizational, operational and productivity 

complexity. Fuzzy analytic hierarchical process was implemented in this 

research as multi criteria decision making method in IMC management. The 
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results found that IMC priority sequence started with productivity, followed by 

organizational and operational complexity. Productivity complexity with 

dominant weightage of 0.5302 was emphasized by three elements which are 

quality inspection process, cost reduction and time reduction respective to the 

sequence. Meanwhile, organizational complexity slightly led operational 

complexity by a difference of 0.059. The results show that the Malaysian 

manufacturing industry is very keen on the product quality and conforms to 

the requirements. This research could aid firms and researchers to focus on 

more important elements in decision making for bigger impact on overall 

performance.  

 

Keywords: Internal Manufacturing Complexity; Fuzzy Analytic Hierarchical 

Process; Malaysian Industry; Prioritizing the More Important Element 

 

 

Introduction 
 

The world is moving towards a revolution that constituted with internet of 

things which provides increase in productivity, quality and capability of 

manufacturing firms [1]. Industrial revolution 4.0 happened due to the 

development of technology like machine learning, real-time optimization and 

cyber-physical system [2], [3]. Nowadays, manufacturing firms are able to 

reduce all associated wastes easily compared to the conventional method [4], 

[5]. A case study has proven that the development of new concepts guide firms 

towards better product values while improving employees and customers’ 

satisfaction [6]. 

However, this adaptation of technology impacted on the addition of 

elements involved in manufacturing practices. For example, the 

implementation of additive manufacturing (AM) is still a critical phase where 

standardisation is yet developed, and issues on intellectual properties and its 

environmental impact are still uncertain. These new considerations that appear 

with AM implementation require extra effort to fully optimise its benefits [7]. 

The situation directly causes manufacturing complexity level to increase.  

Meanwhile, the need to contribute on sustainability through 

manufacturing practices also has been raised. The main drive towards the 

implementation is the enforcement of law and regulations [8]. In Malaysia, the 

agreement pledged in 2015 to achieve 17 Sustainable Development Goals 

(SDG) has led towards a bigger transformation in manufacturing industry [9]. 

Sustainability also happened to be agitated by the recent COVID-19 global 

pandemic which apparently has urged more sustainable related policies to be 

introduced [10].  

 

 



Organizing the internal manufacturing complexity elements: A fuzzy approach 

171 

Manufacturing complexity 
Manufacturing complexity (MC) results from multiple factors depending on 

manufacturing operational characteristics such as technology innovations, 

shorter product life cycle and political issues [11]. It is defined as an 

interrelationship between components involved within manufacturing 

practices that impacted on overall system behavior [12]. Normally, firms have 

initial negative perspective on MC [13]. Nevertheless, driven by research and 

innovation, this perception is encountered by numerous fresh, hybrid and 

integrated concepts such as anarchic manufacturing [13], integration of social 

responsibility with human resources management [14] and structure for 

technical scheme by complexity level [15]. 

In the context of MC management, it best classified into internal and 

external MC [12], [16]. Internal and external MC are separated by a clear 

barrier where internal MC is related to areas that are directly manageable while 

external MC is related to areas that have significance on manufacturing 

practices but could not be directly managed by manufacturing firms [17]. In 

addition, both classifications are related to each other with bi-directional 

influence [18]. From management level perspective, internal MC has been 

highlighted to be emphasized before external MC [16], [19]. 

 

Internal manufacturing complexity 
As this research emphasized on internal manufacturing complexity (IMC), the 

determination of its elements are essential. Based on published articles related 

to Malaysian manufacturing industry, initially IMC has 30 elements. 

Nevertheless, after a series of analyses, IMC can been grouped into three 

clusters, namely operational, productivity and organisational complexity [16], 

[20]. These clusters have their own elements as presented in Table 1. 

According to [16], aided by data reduction and factor analysis, 13 

remaining elements were found to be of significance towards IMC. These 

elements were adapted from published articles but the clusters’ name have 

been revised to avoid any misinterpretation upon unsuitable words used [21]. 

The words organisational, operational and productivity complexity have been 

chosen referring to their respective elements and suggested by several 

researchers [11], [22], [23]. 

This research intends to organize these IMC clusters and their elements 

according to the priority. Any insignificant elements should be eliminated from 

the list in order to provide clearer management areas to be concentrated upon. 

The final result will present the organized IMC clusters with significant 

elements with respect to the priorities. 
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Table 1: Internal manufacturing complexity elements [16] 
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Cluster Abbr. Element 

Organisational 

Complexity 

IMC1 Sufficient and effective employee 

training 

IMC2 Information flow management 

IMC3 Fulfill key performance index (KPI) 

IMC4 Managing employees’ behavior 

IMC5 Improve organizational culture 

IMC6 Establish standard operation 

procedures (SOP) 

Operational 

Complexity 

IMC7 Materials handling system 

IMC8 Inventory management 

IMC9 Production records system 

IMC10 The needs to use simulation 

Productivity 

Complexity 

IMC11 Reduce production time 

IMC12 Reduce production cost 

IMC13 Quality inspection equipment 

 

Materials and Methods 
 

There are various management principles suitable to be adapted in this 

research. Among them, fuzzy analytic hierarchical process (FAHP) was 

chosen from the multi-criteria decision making methods available. FAHP has 

several advantages to be adapted in this research: similarly understandable 

across the world, fuzzy integration suitable to be used with purposive sampling 

in exploratory research, small sample size with limit reachability of reliable 

respondents, and that fuzzy aided the high possibility of vagueness and 

ambiguous responds collected [24], [25]. Figure 1 presents the flow of FAHP. 

In this research, FAHP is divided into three phases: pair-wise 

comparison matrix, fuzzification process and prioritisation arrangement, as 

illustrated in Figure 1. These phases are according to the steps and its purposes. 

The end outcome is normalized weightage of elements’ importance level. In 

this research, the fuzzy element is represented by triangular fuzzy number 

(TFN) where a number is expanded into a set of three numbers as guided in 

this section [26]. All equations and steps involved are adapted from standard 

steps in FAHP. 
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Figure 1: Fuzzy analytic hierarchical process flow [24], [26] 

 

The input data for FAHP were collected during interview sessions with 

selected experts from the managerial level of Malaysian manufacturing 
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According to the review done by [29], 80% of research with FAHP 
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By having IMC as the highest hierarchy level, FAHP here involves four 
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matrix dimensions of 3x3, 6x6 and 4x4. There are eight equations with table 

of guidelines involved through the FAHP as listed in next section.  

 

Phase 1 
Equations (1) and (2) involved in Phase 1 are stated below [24]. 

 

𝐶𝐼 =
(𝜆𝑚𝑎𝑥 − 𝑛)

(𝑛 − 1)
              (1) 

  

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
                       (2) 

 

The completion of Phase 1 is the formation of sets of consistent pair-wise 

comparison matrices. Each expert’s responses are presented by four matrices 

as described above. 

 

Phase 2 
The second phase is dedicated to transform the matrices into fuzzy TFN 

number matrix form. Equation (3) until (7) is implemented [24]. Table 2 is 

implemented as guidelines for Equation (3). 

 

�̃� = [

1   𝑎12   …   𝑎1𝑛
𝑎21   1  …   𝑎2𝑛
…  …  …  …  …
𝑎𝑛1   𝑎𝑛2   …    1

] 
(3) 

where 𝑎𝑖𝑗 = (𝑏𝑖𝑗
− , 𝑏𝑖𝑗 , 𝑏𝑖𝑗

+) and 𝑎𝑗𝑖 =
1

𝑎𝑖𝑗
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Table 2: Guidelines to convert TFN numbers [30]. 

 

Scale Description TFN Reciprocal Triangular 

Fuzzy Number (l, m, u) 

1 Equally important 1,1,2 1

2
, 1,1 

3 Moderately more 

important 

2,3,4 1

4
,
1

3
,
1

2
 

5 Strongly more 

important 

4,5,6 1

6
,
1

5
,
1

4
 

7 Very strongly 

more important 

6,7,8 1

8
,
1

7
,
1

6
 

9 Extremely more 

important 

8,9,9 1

9
,
1

9
,
1

8
 

2, 4, 6, 8 

* (x = 2, 

4, 6 or 8) 

Intermediate 

references  

(as above) 

x – 1, x, 

x + 1 

1

𝑥 + 1
,
1

𝑥
,
1

𝑥 − 1
 

 

Once the TFN matrices have been constructed, the calculation continues with 

implementation of Equation (4) until (7) as below [26]. 

 

�̅�𝑖𝑗 =
(𝑏𝑖𝑗

− + 4𝑏𝑖𝑗 + 𝑏𝑖𝑗
+)

6
 (4) 

𝑆𝑖 =∑�̅�𝑖𝑗

𝑚

𝑗=1

⊗ [∑∑�̅�𝑖𝑗

𝑚

𝑗=1

𝑛

𝑖=1

]

−1

 
(5) 

∑�̅�𝑖𝑗

𝑚

𝑗=1

= (∑𝑏𝑗
−

𝑚

𝑗=1

,∑𝑏𝑗

𝑚

𝑗=1

,∑𝑏𝑗
+

𝑚

𝑗=1

) 
(6) 

∑∑�̅�𝑖𝑗

𝑚

𝑗=1

𝑛

𝑖=1

= (∑𝑏𝑖
−

𝑛

𝑖=1

,∑𝑏𝑖

𝑛

𝑖=1

,∑𝑏𝑖
+

𝑛

𝑖=1

) 
(7) 

These five equations included in the second phase aimed to provide a 

TFN matrix for a single hierarchy that have been pair-wise compared. All six 

experts’ responses will be integrated into a single response. 
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Phase 3 
Finally, the third phase will provide the solution as needed in this research. 

The degree of possibilities value is calculated using Equation (8) [26]. 

 

(𝑆2 ≥ 𝑆1) =

{
 
 

 
                 1                       , if 𝑏2 ≥ 𝑏1 

                0                       , if 𝑏1
− ≥ 𝑏2

+  

𝑏1
− − 𝑏2

+

(𝑏2 − 𝑏2
+) − (𝑏1 − 𝑏1

−)
    , otherwise

 

(8) 

The findings from the calculation will be used to determine the 

normalized weight values that represent the prioritized weight of each element 

involved in IMC. This step will be adopting the basic normalization calculation 

as per 100%. 

 

 

Results 
 

This section is organized according to the flow in Figure 1 by discussing the 

outcome of each phase. The pair-wise matrices involved here are IMC, 

organizational, operational and productivity complexity clusters. Throughout 

this section, only one matrix from one expert will be used as the example which 

is cluster operational complexity. 

As the data collection from experts were completed, six sets of matrices 

were developed. However, only one sample of matrix is shown here where the 

final findings is the involvement of all six experts’ responses. Table 3 shows a 

sample of pair-wise comparison matrix for operational complexity as 

responded by Expert 1 (E1). 

 

Table 3: Operational complexity pair-wise matrix for E1 

 
 IMC7 IMC8 IMC9 IMC10 

IMC7 1 4 2 0.5 

IMC8 0.25 1 0.333 0.25 

IMC9 0.5 3 1 1 

IMC10 2 4 1 1 
*Abbreviations defined in Figure 1 

 

The observation in Table 3 explained that generally all elements in this 

cluster from E1 response have a similar level of importance. Nevertheless, 

IMC8 is found to be the least important where all its importance level 

compared to others are in decimal points or reciprocal.  

Before proceeding to TFN numbers, it is important to examine the 

matrices’ consistency. Table 4 summarizes the consistency ratio values for the 

matrices by applying Equation (3). 
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Table 4: Consistency test results 

 

Pair-wise matrix CI CR 

IMC 0.009 0.03 

Organizational 0.076 0.061 

Operational 0.057 0.063 

Productivity 0.001 0.002 

 

With the requirement of CR < 0.1, results in Table 4 certified that all 

matrices here are consistent and none of them need to be reassessed [31]. 

As the progress has reached phase 2, it is important to realize its 

outcome which is integrated matrices presenting all experts as one. As an 

example, Table 5 show a sample of TFN matrix resulted from Equation (3) and 

Table 2 guidelines. 

 

Table 5: Operational complexity TFN matrix for E1 

 
 IMC7 IMC8 IMC9 IMC10 

IMC7 

[
 
 
 
 1,1,2 3,4,5 1,2,3 1

3⁄ , 1 2⁄ , 1

1
5⁄ , 1 4⁄ , 1 3⁄ 1,1,2 1

4⁄ , 1 3⁄ , 1 2⁄
1
5⁄ , 1 4⁄ , 1 3⁄

1
3⁄ , 1 2⁄ , 1 2,3,4 1,1,2 1

2⁄ , 1,1

1,2,3 3,4,5 1,1,2 1,1,2 ]
 
 
 
 

 

IMC8 

IMC9 

IMC10 

 

The matrix transformation could be observed by comparing matrices in 

Table 4 and Table 5 where ingle numbers were converted to TFN numbers as 

guided by Table 2 guidelines. In completion, the rest of the pair-wise matrices 

were also transformed as above. 

After that, each matrix will be implemented Equation (4) until (7) to 

produce the desired outcome of Phase 2. Along the processes, fuzzy synthetic 

extent is determined before producing the integrated matrices. Table 6 presents 

a sample of integrated TFN matrices. 

 

Table 6: Integrated TFN matrices for operational complexity 

 
 IMC7 IMC8 IMC9 IMC10 

IMC7 

[
 
 
 
 1,1,2 0.5,0.6,1.3 0.6,1.3,1.8 1

3⁄ , 1 2⁄ , 1

1
5⁄ , 1 4⁄ , 1 3⁄ 1,1,2 1

4⁄ , 1 3⁄ , 1 2⁄
1
5⁄ , 1 4⁄ , 1 3⁄

1
3⁄ , 1 2⁄ , 1 2,3,4 1,1,2 1

2⁄ , 1,1

1,2,3 3,4,5 1,1,2 1,1,2 ]
 
 
 
 

 

IMC8 

IMC9 

IMC10 
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To make it clear, like the matrix presented in Table 6, there are three 

matrices. The remaining matrices are for the other two clusters namely 

organizational and productivity complexity. These remaining matrices are not 

shown in this article, because it is believed that the sample was adequate and 

well-understood and emphasized on the main outcome from this research [31]. 

Finally, the real discussion that is intended to be emphasized is the 

degree of possibilities and normalized weight values for each of the elements 

and clusters. The elements require their degree of possibilities to be determined 

before the final values could be provided using Equation (8). Tables 7 and 8 

show the sample calculation. 

 

Table 7: Sample degree of possibilities 

 

  Condition A, 

𝒎𝟏 ≥ 𝒎𝟐 
Condition 

B, 

𝒍𝟐 ≥ 𝒖𝟏 

Condition C, 

𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆 
V, The minimum 

value (A, B , C) 

IMC

7 

IMC7 ≥ 

IMC8 

False False 0.3899 
0.3899 

IMC7 ≥ 

IMC9 

False False 0.872 

IMC7 ≥ 

IMC10 

1 False False 

IMC

8 

IMC8 ≥ 

IMC7 

1 False False 
1 

IMC8 ≥ 

IMC9 

1 False False 

IMC8 ≥ 

IMC10 

1 False False 

IMC

9 

IMC9 ≥ 

IMC7 

1 False False 
0.5289 

IMC9 ≥ 

IMC8 

False False 0.5289 

 IMC9 ≥ 

IMC10 

1 False False  

IMC

10 

IMC10 ≥ 

IMC7 

False False 0.342 
0 

IMC10 ≥ 

IMC8 

False 0 False 

 IMC10 ≥ 

IMC9 

False False 0.21  
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Table 8: Sample of normalized weight calculation 

 

Element V Normalized weight, W 

(V÷∑V) 

Priority 

IMC7 0.3899 0.2032 3 

IMC8 1 0.5212 1 

IMC9 0.5289 0.2756 2 

IMC10 0 0 4 

∑ 1.9188   

 

 Eventually, as presented in Table 9, the normalized weight values prior 

to their level of importance are calculated.

 

Table 9: Complete normalized weight value for internal manufacturing 

complexity 

 

Cluster Abbr. Element 
Normalized 

weight 

Productivity 

complexity 

(0.5302) 

 

IMC13 Quality inspection equipment  0.4284 

IMC12 Reduce production cost 0.3896 

IMC11 Reduce production time 0.1821 

Organizational 

complexity 

(0.2646) 

IMC6 
Establish standard operation 

procedures  
0.5729 

IMC4 
Managing employees’ 

behavior  
0.2720 

IMC2 
Information flow 

management  
0.1108 

IMC1 
Sufficient and effective 

employee training 
0.0443 

IMC5 
Improve organizational 

culture 
0 

IMC3 
Fulfill key performance index 

(KPI) 
0 

Operational 

complexity 

(0.2052) 

IMC8 Inventory management 0.5212 

IMC9 Production records system 0.2756 

IMC7 Materials handling system  0.2032 

IMC10 The needs to use simulation 0 
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The final result as shown in Table 7 has been rearranged in descending 

order by importance level. The next section is the discussion and development 

of suitable framework based on these results. 

 

 

Discussion 
 

The discussion in this section is dedicated on the findings in Table 7. Among 

those three IMC clusters, productivity complexity leads by 0.5 in priority 

followed by organizational and operational complexity. Productivity 

complexity has been dominant cluster representing 50% of IMC. This result is 

aligned with researches done within the same scope for the Malaysian industry 

[32]. Looking deeper into productivity complexity, the quality inspection 

equipment has a very important role in productivity improvement. The 

Malaysian industry currently is developing automated quality inspection that 

will ensure improvement in productivity [33]. The condition of the inspection 

equipment must be good, periodically calibrated and applying the latest 

technology available. It is well-known that providing a great quality product is 

a major step towards excellence in business and customer satisfaction [34]. In 

addition, reducing cost and time is another well-known area for active 

improvement which is also included within the productivity complexity cluster 

[35].  

Moving to the other two clusters, operational complexity emphasizes 

that a proper way of SOP development and revision will reduce IMC by largest 

impact compared to the other elements. It is undeniable the important role of 

SOP on overall firm’s routines [36]. SOP is also considered as a tool to control 

employees’ behavior to abide by firms’ rules and regulations. Their 

relationship has been proven by employees’ behavior occupying second place 

within the same cluster. 

Lastly, the best operational practices must come with the best inventory 

management as the top priority. Integrated and hybrid techniques in inventory 

management are actively implemented and evaluated for improvement where 

internet of things (IoT) element is the most implemented to minimize 

inaccuracy [37]. The Malaysian industry in particular gradually adapted 

digitalization in SOP development and inventory management to reduce IMC 

[38]. The findings are summarized into a framework as illustrated in Figure 2.  

As the presented framework in Figure 2 is directly extracted from 

experts’ judgments and feedback, it has been presented to the experts for any 

feedback and improvement. Apparently, all experts agreed with the framework 

but insisted that extension research to be planned to improve the framework. 

There are two highlighted areas to be noticed, firstly regarding elements 

with zero weight values which do not appear in the framework. According to 
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[24], the zero value denotes unimportant elements which can be eliminated 

from the list. Secondly, as the research is done in Malaysia, it is believed that 

the framework needs further research before it can be implemented in other 

countries. 

 

INTERNAL MANUFACTURING

COMPLEXITY

PRODUCTIVITY

- QUALITY INSPECTION EQUIPMENT

- REDUCE PRODUCTION COST

- REDUCE PRODUCTION TIME
OPERATIONAL

- INVENTORY MANAGEMENT

- PRODUCTION RECORD SYSTEM

- MATERIAL HANDLING SYSTEM

ORGANIZATIONAL

- SOP DEVELOPMENT

- MANAGE EMPLOYEE BEHAVIOR

- INFORMATION MANAGEMENT

- SUFFICIENT & EFFECTIVE TRAINING

 
  

Figure 2: Internal manufacturing complexity framework 

 

 

Conclusions 
 

Reacting to the current competitive and aggressive market, actions have to be 

done effectively in order to manage manufacturing complexity. Basically, it is 

starts with managing the highest priority area as emphasized in this research. 

FAHP is implemented to transform IMC clusters and elements into an 

arrangement with hierarchy. This research finds that all clusters of IMC from 

literature are relevant, with productivity complexity as the top priority to be 

actively improved time after time. Malaysian manufacturing industry also has 

been proven to put product quality as top priority by using the best quality 

inspection equipment. The second cluster goes to organizational complexity 

where the fully utilized SOP should be implemented to manage this area’s 

complexity. Lastly, as different product families experience different 

complexity, operational complexity is the lowest priority cluster due to 

variations in operation processes subjected to the particular product family. 

This research aims to guide industrialists and researchers before making any 

action in any situation faced. It is highly recommended that this research is 

done in other regions for comparison and a comprehensive theory and 

framework can be developed. 
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