
  

Abstract – This paper proposes a reconfigurability 

index. Its development is based on the core characteristics of 

modularity, integrability, diagnosability, adaptability and 

customization. The index takes into consideration the 

interdependencies that may exist among them. The analytic 

network process (ANP) method is used to attribute 

importance weights to each core characteristic. This index 

can be very useful in practice since it can guide 

manufacturing companies to a better understanding of the 

various enablers of reconfigurability, as well as in the 

decision-making process, to decide which core characteristic 

requires more attention, in order to increase the 

reconfigurability in existing manufacturing systems. 
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I.  INTRODUCTION 
 

In the last two decades, reconfigurability has been 

investigated in the literature related to reconfigurable 

manufacturing systems (RMS) [1]. In this scenario, 

reconfigurability is seen as an important paradigm to meet 

economic, environmental and social sustainability needs 

[2]. Reconfigurability can be understood as the ability 

required to repeatedly rearrange manufacturing systems’ 

components to accommodate technological changes, or as 

an engineering characteristic to cope with machines’ and 

systems’ design for customized products [3,4]. 

Moreover, reconfigurability is desired in a large field 

of applications and in many types of manufacturing 

companies. Even companies that commonly compete in 

stable contexts demand some level of reconfigurability 

implemented [5]. For instance, the process industry, that 

normally focuses on productivity, faces the need to be 

market driven [1]. 

Reconfigurability should be enforced in 

manufacturing systems to deal with product variety, 

customization, small lot sizes, variable market demand 

and the introduction of new products that happens with an 

increasing pace [6]. The implementation of 

reconfigurability must provide the capacity and 

functionality required by the system, reducing the trade-

off between flexibility and productivity [7]. Finally, 

reconfigurability defines the ease and the cost of 

manufacturing systems’ reconfiguration process [8]. 

For the aforementioned reasons, reconfigurability is 

recognized as an important element of operations strategy. 

Metrics to assess the level of reconfigurability 

implemented in current manufacturing systems are crucial 

to allow the transition from conventional manufacturing 

systems to RMS [9]. However, there is a small number of 

studies in this regard [4,10,11]. Indices to measure the 

reconfigurability of manufacturing systems are still 

lacking. Thus, there are open challenges for further 

research on reconfigurability level assessment [9]. 

This paper proposes an index to quantify the 

reconfigurability implemented in current manufacturing 

systems. The index was developed considering the core 

characteristics of reconfigurability. 

The remainder of this paper is structured as follows. 

A literature review on the development of 

reconfigurability indices is provided in section 2. Section 

3 presents the research methodology. The steps to develop 

the reconfigurability index are proposed in section 4. 

Section 5 reports some managerial implications of the 

reconfigurability index. Finally, section 6 summarizes the 

conclusions and the limitations of this study, and suggests 

some directions for future studies. 

 

 

II.  LITERATURE REVIEW 

 

Among the existing studies, a great number of authors 

recognizes six core characteristics as the enablers of 

reconfigurability: convertibility, scalability, 

customization, modularity, integrability and 

diagnosability. Convertibility allows changing 

manufacturing systems’ functionality [1]. Scalability 

permits modifications on production capacity [6]. 

Customization is the design of manufacturing systems 

around product families [10]. Modularity is the separation 

of operational functions into units (modules) that can be 

handled easily [12]. Integrability is the ability to join 

modules, precisely and quickly [13]. Diagnosability refers 

to the detection of bad quality products and reliability 

problems [14]. 

Maganha et al. [14], in contrast, identified that 

manufacturing companies only recognize five core 

characteristics in practice. Convertibility and scalability 

are perceived as a single dimension, called adaptability. 

This can be explained due to the fact that both are related 

to systems’ responsiveness to abrupt changes: 

convertibility to variations in product mix and scalability 

to fluctuations in demand volume. In such case, 

adaptability is defined as the ability that enables 
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manufacturing systems to adjust its capacity and 

functionality by means of a modifiable structure. 

The research referred to the assessment of the 

reconfigurability level in current manufacturing systems 

can be divided in two main groups: 1) metrics based on 

the core characteristics that define indices for each 

[4,10,11] and 2) reconfigurability assessment through the 

definition of global indices [15–17]. Regardless of the 

group, the methods used mostly include multi-criteria 

decision-making [9]. 

In the first group, Gumasta et al. [4] mapped together 

the following characteristics: modularity, scalability, 

convertibility and diagnosability, using multi attribute 

theory to develop a reconfigurability index. Wang [10] 

proposed quantitative models for each of the six core 

characteristics of reconfigurability, i.e., modularity, 

integrability, diagnosability, convertibility, scalability and 

customization. These models were considered to 

determine a reconfigurability index using analytic 

hierarchy process (AHP) to assign the weights for each of 

them. Farid [11] considered the characteristics that have 

driven the qualitative and intuitive design of technological 

advances: integrability, convertibility and customization. 

They discussed how these characteristics fit the 

requirements for reconfigurability measures. 

In the second group, Goyal et al. [15,16] proposed an 

approach to measure the responsiveness of reconfigurable 

machine tools (RMT) considering three performance 

indicators: cost, operational capability and machine 

reconfigurability. In this case, the authors developed 

machine reconfigurability metrics. Benderbal et al. [17] 

defined a so called robustness index to measure the 

reconfiguration effort in RMS that involves multiple part 

families. 

Despite these significant developments, it is possible 

to observe that the aspects considered are neither well 

defined nor standardized [17]. But most important, these 

previous works seem to ignore the relationship among the 

core characteristics and the impacts that they may have 

one on another. For instance, modularity and integrability 

might impact on adaptability, which, in turn, might impact 

on customization [1]. Therefore, such dependencies must 

be considered when developing a reconfigurability index. 

Thus, this study contributes to the measurement of 

reconfigurability in manufacturing systems by proposing 

an index based on the core characteristics, as identified by 

[14]. This proposal takes into consideration the 

interdependencies among them. The index can be used by 

manufacturing companies to assess the existent level of 

reconfigurability in their systems, as well as identify the 

core characteristic that they should concern the most. 

 

 

III.  METHODOLOGY 

 

The ANP methodology has been successfully applied 

to many contexts (e.g. political, social, production, 

prediction and others) and decision-making problems 

under predefined criteria and subjective evaluation 

circumstances [18]. It is usually applied when the 

decision-making process cannot be structured 

hierarchically because it involves the interaction and 

dependence of higher-level elements on lower-level 

elements in a hierarchy [19]. Hence, to develop the 

reconfigurability index, the ANP seems to be the most 

suitable method, because it satisfies the need of 

considering the relationship and dependences among the 

core characteristics. 

The ANP method involves active participation of a 

group of experts, which should provide qualitative 

judgements. To deal with the subjectivity of their 

evaluation, collecting data from multiple sources is 

essential [20]. The ANP can cope with the vagueness, the 

imprecision and the inconsistency associated to the 

subjectivity. Next, it is necessary to use a logical 

mathematical base to transform linguistic evaluation 

information into numeric data. Otherwise, it is difficult to 

evaluate a quantitative index [18].  

The basic concepts, definitions and a detailed 

explanation of the ANP method can be found in [19]. In 

general, the ANP modelling process can be divided in five 

main steps: 

 

• Analyzing the proposed problem and building the 

structure of the ANP decision model. This step 

consists in establishing a goal, factors, sub-

factors, clusters, sub-clusters and alternatives. 

The ANP model is represented by a network, 

where the hierarchical restriction is removed, and 

correlations can be assigned in any part of the 

model to construct the matrices for the 

supermatrix. The supermatrix and its powers are 

the fundamental tools demanded to array the 

workings of the ANP. 

• Defining the dependence and feedback in the 

network, as well as doing pairwise comparisons 

between the clusters and sub-clusters. These 

comparisons should be done by evaluating the 

importance of the criteria. 

• Computing the relative weights of elements and 

the consistency ratio of matrices, and placing the 

resulting eigenvectors of the matrices, to build 

the initial supermatrix. 

• Determining the weighted supermatrix by 

adjusting the initial supermatrix to make the 

supermatrix columns stochastic. In other words, 

the sum of elements in each column of the 

supermatrix should be equal to 1. 

• Raising the weighted supermatrix to limiting 

powers, in order to obtain the limited 

supermatrix, where the elements priorities are 

steady. 

 

Therefore, it is realized that the exploitation of ANP 

may be proved fruitful in the development of a 

reconfigurability index. The main objective of carrying 

out this research is to establish an ANP-based index that 



 

may be useful to towards the reconfigurability 

assessment, benchmarking and related decision-making. 

 

 

IV.  APPLICATION OF ANP IN THE DEVELOPMENT 

OF THE RECONFIGURABILITY INDEX 

 

The procedural steps of the reconfigurability index 

proposed are outlined as follows. 

 

Step 1.  Construction of the decision model structure 

 

The first step consists in structuring the ANP model, 

determining the goal, factors and sub-factors. In the 

present case, the goal corresponds to the reconfigurability 

index. The factors are represented by the five core 

characteristics: modularity, integrability, diagnosability, 

adaptability and customization. The sub-factors are 

originated from an in-depth review of the scientific 

literature. A detailed description of the sub-factors is 

located in [14]. 

The ANP model for the reconfigurability index, that 

includes five factors and 21 sub-factors, is presented in 

Fig. 1. 

Customization

Cust01 Cust02 Cust03

Modularity

Modl01 Modl02 Modl03

Integrability

Intg01 Intg02 Intg03

Intg04

Diagnosability
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Diag04 Diag05

Adaptability

Conv02 Conv03 Conv04

Scal02 Scal03 Scal04

 
Fig. 1. The ANP model for the evaluation of the reconfigurability index. 

 

Step 2.  Attribution of importance weights to the elements 

 

After the construction of the model, a pairwise 

comparison should be done to establish the local weights 

of the factors. In such case, the factors are represented by 

the core characteristics of reconfigurability. This 

procedure consists in requesting a group of experts to 

compare two factors, expressing their preferences toward 

assigning priority weights. 

The ANP method uses a fundamental comparison 

scale that ranges from 1 to 9, as describe in TABLE I. For 

example, the core characteristics of ‘modularity’ and 

‘integrability’ are compared by answering the following 

question: ‘How important is modularity when it is 

compared to integrability?’. If the response is ‘equally 

important’, then it corresponds to ‘1’. Intermediate values 

are also permissible. 

 

 
 

Step 3.  Computation of the reconfigurability index 

 

The sub-factors global weights should be calculated 

as follows: the local weight of the sub-factor times the 

interdependent weights of the factor to which it belongs. 

Existing software, such as Superdecisions, can be 

helpful in the whole process of using the ANP method 

[19]. 

Finally, after conducting these steps, the 

reconfigurability index (RI) can be represented as shown 

in (1). 

 

 RI = wmM + wiI + wdD + waA + wcC  (1) 

 

Where, 

 

wm is the priority weight of modularity 

wi is the priority weight of integrability 

wd is the priority weight of diagnosability 

wa is the priority weight of adaptability 

wc is the priority weight of customization 

M is the level of modularity implemented 

I is the level of integrability implemented 

D is the level of diagnosability implemented 

A is the level of adaptability implemented 

C is the level of customization implemented 

 

 

V.  MANAGERIAL IMPLICATIONS 

 

In today’s competitive global marketplace, companies 

must be concerned with frequent modifications in 

government regulations, parts of existing products, 

processes technology and large variations in product mix 

and demand volume [13]. These are key factors that 

require the launch of products with a short life cycle and a 

high degree of customization [21]. Thus, manufacturing 

companies face the challenge of producing high-quality 

products at low costs, as well as responding quickly to 

changes in market requirements and customer needs. 

Implementing reconfigurability in manufacturing 

systems is vital to meet these requirements. For this 

reason, it is of upmost importance and of interest of 

manufacturing companies to better understand the core 

characteristics that enablers reconfigurability, so that they 

can be implemented in their systems [4]. To this regard, 

the reconfigurability index can provide intuitive evidence 

TABLE I 
ANP FUNDAMENTAL SCALE [19] 

 

1 Equal importance 

3 Moderate importance of one over another 

5 Strong or essential importance 

7 Very strong or demonstrated importance 

9 Extreme importance 

2,4,6,8 Intermediate values 

 



 

for decisions-makers of the core characteristics that they 

need to concern of and/or invest on. 

In addition, companies must be able to choose the 

optimal extent of reconfigurability needed for their 

manufacturing systems [6]. In such case, the 

reconfigurability index can be an advantageous tool to 

managers to determine how reconfigurable their 

manufacturing systems are. This may guide companies on 

deciding whether the present level of reconfigurability is 

enough according to their specific requirements, e.g., 

business strategy, variability in demand volume and 

product mix, complexity of products, among others, or 

whether it must be improved. 

Knowing the right core characteristics to implement 

is indispensable for managers, in order to define the best 

strategies to increase the current level of reconfigurability. 

Recent studies have been highlighting that the Industry 

4.0 paradigm might provide the novel technologies 

needed to implement and/or increase the reconfigurability 

of existing manufacturing systems [9,14]. 

The reconfigurability index can also be used for 

benchmarking. Companies may compare their results with 

their main competitors, looking for a competitive 

advantage. In this respect, different levels of 

reconfigurability implemented may impact on the 

operational performance of manufacturing systems, in 

terms of quality, flexibility and delivery [22]. Therefore, 

high levels of reconfigurability implemented seems to be 

beneficial to manufacturing companies. 

 

 

VI.  CONCLUSION 

 

This paper has proposed a reconfigurability index. It 

was developed considering five core characteristics: 

modularity, integrability, diagnosability, adaptability and 

customization. The ANP was suggested to model, 

attribute the priority weights and compute the 

reconfigurability index. 

However, this is a conceptual proposal. Future works 

should develop illustrative examples by requesting a 

group of experts to express their opinions and truly 

attribute importance weights. Other multi-criteria 

decision-making approaches can also be considered in the 

development of the index, if they consider the 

dependencies among the factors. 

The index can be useful to manufacturing companies 

that aim to implement or improve the reconfigurability of 

their systems. It has several managerial implications that 

contribute to the decision-making process, such as 

assessing the present level of reconfigurability in existing 

manufacturing systems, highlighting the core 

characteristics that require more attention, providing 

guidelines to managers on deciding the best strategies to 

pursue to implement or improve the reconfigurability and 

for benchmarking. 
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