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Abstract
The COVID 19 pandemic, fluctuating demand, market uncertainty and the emergence of new technologies explain the need 
for a more flexible and agile supply chain. In fact, several important factors should be taken into account in the process of 
building an adaptive and reconfigurable supply chain. Reconfigurability is used to measure quantitatively the capability of 
supply chain to change easily their structure and functions. The aim of this work is to evaluate the level of reconfigurability 
of a supply chain. Quantitative measures of six indicators that characterize reconfigurability are presented in this paper. 
Then, an index of reconfigurability in supply chain is developed based on The Multi-Attribute Utility Theory in order to 
choose the most reconfigurable configuration. An illustrative example is also given. From the discussion, it is deduced that 
the characteristics of the reconfigurable supply chain impacts positively on the degree of reconfigurability.

Keywords Reconfigurable supply chain (RSC) · Reconfigurability characteristics · Reconfigurability assessment · Multi-
attribute utility theory (MAUT)

Introduction

Market instability and uncertainty affect supply chain per-
formance and reveal its inability to deal with these disrup-
tions. Recently, companies have started reconfiguring their 
supply chain in response to the new markets trends (Zidi 
et al., 2019, 2021). Ensuring supply chain flexibility, agil-
ity, resilience and viability requires the development of a 
supply chain called Reconfigurable Supply Chain (RSC) 
that is able to cope with the various changes. The latter is 
able to cope with the various market changes. Therefore, it 
is important to consider uncertainty in the decision mak-
ing process to achieve a successful reconfiguration strat-
egy (Bensoussia et al., 2021). RSC is defined as a flexible 
chain capable of changing its structure with the minimum 

of resources (Chandra & Grabis, 2016). Dolgui et al. (2020) 
considered that the supply chain reconfigurability is a central 
perspective that offers a variety of features in supply chain 
adaptation research. (Dolgui et al., 2018; Ivanov & Dolgui, 
2020; Ivanov et al., 2017) highlighted the crucial role of 
reconfiguration to mitigate the ripple effect and to deal with 
supply chain disruptions. Besides, (Dolgui & Ivanov, 2020; 
Dolgui et al., 2020) showed that RSC has an important role 
in ensuring competitiveness in the markets.

In the literature, reconfigurability was usually treated as 
a form of changeability that can be applied at the equipment 
level, production system level and assembly system level 
to change system capabilities and functionality rapidly and 
cost-effectively (ElMaraghy, 2005; Koren & Shpitalni, 2010; 
Mehrabi et al., 2000). This modification can be a quick and 
cost-effective addition, removal and/or reorganization of 
system components and functions. In other words, it repre-
sents the addition or removal of new products or resources 
to achieve the desired configurations. The concept of recon-
figuration has been extended, in recent years, to include 
changes in supply chain levels (Dolgui et al., 2020). RSC is 
a network designed in a cost-efficient, responsive, sustain-
able and resilient manner. This network can change rapidly 
its structure (Dolgui et al., 2020). RSC can be considered as 
a concept required for farming supply chain viability which 
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is the ability to survive in a changing environment by rede-
signing the supply chain structures (Ivanov, 2020).

Few researchers have addressed the problem of recon-
figurability assessment based on the six reconfiguration 
characteristics (modularity, integrability, convertibility, 
diagnosability and scalability). Several authors pointed out 
that these characteristics reduce reconfiguration efforts in 
production systems (Koren & Shpitalni, 2010; Napoleone 
et al., 2018a), which justifies the interest in these character-
istics as metrics for reconfigurability measurement. Recon-
figurability can be also considered as an asset for industries 
to meet the changing market requirements. Indeed, a system 
with a high degree of reconfigurability is able to increase 
its production rate and product range with minimal time 
and cost. The reconfiguration concept can be applied on the 
below-mentioned several levels (Wiendahl & Heger, 2004):

• The network level which is the highest level and inte-
grating all the sites in relation with the manufacturing 
company;

• The factory level covering the building and infrastructure 
of the production plant;

• The segment level which covers all production activities 
and those related to the preparation of the products for 
shipping;

• The system level containing interconnected cells ensur-
ing the production of a variation of products or product 
families;

• The cell level which is a subsystem including groups of 
work stations and material handling systems for product 
finishing;

• The workstation level, which is the lowest level integrat-
ing workstations and machines, allow adding some func-
tions to specific pieces.

Napoleone et al. (2018b) believed that the factory and 
segment levels as well as the system and cell levels can be 
associated. Reconfigurability can refers to the four levels:

• The network level and the workstation level which have 
the same definitions proposed by (Wiendahl & Heger, 
2004),

• The system level is defined as a set of interconnected 
subsystems composed of groups of workstations and 
material handling systems used for the production of a 
variation of products or product families. In this level, 
system configurations can be applied at the cell, line or 
production department levels.

• The plant level, which refers to a production site com-
posed of production and/or assembly systems that can be 
considered as a node of a production network or supply 
chain.

• The workstation level which contains operators and 
machines performing technological operations.

(Andersen et al., 2015) showed that there is no research 
work dealing with the network/supply chain level. As indi-
cated by (Wang et al., 2018), supply chain network is com-
posed of nodes that represent multi-functional firms in the 
supply chain and connect arcs. It is important to focus on 
networks and how they can be better coordinated, monitored 
and assessed for risk, so that they are flexible (Palmer et al., 
2018). Wang et al., (2016a, 2016b) defined three type of 
supply chain network structure:

• Starlike structure which means that “several branches 
evolve from a single node to different parts of the net-
work”;

• Tier-based network system which includes structures 
with several supply chains with common source nodes 
(suppliers) and destination nodes (customers);

• Supply chains, having interdependent relations, differ in 
their nature.

In this article, we are interested in the second type of 
structure and we consider that the supply chain is a set of 
nodes and connections, as defined by (Wang et al., 2018).

The implementation of a reconfigurable manufacturing 
system, the reduction of time for new products, the increase 
of product varieties and the rapid adaptation to market 
changes require the consideration of supply chain in the 
reconfiguration process. (Chaube et al., 2012) considered 
that the lack of supply chain work is one of the problems in 
implementing a reconfigurable manufacturing system. In an 
uncertain and changeable environment, the reconfigurability 
assessment remains important in the evaluation of supply 
chain performance. Wei et al. (2007) proved that supply 
chain reconfigurability affects considerably the supply chain 
performance. In order to evaluate the degree of reconfigur-
ability, either at the supply chain or at the manufacturing 
systems level, many works were proposed based on differ-
ent criteria which can be classified according to the level 
of application and the evaluation criteria. Thus, the present 
work proposes an index of reconfigurability to evaluate the 
ability of supply chain configuration to deal with market 
changes. The RSC characteristics are considered as indica-
tors to judge the degree of reconfigurability.

The rest of the article is organized as follows, Sect. 2 
reviews the literature about reconfigurability assessment. 
Section 3 presents the proposed measurement of RSC char-
acteristics and the reconfigurability index using MAUT, 
while Sect. 4 presents an illustrative example of the char-
acteristics measurement and reconfigurability assessment. 
Section 5 discusses the obtained results. Section 6 highlights 
the managerial implications and the benefits of the proposed 
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approach for decision makers. Finally, Sect. 7 summarizes 
the conclusions and recommendations for further works.

Literature review

The supply chain can be considered as a system composed 
of components and connections. Zhang and Wang (2016) 
considered that the considerable variation in the structure 
of the enterprise system and the high volatility of demand 
and market sharing provoke the problem of choosing the 
best change for a new system. This changeability is mainly 
based on 6 aspects defined as FCBPSS framework (Zhang 
& Wang, 2016; Zhang et al., 2005): (1) function referring 
to “the role a system plays”; (2) context of “the condition 
and the environment under which a function is played by a 
system; (3) behavior that refers to the input (stimuli)- out-
put (response); (4) principle indicating “the government of 
the behavior”; (5) state showing “the property or charac-
teristics of a system” and (6) structure corresponding “to 
a set of connected components”.

In the supply chain reconfiguration, the previously-
mentioned aspects allow changing the configuration of the 
supply chain and choose the best one that can be adjusted 
to the new changes.

The configuration is a set of modules and their connec-
tions. Its representation can be divided into module repre-
sentation and connection representation (Bi et al., 2010). 

Indeed, the implementation of a reconfigurable supply 
chain means the possibility of choosing a configuration 
among the best ones to be adapted to the new changes. In 
fact, the modification in the configuration of the supply 
chain increases its resilience. According to Wang et al. 
(2020), resilience can be achieved by changing many 
aspects such as topology, state, context, etc. In this paper, 
we consider that the supply chain can be reconfigured by 
changing its structure or its functions.

Several works were carried out to evaluate the recon-
figurability  of Reconfigurable Manufacturing Systems 
(RMS). However, the proposed works on assessment rely-
ing on reconfigurability characteristics is very poorly devel-
oped, not to mention the evaluation of reconfigurability in 
supply chains. In this respect, some authors showed that 
the implementation of monitoring and evaluation systems 
is necessary and useful to determine the degree of the sys-
tem reconfigurability. To describe the existing works dealing 
with the evaluation of reconfigurability in RMS and CLRs, 
we first present a state-of-the-art on quantitative and quali-
tative approaches that have suggested measures to assess 
the degree of reconfigurability. These approaches are sum-
marized in Table 1.

Various performance indicators, including those that 
measure costs, reconfiguration times, reliability, pro-
ductivity, etc., were introduced to assess the degree of 
reconfigurability. (Bi et al., 2003) proposed an approach 
to design a reconfigurable robotic system. The degree of 

Table 1  Classification of 
the proposed approaches in 
reconfigurability assessment

Quantitative Qualitative Workstation Cell System Network/
Supply 
chain

Bi et al., (2003) ✓ ✓
Ma et al., (2007) ✓ ✓
Gumasta et al., (2011) ✓ ✓ ✓
Goyal et al., (2012) ✓ ✓
Farid (2014) ✓ ✓
Mittal and Jain (2014) ✓ ✓
Gupta et al., (2015) ✓ ✓ ✓ ✓
Goyal and Jain (2015) ✓ ✓
Delorme et al., (2016) ✓ ✓
Dahane and Benyoucef, (2016) ✓ ✓
Biswas (2017) ✓ ✓
Wang et al., (2016a, 2016b) ✓ ✓ ✓ ✓
(Napoleone et al., , 2018a, 2018b) ✓ ✓ ✓ ✓
Maganha et al., (2018) ✓ ✓ ✓ ✓
Maganha et al., (2019a, 2019b) ✓ ✓
Biswas et al., (2019) ✓ ✓
Beauville dit Eynaud et al., (2019) ✓ ✓
Rösiö et al., (2019) ✓ ✓ ✓ ✓
Prasad and Jayswal (2019) ✓ ✓
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reconfigurability was determined from the sufficiency of 
the number of robotic configurations generated from the 
reconfigurable system for a specific task. To evaluate the 
degree of reconfigurability, Bin Ma et al. (2007) presented a 
fuzzy logic model to assess the supply chain reconfigurabil-
ity based on four qualitative criteria (the ability to change 
the supply chain for existing product, the ability to change 
the supply chain for a new product, the time to change for 
an existing product and the time to change for new prod-
uct). To choose the best configuration, Gumasta et al. (2011) 
introduced an index of reconfigurability in RMS based on 
four characteristics: modularity, scalability, convertibility 
and diagnosability. Measurements of the latter were col-
lected through a literature review. The authors adopted these 
measures to propose a reconfigurability index that takes into 
consideration the previously-mentioned characteristics. In 
the same context, Farid (2014) presented a reconfigurabil-
ity evaluation model in RMS based on modularity, integra-
bility, convertibility and customization through two metrics: 
the potential for reconfigurability and the ease of reconfigur-
ability. This model was applied to an automatic and intelli-
gent production system composed of three levels: production 
level, execution level and decision-making level. The author 
showed that reconfigurability includes only five character-
istics, namely the four above-stated ones and diagnosabil-
ity. The latter was not considered in the suggested model 
because it does not impact its structure, but only its behavior. 
In the same context, an index of reconfigurability was devel-
oped by (Wang et al., 2016a, 2016b) based on the six recon-
figurability characteristics defined by (Koren et al., 1999). 
For each characteristic, a quantitative model was proposed to 
construct an RMS evaluation index system. In an automobile 
case supply chain, Biswas et al. (2019) presented a compre-
hensive relative reconfigurability index by utilizing the Total 
Interpretive Structural Modeling (TISM) and an integrated 
assessment methodology based on Delphi technique and the 
additive weighting method.

In contrast, other RMS evaluation using other measures 
than reconfiguration characteristics were developed. Goyal 
et al. (2012) introduced three indicators for machine selec-
tion based on the cost of a feasible alternative machine con-
figuration, the reconfigurability and operational capability 
offered by the machines. To select the optimal configuration 
in RMS, Mittal and Jain (2014) proposed a performance 
measurements enabling a responsive reconfigurable manu-
facturing system relying on cost, reliability, utilization and 
quality. In the same context, Gupta et al. (2015) suggested a 
set of indicators such as: convertibility, scalability, produc-
tivity and cost to select the best configuration as well as the 
type of machine and its specifications. As part of the design 
of the RMS, Goyal and Jain, (2015) presented a set of per-
formance indicators such as cost, machine utilization, con-
figuration convertibility and operational capacity to optimize 

the design of reconfigurable production lines. Furthermore, 
(Delorme et al. (2016) developed a model based on the 
GRASP (Greedy Randomized Adaptive Search procedure) 
framework to study the line balancing problem for a recon-
figurable transfer line. The model is based on two criteria 
including total cost and cycle time. Dahane and Benyoucef 
(2016) proposed a multi-objective approach for a reconfigur-
able manufacturing system design for a machine selection 
problem. The selection process relies on the minimization of 
total cost, including machine usage cost and machine main-
tenance cost, and the maximization of the reconfigurability 
index. Prasad and Jayswal (2019) developed a methodology 
which facilitates the concept of reconfiguration in the manu-
facturing system. This methodology includes the calcula-
tion of similarity matrix, the formation of part family and 
the selection of part family based on three criteria, namely 
reconfiguration effort, under-utilization cost and floor space 
cost (Biswas et al., 2019). Apart from reconfigurability, 
quantitative measures were proposed by several authors to 
evaluate supply chain performance in a changing environ-
ment. For instance, Raj et al. (2015) introduced a quanti-
tative measurement of supply chain resilience, in terms of 
recovery time. The developed model allows measuring the 
degree of supply chain resilience for different sources of 
disruptions. In the context of enterprise information system, 
J. W. Wang et al. (2010) presented a resilient measurement 
based on the recovery ability of the system. This measure 
was addressed for the resource reallocation problem. The 
authors considered reconfiguration and resource reallocation 
for the measurement of service system resilience.

To better understand the enablers that facilitate the 
reconfigurability of supply chains, Biswas (2017) con-
ducted an empirical study to identify the enablers of each 
reconfigurability characteristic in order to facilitate recon-
figuration in the supply chain. Napoleone et al., (2018a, 
2018b) analyzed RMS characteristics after having sum-
marized the articles dealing with reconfigurability and its 
characteristics. They revealed the importance of the six 
characteristics affecting the reconfiguration effort through 
reconfiguration time and cost as well as the ramp-up time. 
These characteristics can be classified according to their 
positioning within the system lifecycle. The first level, 
including modularity, integrability and diagnosability, 
is that of configuration level. These three characteristics 
affects the ability of the system to modify its configura-
tion. This ability corresponds to the reconfiguration level 
through diagnosability, convertibility and scalability. 
Finally, for customization, it depends on the market and 
demand. Then, the authors determined the interactions 
between these characteristics by defining the influenc-
ing factors and influenced elements for each character-
istic. Maganha et al. (2018) realized an empirical study 
on reconfigurability in RMS in order to test and validate 
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its characteristics through questionnaire surveys carried 
out by Portuguese companies. This study showed that 
reconfigurability has five characteristics instead of six: 
modularity, integrability, diagnosability, customization 
and adaptability which is a merger between convertibility 
and scalability. In order to measure these five characteris-
tics, Maganha et al., (2019a, 2019b) suggested a reconfig-
urability index that considers the relation between them. 
This index allows, firstly, a better understanding of the key 
factors of reconfigurability. Secondly, a focus was put on 
the characteristics that require more attention to improve 
the reconfigurability of RMS. To investigate the differ-
ence in the implementation of reconfigurability between 
the different production strategies (i.e. make-to-order, 
make-to-stock, assembly-to-order and Design-to-order), 
Maganha et al., (2019a, 2019b) proposed a questionnaire 
survey for reconfigurability measurement. This measure 
provides an understanding of the reconfigurability require-
ments for each production strategy. According to (Rösiö 
et al., 2019), the introduced quantitative measures are dif-
ficult and not obvious to practitioners. They also require an 
expertise in the RMS field. In this work, the authors used 
questionnaire survey to determine the measurement cri-
teria for each characteristic. Beauville dit Eynaud (2019) 

realized an empirical survey in order to study reconfig-
urability within an automotive industry. This work high-
lighted the reconfigurability requirements and weighted 
the six key characteristics of reconfigurability.

Few approaches considered reconfiguration character-
istics: Modularity (M), Convertibility (Co), Integrability 
(I), Diagnosability (D), Scalability (S) and Customization 
(Cu) as indicators to assess reconfigurability, as shown in 
Table 2. The quantitative measures, proposed by (Farid, 
2014; Gumasta et al., 2011; Maganha et al., 2019a, 2019b; 
Wang et al., 2016a, 2016b), include different levels of recon-
figurability such as system level, machine level, etc. These 
measures improved the choice of the best configuration by 
integrating the different aspects that can affect RMS (system, 
cell, workstation). However, Wang et al., (2016a, 2016b) is 
the only work that took into account all the characteristics to 
measure reconfigurability and help decision-makers choose 
the optimal configuration. Maganha et al., (2019a, 2019b) 
proposed a reconfigurability index to consider the relations 
between the five characteristics after merging convertibility 
and scalability.

Some authors showed that these quantitative measures 
are complicated to understand and require expertise in RMS 
field. The introduced qualitative approaches that address the 

Table 2  Criteria used for reconfigurability assessment

References Reconfigurability character-
istics

Other indicators

M Co I D S Cu

Bi et al., (2003) (The sufficiency of number of robotic configurations generated from the 
reconfigurable system for a specific task)

Ma et al., (2007) (Ability to change supply chain for existing and new product, time to change 
for existing and new product)

Gumasta et al., (2011) ✓ ✓ ✓ ✓
Goyal et al., (2012) (Cost, operational capability, machine reconfigurability)
Farid (2014) ✓ ✓ ✓ ✓
Mittal and Jain (2014) (Cost, reliability, utilization, quality)
Gupta et al., (2015) ✓ ✓ (Productivity, cost)
Goyal and Jain (2015) ✓ (Cost, operational capability, machine utilization)
Delorme et al., (2016) (Total cost, cycle time)
Dahane and Benyoucef (2016) (Total cost, reconfigurability index)
Biswas (2017) ✓ ✓ ✓ ✓ ✓
Wang et al., (2016a, 2016b) ✓ ✓ ✓ ✓ ✓ ✓
Napoleone et al., (2018a, 2018b) ✓ ✓ ✓ ✓ ✓ ✓
Maganha et al., (2018) ✓ ✓ ✓ ✓ ✓ ✓ (Convertibility and scalability are merged into a single characteristic called 

adaptability)
Maganha et al., (2019a, 2019b) ✓ ✓ ✓ ✓ ✓ ✓
Biswas et al., (2019) ✓ ✓ ✓ ✓ ✓
Beauville dit Eynaud et al., (2019) ✓ ✓ ✓ ✓ ✓ ✓
Rösiö et al., (2019) ✓ ✓ ✓ ✓ ✓ ✓
Prasad and Jayswal (2019) (Reconfiguration effort, under-utilization cost, floor space cost)



2376 Journal of Intelligent Manufacturing (2022) 33:2371–2392

1 3

characteristics of reconfigurability identified the key suc-
cess factors for each of them. The results obtained in these 
studies depend on the production strategies and the produc-
tion levels. A better understanding of the success factors 
of reconfigurability was achieved through these studies, in 
particular by defining the influencing and influenced ele-
ments for each characteristic. Taking these relationships 
into account is important in future work in order to improve 
reconfigurability measurements. Although these approaches 
are effective in assessing reconfigurability in production sys-
tems, they do not consider the supply chain level. Therefore, 
our objective is to propose a model for assessing reconfigur-
ability in supply chains based on this finding.

Proposed approach

Before implementing the proposed reconfiguration, it is nec-
essary to assess its degree of reconfigurability. The recon-
figuration characteristics was used as an indicator for this 
assessment. This choice is justified by the ability of this 
characteristics to evaluate several factors that may lead to 
a successful reconfiguration. Indeed, our approach consists 
in assessing the reconfiguration characteristics according 
to a different factor, as shown in Fig. 1. These measure-
ments allowed evaluating the degree of reconfigurability of 
each configurations. The choice of the best configuration 
requires the aggregation of the characteristics measurement 
into a single measure called the reconfigurability index. 
Therefore, we applied a decision making method based 
on the MAUT technique. Multi-attribute decision making 
consists in selecting the best configuration alternative. This 
method has several advantages such as the consideration of 

uncertainty and the incorporation of preference (Velasquez 
& Hester, 2013).

The proposed measurements of the RSCs 
characteristics

Measuring modularity in RSCs

Modularity in RSCs refers to the degree to which all products, 
processes and resource entities at all levels of enterprises of 
supply network are modular (Kelepouris et al., 2006). This 
characteristic includes three enablers, namely network struc-
ture design, responsiveness and total cycle time. It is a fun-
damental element for the optimization of the supply chain, 
which allows the quick respond to the demands (Biswas, 
2017). (Ezzat et al., 2020) consider modularity as an effective 
method to better manage product and service variation. Com-
paring with RMS, modularity was measured through granular-
ity and number of interfaces. Indeed, the level of granularity 
refers to the size and the detail of the system elements after 
system decomposition. Interfaces can be between elements of 
the same module or between modules. The more the interac-
tions between elements of the same module increase, the more 
the modularity augments. Besides, the more the interactions 
between modules rise, the more the modularity decreases. 
Thus, we adopted the number of modules and the number of 
interfaces to measure the degree of modularity in RSCs by 
determining the numbers of intra-modules interactions and 
comparing them with those of inter-modules. The module hav-
ing the highest number of inputs is that which takes the longest 
time to work. This indicates that this module will impact the 
supply chain lead-time which will increase more and more. 
Thus, the decrease in the number of outputs will reduce the 
total time of this module and, consequently, the lead time of 

Fig. 1  The measurement param-
eters of the reconfigurability 
characteristics



2377Journal of Intelligent Manufacturing (2022) 33:2371–2392 

1 3

the supply chain. The degree of modularity depends on both 
the type of interaction (inbound or outbound) of each module 
and the degree of independence. Hence, it is necessary to take 
into account the degree of the module influence in the meas-
urement of modularity.

M indicates the degree of modularity comprised between 0 
and 1. Besides, a value of M closer to 1 indicates an important 
modularity. Ia denotes the degree of intra-relations of each 
module. It allows understanding the degree of interaction 
between the elements of each module. When the number of 
interrelations increases, an important modularity, closer to 1, 
is obtained. Ie denotes the degree of inter-module which is 
the ratio between the number of interactions between mod-
ules noted Ei and the total of interactions between modules 
TEi multiplied by the weight assigned for each module PIi . Ia 
is the degree of intra-modules which is the ratio between the 
number of interactions within the same module noted Ai and 
the total of interactions within the same module noted TAi . In 
supply chain, it is necessary to distinguish between incoming 
and outgoing flows. Indeed, incoming flows affects consid-
erably the lead-time because a module can only execute the 
activities after receiving these flows, which will influence the 
degree of modularity having a direct impact on lead-time. In 
addition, the outgoing flows have less impact on modularity 
because the module can be operated without waiting for the 
outgoing flows to be delivered. This degree is measured by 
DIi which denotes the degree of influence of each module i . 
DIi is the difference between the sum of the outgoing flows of 
module i, i.e. the sum of the rows corresponding to module i 
noted Di , and the sum of the incoming flows, i.e. the sum of 
the columns related to module i noted Ri . Indeed, to make all 
the degrees of influence Di positive, we added, to each value of 
DIi , the minimum value of the absolute values of DIi noted X.

(1)M =
Ia + (1 − Ie)

2

(2)Ia =
1

NM

∑

i∈NM

Ai

TAi

(3)Ie =
1

NM

∑

i∈NM

Ei

TEi

× PIi

(4)PIi =
(DIi + X)

∑

i∈NM

(DIi + X)

(5)X = Min(||DI1||, ||DI2||, ..., ||DINM||)

Measuring of integrability in RSCs

The integrability is defined as the ability with which all 
enterprises within the supply network and their processes 
and resources may be readily integrated and future process 
and resources introduced (Kelepouris et al., 2006). The inte-
gration of new products, processes and supply chain stake-
holders depends on the supply chain degree of complexity, 
which makes the supply chain is a complex system. (Hamta 
et al., 2018) mentioned that there are two types of system 
complexity: static or structural complexity that deals with 
the configuration and structure of the system components, 
and dynamic complexity that addresses the behavior of the 
system.

The integration of a new actor, a new process or a new 
product requires additional cost and time. In fact, we inte-
grated these two parameters which depend on the complexity 
of the supply chain. For integrability, the time and cost of 
reconfiguration are inversely proportional to the degree of 
integrability.

I represents the degree of customization of the RSCs 
ranging from 0 to 1. A value of I closer to 1 indicates a high 
integrability degree. This characteristic was measured, in the 
performed experiment, based on the degree of complexity of 
the supply chain which depends both on the number of nodes 
and the number of connections between them. The degree 
of supply chain complexity, noted FC , is the ratio between 
the total number of connections TNC and the total number of 
nodes TNN . This degree increases if the supply chain has a 
high number of nodes and connections. The implementation 
of a modular supply chain ensures independence between 
the elements of the supply chain, which allows reducing the 
number of flows between nodes. In addition, integrability is 
influenced by the reconfiguration cost Cr and reconfiguration 
time Tr which are successively compared with the Total cost 
of ownership TCO and total cycle time TCT  of the supply 
chain.

Measuring of convertibility in RSCs

The convertibility is defined by the ability of the product, pro-
cess and resource entities within the enterprises of the supply 
network to quickly changeover between the existing products 
and adapt the company to future products (Kelepouris et al., 
2006). According to (Sheffi and Rice Jr, 2005), supply chain 
convertibility is the ability to respond quickly to a disruption 

(6)I = 1 − (FC ×
(

Tr

TCT
+

Cr

TCO
)

2
)

(7)FC =
TNC

TNN
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in one of the supply chain entities and adapt to the market 
changes. It can be evaluated by a key factor which is the 
redundancy of entities. Indeed, a supply chain with redundant 
entities has a greater degree of convertibility. While having 
redundant production lines is expensive, having multiple capa-
bilities, at each plant location, makes the supply chain more 
flexible. To measure convertibility, we were inspired by the 
convertibility assessment in RMS proposed by (Chinnathai 
et al., 2017) who defined system convertibility as an average 
of equipment convertibility and layout convertibility. Thus, 
we defined the convertibility of a supply chain as an average 
of the structural convertibility and the functional convertibil-
ity. According to (Maler-Speredelozzi et al., 2003), structural 
convertibility indicates all the entities that compose the supply 
chain (nodes, routing connections, etc.). It allows measuring 
the redundancy rate of the entities within the supply chain. 
This rate affects the degree of convertibility.

Co indicates the degree of convertibility ranging from 0 
to 1. This degree is composed of two dimensions: Cs, which 
indicates structural convertibility, and Cf  representing the func-
tional convertibility. The structural convertibility depends on 
the redundancy rate of the nodes and the connections noted 
NR and CR , respectively. NRN refers to the number of redun-
dant nodes and NRC denotes the number of redundant con-
nections. Functional convertibility depends on a convertibil-
ity index of activities, noted La and, a convertibility index of 
resources noted Lr . The first index describes the interruption 
of an activity when converting another activity. For example, 
a conversion at the purchasing activity can cause a delay at 
the production activity level. The value of La depends on the 
ratio of the total of najk ∈ Najk which takes 1, if the activity 
j can be interrupted when converting activity k. Otherwise, 
it takes 0. The value of Na corresponds to the number of the 
total activities in supply chain. Indeed, increasing this ratio 
means that the convertibility index of the activities decreases 
and vice versa. The second index measures the redundancy of 
resources for each activity which depends on the sum of the 
ratio between NR

rk
 which designates the number of redundant 

resources associated to the activity k. Nrk denoting the number 
of the total resources associated to the activity k.

(8)Co =
Cs + Cf

2

(9)Cs =
NR + CR

2

(10)NR =
NRN

TNN

(11)CR =
NRC

TNC

Measuring of diagnosability in RSCs

The diagnosability is defined as the ability to quickly iden-
tify the sources of problems which hamper supply net-
work effectiveness and efficiency (Kelepouris et al., 2006). 
According to (Biswas, 2017), this characteristic is linked 
to the three essential enablers (flow visibility, data reliabil-
ity and resilience) which are directly linked to the flow of 
information circulating in the supply chain, which must be 
both reliable and shared, in addition to the degree of adapt-
ability of the supply chain with various changes/mutations 
and failures that may affect it.

Identifying the failure causes throughout the supply chain 
requires good visibility of all its components and its physical 
and information flows. To measure the diagnosability, we 
focus, in this work, on three factors, namely a factor related 
to the diagnostic tools in the chain, which makes it possible 
to measure the availability of the diagnostic tools. The sec-
ond factor consists in measuring the failure detection time in 
the supply chain. This factor, called the detection time factor 
in the supply chain, was used, in the performed experiments, 
to calculate the ratio of the detection time and the total cycle 
time of the supply chain. A high detection time involves a 
decrease in diagnosability degree. The third factor is related 
to the visibility of the supply chain, which can be measured 
by the quantity and quality of the information circulated 
between the different supply chain stakeholders.

D represents the degree of the RSCs diagnosability rang-
ing from 0 to 1. Moreover, a value of close D  to 1 indicates 
a high value of the latter. It depends on two essential factors 
that increase its value. FTe designates the factor of the detec-
tion time in the RSCs, which is the ratio of the failure detec-
tion time on the echelon e noted Td

e
 and the total cycle time 

of the echelon e noted Tc
e
 . FV denoted the factor of visibility. 

For the visibility, known as VISe , we adopted the formula 
proposed by (Caridi et al., 2010). This formula is based on 
the quantitative and qualitative measurement of the informa-
tion flow, as demonstrated in Table 3. The judgments rely 
on qualitative scales with two response levels of response.

VQn
e

 denotes the visibility of the quantity of information 
related to the echelon e measured using the judgment on the 
quantity related to internal and external flows for echelon 

(12)Cf =
La + Lr

2

(13)La = 1 −

∑
J∈NA

∑
K∈NA Najk

Na−1

Na

(14)Lr = 1 −
∑

k∈NA

NR
rk

Nrk
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e denoted respectively  Je,q,IF and Je,q,EF . VQl
e

 refers to the 
visibility of the quality of information for the echelon e 
measured using the judgement on the precision in of the 
internal and external flows denoted respectively  Je,p,IF and 
Je,p,EF , and the judgement on the freshness in the internal and 
external flows denoted Je,q,IF and Je,q,EF , respectively. This 
measurement affects directly the degree of diagnosability.

Measuring scalability in RSCs

Durowoju et al. (2011) considered that the impact of scalabil-
ity on supply chain performance can be modeled as a func-
tion of lead-time. In RSCs, scalability refers to the extent to 
which a supply chain must meet new requirements in a short 
time frame, which depends on two factors: the latency, which 
represents the time necessary for finishing the product and 
its delivery to the end customer (From the reception of the 
request until the final delivery), as well as throughput, which is 
the count of products produced per time unit. Measuring scal-
ability consists in combining the value of latency and average 

(15)D =
1

NE

∑

e∈NE

FTe × FV

(16)FTe =
1

NE

∑

e∈NE

Td
e

Tec

(17)VQn
e

=

2
√
Je,q,IF × Je,q,EF

2

(18)VQl
e

=

2

�
2
√
Je,p,IF × Je,p,EF × 2

√
Je,f ,IF × Je,f ,EF

2

(19)VISe =

√
V
Qn
e × V

Ql
e

(20)FV =
∑

e∈NE

VISe

throughput related to the supply chain. In fact, the increase in 
throughput of production, delivery as well as the reduction in 
waiting times show the scalability high value. In fact, the lat-
ter involves reducing the latency time of the order also known 
as the total order cycle defined as the time elapsed since the 
receipt of the order until the product is delivered to the client. 
Besides, increased throughput in a supply chain leads to faster 
response time. This term is defined as the amount of product 
or service that a company can produce and provide within a 
specified time frame. It is often used to indicate the rate of 
production or the speed at which a product is processed.

S indicates the degree of scalability which varies between 
0 and 1. It depends on the latency L indicating the configura-
tion latency in supply chain. This time is the ratio between 
the TT throughput time which includes the execution process 
times (material transformation time, etc.), the control time, 
the transport time (internally and externally) and the wait-
ing time before processing and moving activities, on the one 
hand, and delivery time noted DT , on the other hand. Thus, 
the second parameter T represents the supply chain through-
put capacity. Demax and Demin are respectively the maximum 
output product flow and the minimum output product in sup-
ply chain. The degree of scalability increases by adjusting the 
throughput time with the delivery cycle time, which involves 
reducing the waiting times in order to minimize the delivery 
cycle time. Moreover, increasing the actual capacity by adding 
resources allow reaching maximum capacity, which conse-
quently increases the scalability of the supply chain.

(21)S =
L + T

2

(22)L =
DT

TT

(23)T =
Demin

Demax

Table 3  Scale for quantitative 
and qualitative judgments of 
visibility

Judgement Value

Quantity 1 If the company has poor accessibility to information related to supply chain stakeholders
2 If the company has high accessibility to information related to supply chain stakeholders

Precision 1 If the accuracy of the information exchanged between the actors in the chain is low (the 
information is often incorrect)

2 If the accuracy of the information exchanged between supply chain stakeholders is high 
(the information is rarely incorrect)

Freshness 1 If the freshness is low (information is not updated quickly)
2 If the freshness is high (information is updated quickly)



2380 Journal of Intelligent Manufacturing (2022) 33:2371–2392

1 3

Measurement of customization in RSCs

The customization is defined by the degree to which the 
capability and flexibility of the supporting infrastructure for 
supply network match the application (supply chain activi-
ties) (Kelepouris et al., 2006). In supply chain, customiza-
tion depends on product characteristics, partners character-
istics and market characteristics (Zebardast et al., 2013). In 
the context of mass customization, it is important to focus 
on postponement strategies to quickly meet the increasing 
demand for more diverse products, which requires changing 
supply chain structures (Shahzad & Hadj-Hamou, 2013).

Thus, customization depends on three factors: customer 
involvement, response time, and the degree of customer 
involvement. In fact, customer involvement is a key factor in 
measuring the degree of customization in the supply chain. It 
depends on the supply chain ability to delay product person-
alization/differentiation activities until the demand is known. 
The degree of customer involvement in the final product is a 
factor that allows measuring the number of customers look-
ing for customized products, compared to the total number 
of customers.

The second factor which is the response time which must 
be minimized in order to reduce lead time (Graman, 2010). 
According to (Chandra & Kamrani, 2004), order response 
time and product delivery are among the main performance 
measures used to evaluate the impact of mass customization.

The calculation of the number of customized functions/ 
features is a factor that measures the number of customi-
zation functions, compared to the total number of produc-
tion functions in the chain, which represent the third fac-
tor. Indeed, a large and varied number of custom functions 
implies a higher degree of customization. The third factor 
considered in the customization measurement is the delivery 
time factor. It is a measure of the supply chain ability to meet 
the customer’s desired delivery time.

Cm represents the degree of customization of the RSCs 
ranging from 0 to 1. A value of Cm close to 1 indicates a 
high degree of customization. Its degree was measured using 
three factors. The first factor is the average number of cus-
tomized features noted FPp . It represents the ratio between 
the number of customized functions related to the product p 
in the RSCs, noted NFPp, and the number of the total func-
tions of the product p noted NFp . The second factor is the 
number of customers implicated in customization noted FCp . 
It is the ratio between the number of customers requiring 
a customized product p, noted NCPp, and the total num-
ber of customers noted NCp . The third factor is the delivery 
time factor noted FDp . It is the ratio between the expected 
delivery time of the product p, noted EDTp, and the actual 
delivery time ADTp . The actual delivery time is the sum of 
order processing time OPTp , production time PTp and deliv-
ery time DTp of the product p.

The proposed reconfigurability index

Based on the MAUT, the reconfigurability index consists in 
aggregating the proposed SCR measurements. According to 
MAUT, the evaluation of reconfigurability is defined by the 
function (29). R indicates the reconfigurability index ranging 
from 0 to 1. wM , wCo , wI , wS , wD , wCu represent respectively 
the relative weight of modularity, convertibility, integrabil-
ity, scalability, diagnosability and customization. A value of 
R close to 1 indicates a high value of reconfigurability and 
a value of R close to 0 shows a low value of R. Sensitivity 
analysis was used to assess the impact of each characteristic 
on the configuration choice.

Illustrative example

An illustrative example is presented, in this section, to dem-
onstrate the applicability of the proposed measurements. 
This example uses a global supply chain that consists of 
four processes: plan, purchasing, production and deliver. In 
fact, the plan process includes sourcing plan and distributing 
plan, while the purchasing process considers requirements 
identification, supplier selection and goods reception. On 
the other hand, the production process consists of product 
manufacturing and quality control. Finally, the deliver pro-
cess deals with order receipt, order preparation and shipping, 
as shown in Fig. 2.

This example addresses a two echelons supply chain with 
three suppliers (S), one plant (P) and four retailers (R). With 

(24)Cm =
1

NP

∑

p∈NP

FPp × FCp × FDp

(25)FPp =
NFPp

NFp

(26)FCp =
NCPp

NCp

(27)FDp =
EDTp

ADTp

(28)ADTp = OPTp + PTp + DTp

(29)R = wMM + wCoCo + wII + wSS + wDD + wCuCu

(30)wM + wCo + wI + wS + wD + wCu = 1



2381Journal of Intelligent Manufacturing (2022) 33:2371–2392 

1 3

the recent market changes that can affect the supply chain, 
we assume that, with the current configuration, the supply 
chain cannot guarantee product availability. Consequently, 
we propose to reconfigure the supply chain in order to cope 
with out-of-stock problems. Within this reconfiguration 
decision, two alternative configurations were considered, 
as revealed in Fig. 3. The first configuration, characterized 
by the addition of a new plant that will deliver final products 
to the distribution centers (DSs) before shipping to retail-
ers, is called “Plant expansion”. This configuration resulted 
in an increase in production capacity, which guarantees the 
product availability at the distribution centers. The second 
configuration, characterized by the addition of two DSs, is 
called “Distribution center expansion”. Indeed, the final cus-
tomization operations would be relocated to the distribution 
centers in order to reduce lead-time and response time.

Modularity degree

Each process consists of a set of activities performed to 
accomplish supply chain objectives. In order to measure the 
degree of modularity of the new configurations, the supply 
chain was decomposed into a set of modules based on the 
Design Structure Matrix (DSM) method, as shown in Fig. 4. 
The clustering of the supply chain activities requires the 
determination of the inbound and outbound flows. For this 
reason, the scale proposed by (Chen and Huang, 2007) was 
used. For example, the inventory activity requires physical 
input and information input from distribution plan activ-
ity, product realization activity and shipping activity with 
a degree of interaction of 50%, 40% and 60%, respectively. 
The DSM can be re-arranged to obtain cluster of activities 
having high interactions. This clustering allows obtaining 
the minimum interactions between modules called inter-
modules and maximum intra-module interactions. Some 
activities cannot be clustered in the same module even if they 
are highly interconnected, because they cannot be performed 

Fig. 2  Supply chain processes 
and activities

Purchasing
• Requirements 

identification
• Supplier selection

• Receive goods

Production
• Product realization

• Quality control

Deliver
• Order receipt

• Order preparation
• Shipping

Plan

• Sourcing plan
• Distribution plan

Fig. 3  The current configuration (a), the first alternative configuration 
(b), the second alternative configuration (c)
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in the same location or they are not of the same type. The 
obtained results of intra-modules and inter-modules for the 
two alternatives are summarized in Tables 4 and 5.

Integrability degree

The degree of integrability depends on the supply chain 
complexity measured by the number of connections and the 
number of nodes. For the first alternative, the three suppli-
ers will deliver to both plants where the number of con-
nections is equal to 13. The estimated reconfiguration time 

Fig. 4  Modular design of the alternative configurations. a Interac-
tions determined for the first alternative configuration, b Interactions 
determined for the second alternative configuration, c Modular design 

of the first alternative configuration, d Modular design of the second 
alternative configuration
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for the first alternative configuration is 1 year which can 
be considered as a high time. Thus, the average cost of the 
reconfiguration for the first configuration is very important, 
compared to that for the second configuration because, with 
only one warehouse, the failure of the supply chain will gen-
erate other costs that will decrease the cost-effectiveness of 
this reconfiguration, as demonstrated in Table 6.

Convertibility degree

The degree of convertibility was measured from the redun-
dancy of entities. The matrices shown in Tables 7 and 8 show 
the redundant activities, i.e. those which are dependent on 
other activities. For example, in Table 7, the sourcing plan 
activity contributes to the realization of the requirements 

Table 4  The obtained results for 
modularity measurement of the 
first alternative

Ri Di DIi DIi + X PIi Ai Ei Ai/TAi Ei/TEi Ei/TEi*PIi Ia Ie

M1 0 1.1  − 1.1 0.2 0.04 0 2 0.00 0.10 0.003846 0.2916 0.0062
M2 0.2 1.5  − 1.3 0 0 2 4 0.33 0.08 0
M3 2.2 0.2 2 3.3 0.63 2 1 0.33 0.02 0.013221
M4 0.9 0.5 0.4 1.7 0.33 6 1 0.50 0.02 0.007784
∑ 5.2 1.17 0.024851

Table 5  The obtained results for 
modularity measurement of the 
second alternative

Ri Di DIi DIi + X PIi Ai Ei Ai/ TAi Ei/ TEi Ei/TEi*PIi Ia Ie

M1 3.3 0 3.3 5.9 0.44 2 6 1.00 0.15 0.065556 0.4666 0.0265
M2 0 2.6  − 2.6 0 0.00 1 4 0.50 0.10 0
M3 0.4 2.4  − 2 0.6 0.04 1 5 0.50 0.13 0.005556
M4 0.2 1.5  − 1.3 1.3 0.10 2 4 0.33 0.07 0.007133
M5 3.3 0.2 3.1 5.7 0.42 2 7 0.33 0.13 0.054733
∑ 13.5 2.33 0.132977

Table 6  The obtained results for integrability measurement

First alternative Second alternative

Reconfiguration time 1 year 2 months
Total cycle time 2 years 6 months
Reconfiguration cost 1,000,000€ 15,000€
Total cost 1,500,000€ 2,000,000€
Total number of connec-

tions between nodes
13 9

Total number of nodes 10 10

Table 7  Matrix of the activity 
redundancy of the first 
configuration

1 2 3 4 5 6 7 8 9 10 11

Sourcing Plan 1 0 1 1 0 0 0 0 0 0 0
Distribution plan 2 0 0 0 0 0 0 0 1 1 1
Requirements identification 3 1 0 1 0 1 1 0 0 0 0
Supplier selection 4 1 0 1 0 1 1 0 0 0 0
Receive goods 5 0 0 0 0 1 1 0 1 0 0
Product realization 6 0 0 1 1 1 1 0 1 0 0
Quality control 7 0 0 1 1 1 1 0 1 0 0
Inventory 8 0 0 0 0 0 0 0 1 0 1
Order receipt 9 0 1 0 0 1 1 1 1 1 1
Order preparation 10 0 1 0 0 0 0 0 0 1 1
Shipping 11 0 1 0 0 0 0 0 1 1 1
NA∑

j=1

NA∑

k=1

Najk
2 3 4 4 3 5 5 2 7 3 4

∑NA

j=1

∑NA

k=1
Najk

Na−1

0.20 0.30 0.40 0.40 0.30 0.50 0.50 0.20 0.70 0.30 0.40
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identification and supplier selection activities. Table 9 shows 
the redundant resources that can be:

• Material resources which concern the transport vehicles, 
machines, i.e. the redundancy related to the number of 
capacity, destination, etc.

• Immaterial resources which include, for example, data 
redundancy referring to the availability of identical data 
in different databases at various levels and workforce ver-
satility.

The obtained results are summarized in Table 10.

Table 8  Matrix of the activity 
redundancy of the second 
configuration

1 2 3 4 5 6 7 8 9 10 11 12

Sourcing Plan 1 1 1 1 1 1 0 0 0 1 1 0
Distribution plan 2 1 1 1 0 1 0 0 0 1 1 1
Requirements identification 3 1 1 0 1 1 1 0 0 0 0 0
Supplier selection 4 1 1 0 0 1 1 0 0 1 0 0
Receive goods 5 1 0 1 0 1 1 0 0 0 0 0
Product realization 6 1 1 1 1 1 1 0 0 0 0 0
Quality control 7 0 0 1 1 1 1 0 0 0 0 0
Product Customization 8 0 0 0 0 0 0 0 0 0 0 0
Inventory 9 0 0 0 0 0 0 0 0 0 0 0
Order receipt 10 1 1 0 1 0 0 0 0 0 1 1
Order preparation 11 1 1 0 0 0 0 0 0 0 1 1
Shipping 12 0 1 0 0 0 0 0 0 0 1 1
NA∑

j=1

NA∑

k=1

Najk
7 7 5 5 4 6 4 0 0 5 4 3

∑NA

j=1

∑NA

k=1
Najk

Na−1

0.63 0.63 0.45 0.31 0.36 0.54 0.36 0 0 0.45 0.36 0.27

Table 9  Resources redundancy 
for the two alternatives

First alternative Second alternative

Number of redun-
dant resources

Total number of 
resources

Number of redun-
dant resources

Total 
number of 
resources

Sourcing Plan – – – –
Distribution plan – – – –
Requirements identification – – – –
Supplier selection 2 3 2 5
Receive goods – – – –
Product realization 3 3 1 3
Quality control – – – –
Product Customization – – 3 3
Inventory 1 3 3 3
Order receipt 4 6 8 9
Order preparation 1 3 5 6
Shipping 1 3 6 6

Table 10  The obtained results for convertibility measurement

First alternative Second 
alternative

Resource convertibility 0.70 0.52
Activity convertibility 0.64 0.64
Functional convertibility 0.67 0.58
Connection redundancy rate 0.20 0.20
Node redundancy rate 0.38 0.77
Structural convertibility 0.29 0.48
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Diagnosability degree

For diagnosability measurement, we identified the failure 
detection time for both configurations, as illustrated in 
Table 11. Indeed, this time depends on the type of failure 
(receiving a faulty product, non-respect of deadlines with 
suppliers, sending a bad product to the end customer, etc.) 
which requires one day to determine the source of failure. 
Then, the cycle time of the node includes process operating 
time, control times, transport times, waiting times, etc.

Scalability degree

Scalability measurement was determined based on through-
put time and latency. Indeed, the first supply chain configu-
ration requires two working days for order fulfillment; from 
order reception until its delivery to the retailers out of a total 

of ten days. This throughput time is a very high time. As a 
result, the supply chain throughput reached 30 orders per 
day, as shown in Table 12. For the first alternative configu-
ration, the addition of a new plant increased supply chain 
throughput. But, with one distribution center, it was difficult 
to reduce the order delivery time. On the other hand, the 
addition of two distribution centers minimized the delivery 
time and increased the supply chain throughput by increas-
ing the storage capacity.

Customization degree

In the first alternative configuration, the company could 
not offer customized products because of their high cost 
and lead-time. In the first alternative, with the addition 
of another plant and a distribution center, the was able to 
increase its production capacity and guarantee the products’ 
availability to retailers, as shown in Table 13. Therefore, 

Table 11  The obtained results for diagnosability measurement

First alternative Second alternative

Echelon 1 Echelon 2 Echelon 1 Echelon 2

Detection time of the echelon e 1 day 1 day 1 day 1 day
Cycle time of the echelon e 5 days 5 days 3 days 3 days
Judgement on the quantity of information about the internal flows of the echelon e 1 1 1 1
Judgement on the quantity of information about the external flows of the echelon e 1 2 1 2
Judgement on the accuracy of information about the internal flows of the echelon e 1 2 1 2
Judgement on the accuracy of information about the external flows of the echelon e 1 2 1 2
Judgement on the freshness of information about the internal flows of the echelon e 1 2 1 2
Judgement on the freshness of information about the external flows of the echelon e 1 2 1 2

Table 12  The obtained results 
for scalability measurement

First alternative Second alternative

Throughput time in the supply chain 2 days 1/2 day
Delivery time in the supply chain 5 days 1 day
Maximum product throughput in the supply chain 30 units 60 units
Minimum product throughput in the supply chain 10 units 45 units

Table 13  The obtained results for customization measurement

First alternative Second alternative

Product 1 Product 2 Product 1 Product 2

Number of customization functions for product p 1 1 3 3
Total number of functions involved in the production of the product p 5 6 5 6
Number of customers requesting the customized product p 50 20 70 80
Total number of customers requesting the product p 150 80 70 80
Delivery time desired by the customer for the customized product p 6 days 2 days 3 days 2 days
Real delivery time of customized product p 7 days 3 days 4 days 2 days
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the supply chain was able to offer customization activity 
performed in distribution center. For the second alternative, 
with two distribution centers, the supply chain was able to 
offer a wider range of customized products with a lower 
response time compared to that of the first alternative.

Reconfigurability index

Assigning weights to reconfigurability characteristics 
depends on the choice of decision-makers. Their preferences 
were determined according to reconfiguration objectives and 
market needs. In this example, the data of weights for the 
two alternatives is randomly generated using Excel.

The aggregation of these weights with the provided 
results of SCR characteristic measurements allowed obtain-
ing the degree of reconfigurability for the two alternatives. 
Based on the weight distribution results listed in Table 14, 
the evaluation of the two alternatives was carried out using 
Eq. (29).

Results and discussion

The calculation results show that the values of the six char-
acteristics are more important in the first alternative con-
figuration than in the second alternative configuration, as 
revealed in Table 15, with a GAP exceeding 50% for cus-
tomization, diagnosability and integrability. The scalability 
achieves a GAP of 41%. The modularity has a GAP of 11%. 
Thus, we may deduce that convertibility is the characteris-
tic with the lowest gap which is 10%. The gap calculation 
allowed comparing the degree of each characteristic for the 
two alternatives. Indeed, we notice an important difference 
between the characteristics with a GAP higher than 50%.

The degree of modularity of the first configuration 
alternative is higher than the second alternative thanks 
to the increase of the intra-modules value. In fact, with 
two distribution centers, the supply chain was able to 

ensure higher degree of independency. This modular 
design increased the degree of customization because, 
in the second configuration, the customization functions 
were performed in the distribution centers. We note that 
modularity and personalization were highly dependent. A 
high modularity close to 1 allowed to reducing the lead 
time of the supply chain, on the one hand, by increas-
ing the degree of intra-modules and reducing the degree 
of inter-modules. On the other hand, a modular design 
of the supply chain also minimizes the response time for 
customized products. The rise in the customization func-
tions (whether of products or services), thanks to the 
implementation of two distribution centers, resulted in 
the increase of the customization degree for the second 
alternative. Moreover, with the implementation of two 
distribution centers, the supply chain was able to increase 
its customer portfolio and, therefore, rising the customers 
requesting customized products. Thus, we may deduce that 
the increase of customization functions may affect posi-
tively the customization degree. In other words, with the 
new distribution centers, the supply chain was able to offer 
more customization functions that would be performed in 
these centers. This value increased due to the reduction 
of the detection time as well as the cycle time through 

Table 14  Weights generated for 
the SCR characteristics

Modularity Integrability Convertibility Diagnosability Scalability Customization

Instance (1) 0.216 0.288 0.099 0.139 0.107 0.161
Instance (2) 0.103 0.130 0.168 0.269 0.209 0.121
Instance (3) 0.300 0.065 0.090 0.270 0.163 0.111
Instance (4) 0.200 0.123 0.176 0.022 0.199 0.280
Instance (5) 0.313 0.103 0.116 0.022 0.025 0.420
Instance (6) 0.114 0.204 0.106 0.062 0.113 0.400
Instance (7) 0.023 0.347 0.063 0.333 0.115 0.120
Instance (8) 0.143 0.186 0.287 0.130 0.176 0.078
Instance (9) 0.085 0.453 0.143 0.152 0.003 0.164
Instance (10) 0.167 0.203 0.057 0.021 0.186 0.366

Table 15  The degree of SCR characteristics obtained for the two 
alternatives

Gap = ((Second alternative configuration value—first alternative con-
figuration value)/second alternative configuration value)*100

First alternative 
configuration

Second alternative 
configuration

Gap

Modularity 0.643 0.720 11%
Integrability 0.242 0.816 70%
Convertibility 0.480 0.533 10%
Diagnosability 0.134 0.377 64%
Scalability 0.367 0.625 41%
Customization 0.085 0.475 82%
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the increase of the visibility degree. In fact, the rise of 
scalability degree in the second alternative configuration 
was due to the decrease of the total delivery time which 
allowed increasing the supply chain throughput. Obvi-
ously, the reduction in the number of connections in the 
second configuration reduced the supply chain complex-
ity. Indeed, using the modular design, it was possible to 
ensure interdependency between supply chain activities 
and reduce the supply chain complexity. It is also clear that 
the implementation of two distribution centers increased 
the supply chain’ ability to ensure product availability for 
retailers and guaranteed more customization functions that 
can be performed in the distribution centers to minimize 
the response time.

By rising the degree of each SCR characteristics, the 
degree of reconfigurability can be increased. From Fig. 5, 
better reconfigurability supply chain degree, indicated by 
a high degree of modularity, integrability, convertibility, 

diagnosability and scalability, were observed. Moreover, the 
obtained results show the dependency between the assigned 
weights for each characteristics and the degree of reconfig-
urability. Table 16 shows the different variations in recon-
figurability degrees. The experimental findings reveal that 
the second alternative had greater degrees of modularity, 
integrability, convertibility, diagnosability, scalability and 
customization. The variation in the assigned weights dem-
onstrates that the choice of the best configuration was not 
affected by the variation in the assigned weights.

Based on the data listed in Table 16, the alternative 
reconfigurability degrees are modified according to the 
new degrees of modularity, integrability, convertibility, 
diagnosability, scalability and customization. These values 
were randomly generated using EXCEL in order to assess 
the impact of each characteristics degrees on the recon-
figurability index.

The aggregation of the new RSC characteristics with 
the identified weights, shown in Table 15, gave the results 
shown in Table 17. These findings demonstrate that the 
reconfigurability index depends on the RSC characteristic 
degrees. For the first alternative, the modularity increased 
significantly, while the degree of convertibility decreased 

Fig. 5  Measurement of the 
reconfigurability characteristics 
in the proposed example
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Table 16  The obtained results of the degree of reconfigurability

Reconfigurability index

First alternative configu-
ration

Second alterna-
tive configura-
tion

Instance (1) 0.320 0.631
Instance (2) 0.301 0.559
Instance (3) 0.357 0.574
Instance (4) 0.342 0.604
Instance (5) 0.330 0.595
Instance (6) 0.257 0.590
Instance (7) 0.226 0.587
Instance (8) 0.363 0.603
Instance (9) 0.268 0.644
Instance (10) 0.286 0.614

Table 17  The new degrees of RSC characteristics

First alternative con-
figuration

Second alterna-
tive configura-
tion

Modularity 0.651 0.450
Integrability 0.589 0.464
Convertibility 0.317 0.813
Diagnosability 0.462 0.207
Scalability 0.412 0.069
Customization 0.234 0.932
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by 33.95%. The degree of integrability, diagnosability, 
scalability and customization rose by more than 12.26%. 
These important increases affected the reconfigurability 
index for the 10 instances, which augmented by a mini-
mum percentage of 22%. Besides, the reconfigurability 
index of instance 7 increased by 107%. This improvement 
was due to the increase of the above-mentioned indica-
tors. For the second alternative, the convertibility and the 
customization augmented by 34% and 49%, respectively. 
However, the degrees of modularity, integrability, diag-
nosability and especially the scalability decreased with 
a minimum percentage of 60%. As shown in Table 18, 
this decrease of the mentioned characteristics affected 
negatively the reconfigurability index. However, only 
instances 5 and 6 achieved an increase in their degree of 
reconfigurability.

From this analysis, we can conclude that the variation of 
the assigned weight values for each characteristic did not 
affect the choice of the best configuration. Results, presented 
in Table 16, show that the second alternative remains the 

best configuration even when the weights changed. However, 
the identification of preferences is crucial in the reconfigur-
ability assessment process, because it is important to iden-
tify the most important characteristics in order to prioritize 
the reconfiguration objectives. On the contrary, the variation 
in the degrees of reconfigurability characteristics affected 
the final value of the reconfigurability index, as shown in 
Fig. 6. Their increase allowed obtaining high level of recon-
figurability. Therefore, it is important to achieve degrees of 
reconfigurability close to 1 to have a more reconfigurable 
supply chain. The choice of the best configuration is a deci-
sion support process based on the evaluation of each con-
figuration by measuring the modularity, integrability, con-
vertibility, diagnosability, scalability and customization. The 
MAUT method enabled the aggregation of these six charac-
teristics by assigning, to each one, a degree of importance 
according to the preferences of the decision-makers.

Managerial implications

Managers find themselves in a situation where they must 
choose the best alternatives of supply chain configuration by 
using some predefined criteria. This approach offers advan-
tages to decision makers by assisting them to improve their 
supply chains. The market variations and disruptions that 
can affect the performance of the supply chain trigger the 
need to implement indicators that allow, on the one hand, 
evaluating the capacity of the supply chain to cope with 
unexpected events and, on the other hand, choosing the best 
configuration with the highest reconfigurability, i.e. the con-
figuration that can easily adjust its structure and functions 
with the new changes.

The aim of this study is to help companies choose the best 
configuration that allows managers to respond more quickly 
to the market changes. The proposed approach suggests that 
the assessment of the supply chain ability to cope with dis-
ruptions is difficult and requires easily measurable indicators 
to judge this ability. By applying the introduced approach, 

Table 18  Evaluation of reconfigurability index of the two alternatives

Reconfigurability index

First alternative configu-
ration

Second alterna-
tive configura-
tion

Instance (1) 0.481 0.493
Instance (2) 0.436 0.426
Instance (3) 0.480 0.409
Instance (4) 0.416 0.570
Instance (5) 0.420 0.682
Instance (6) 0.397 0.626
Instance (7) 0.468 0.411
Instance (8) 0.444 0.496
Instance (9) 0.477 0.550
Instance (10) 0.418 0.574

Fig. 6  The degree of reconfig-
urability with variation of the 
RSC characteristics
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managers will be able to evaluate the ability of their sup-
ply chains to react rapidly to unexpected events. Indeed, the 
evaluation of reconfigurability represents an efficient way to 
choose the configuration that will be modular, able to con-
vert its components, easily integrate new products as well as 
novel technologies and able to respond quickly to customer 
requirements with a strong customization. With the changes 
that can affect the supply chain, it is necessary to implement 
performance indicators to evaluate easily and effectively the 
ability of the supply chain to adapt its structure and func-
tions with the new changes.

In fact, managers need to give more attention to imple-
menting a modular, convertible, integrable, diagnosable, 
scalable and customizable supply chain. Obviously, the mod-
ularity of the supply chain ensures independence between 
the different activities of the supply chain and reduces the 
total lead time. The convertibility of the supply chain allows 
also reacting rapidly in case of disruption by ensuring redun-
dancy in order to avoid downtime. To easily integrate new 
technologies, resources and actors, managers must minimize 
the complexity of their supply chains to ensure integrability. 
Supply chain scalability guarantees the adaptation of the 
supply chain capacity to the customers’ needs with the mini-
mum lead time by increasing its throughput. The guarantee 
of supply chain diagnosability allows the rapid detection of 
sources of failure by increasing the visibility of information 
flows. Finally, to rise the customization of the supply chain, 
the customer portfolio requesting customized products and 
the customization functions should be increased to offer 
more choices to customers. Hence, with this approach, man-
agers will be able to implement a supply chain that easily 
adjusts its structure and functions with the market changes.

The application of this approach in real life is quite pos-
sible. Indeed, all the parameters chosen to evaluate modu-
larity, integrability, convertibility, diagnosability, scalability 
and customization, were chosen so that the configuration 
enabling to quickly cope with disruptions can be easily 
determined. For example, with the COVID 19 crisis, some 
medical mask manufacturing companies were unable to han-
dle the large demand increase, resulting in shortages of med-
ical masks in several countries. This disruption revealed the 
necessity of using to assess the ability of the supply chain to 
cope with disruptions. Thus, the proposed measures can be 
easily applied to evaluate the ability of the supply chain to 
react quickly to disruptions. The usability and feasibility of 
our approach were demonstrated through the ease of obtain-
ing the data needed to measure the introduced indicators.

Conclusion and perspectives

In this paper, we presented an index of reconfigurability 
based on the measurement of RSC characteristics. These 
proposed measurements were performed to evaluate the 
degree of reconfigurability in supply chain. The design of 
a RSC requires an indicator to choose the best configura-
tion that meets the new market requirements. Therefore, the 
assessment of reconfigurability is an important phase that 
should be applied to improve the supply chain in a changing 
environment.

In the presented work, the different configurations in sup-
ply chain were compared based on a reconfigurability index. 
First, we proposed quantitative measures for modularity, 
integrability, convertibility, diagnosability, scalability and 
customization. Indeed, modularity ensured the independ-
ence between supply chain activities and allowed reducing 
the lead time. Increasing the degree of integrability implies 
reducing minimizing the degree of supply chain complex-
ity. Convertibility required increasing the degree of redun-
dancy of supply chain resources to facilitate the modification 
of the logistic chain. Increasing flow visibility provided a 
high degree of diagnosability. It was noticed that capabil-
ity requires improving the average supply chain throughput 
by reducing the delivery time. Besides, the enhancement in 
the degree of customization involves increasing the num-
ber of functions related to customization and the number 
of customers requesting customized products. Indeed, the 
improvement of all these factors contributed to the increase 
in the degree of supply chain reconfigurability. Second, an 
index of reconfigurability was developed using the MAUT 
method which allowed assigning weights to each character-
istic, comparing the different possible configurations and 
choosing the best one with the highest degree of reconfigur-
ability. The results obtained from the applied example con-
firmed the above-described interpretations.

The proposed approach has two main limitations. First, it 
does not take into account the uncertainty and imprecision of 
the collected information, which may affect the judgment of 
the decision-maker on the choice of the best configuration. 
Second, With the proposed model, it is difficult to determine 
which reconfigurability characteristics can better improve 
the degree of reconfigurability. Thus, it will be interesting 
to analyze the impact of the six characteristics mentioned 
before on the improvement of reconfigurability.

The choice of the configuration with the highest degree of 
reconfigurability requires the consideration of imprecisions 
and uncertainties. Future studies could fruitfully explore this 
issue further by considering the uncertainty in the evalua-
tion process. As recommended above, future research should 
consider the reconfigurability, resilience and viability to 
evaluate the ability of supply chain to deal with disruptions. 
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Resilience is essentially related to recovery from failure. 
It also demonstrates the capability of the supply chain to 
succeed after failure (Zhang & van Luttervelt, 2011). Thus, 
resilient supply chain must be able to change and reconfigure 
its structure and resources in space and time to achieve the 
required functions (Zhang & Lin, 2010). In fact, measuring 
the success of the supply chain after a failure is crucial issue 
that should be addressed to provide managers with a broader 
view of the ability of the supply chain to respond to the new 
market changes by including other aspects of resilience.
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