
HAL Id: hal-03526651
https://hal.science/hal-03526651

Submitted on 8 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Scalability and Convertibility Models and Approaches
for Reconfigurable Manufacturing Environments

Abdelhak Dahmani, Lyes Benyoucef

To cite this version:
Abdelhak Dahmani, Lyes Benyoucef. Scalability and Convertibility Models and Approaches for Re-
configurable Manufacturing Environments. IFIP International Conference on Advances in Production
Management Systems (APMS), Sep 2021, Nantes, France. pp.442-451, �10.1007/978-3-030-85902-
2_47�. �hal-03526651�

https://hal.science/hal-03526651
https://hal.archives-ouvertes.fr


 
 
 
This document is the original author manuscript of a paper submitted to an IFIP 
conference proceedings or other IFIP publication by Springer Nature.  As such, there 
may be some differences in the official published version of the paper.  Such 
differences, if any, are usually due to reformatting during preparation for publication or 
minor corrections made by the author(s) during final proofreading of the publication 
manuscript. 
 
 
 



Scalability and Convertibility Models and Approaches 

for Reconfigurable Manufacturing Environments 

Abdelhak Dahmani1 and Lyes Benyoucef1 

 

1 Aix Marseille University, University of Toulon, CNRS, LIS, Marseille, France 

Abstract. The reconfigurable manufacturing system (RMS) is one of the newest manufacturing 

paradigms. In this paradigm, machine components, machine software, or handling units can be 

inserted, removed, modified, or interchanged as needed and, where appropriate, imposed by the 

need to adapt and adjust quickly and cost-effectively to changing requirements. RMS is consi-

dered to be a convenient processing paradigm for the manufacture of varieties as well as a scalable 

enabler for this variety. Considered as two of the six main RMS characteristics, in this paper, we 

review the most used models and solving approaches dedicated to scalability and convertibility 

in reconfigurable manufacturing environments. Moreover, we highlight the most critical research 

gaps. 
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1 Introduction  

In today's world, the responsiveness of manufacturing systems and cost-efficiency are 

the main factors affecting companies' competitiveness. Especially in recent years, com-

panies face the problem that customers prefer a greater variety of unpredictable quan-

tities. In this case, the best way will be to design a modern manufacturing system with 

new features that will allow them to improve their capabilities in the future. RMS is the 

cornerstone of this manufacturing model. The idea of (RMS) became well known at the 

end of the 20th century, introduced by [1] as a potential solution to the problems men-

tioned above, which can be applied to meet the needs of customers and the environment 

of demand for functions and production capacity. Thanks to its flexible structure and 

six key characteristics: modularity, integrability, customization, convertibility, scala-

bility, and diagnosability [2]. 

In this research work, we focus on two major RMS characteristics, namely scalabil-

ity and convertibility. We present the existing models and approaches. More precisely, 

Section 2 presents some research works dedicated to the six RMS characteristics. Sec-

tion 3 analyses some models and approaches used to address scalability problems. Sec-

tion 4 discusses some models of convertibility and their solving approaches. Section 5 

highlights the most important research gaps in the field. Finally, Section 6 concludes 

the paper. 
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2 RMS Characteristics 

Due to its six key characteristics, namely integrability, modularity, customization, 

convertibility, scalability, and diagnosability [2], RMS is considered one of the most 

appropriate paradigms to address today's industrial problems. Moreover, even if scala-

bility has attacked researchers’ intentions, convertibility is still an open question. In the 

following, we provide some recent definitions of the six characteristics [3]. 

─ Scalability (design for capacity changes): The capability of modifying production 

capacity by adding or removing resources and/or changing system components. 

─  Convertibility (design for functionality changes): The capability of transforming 

the functionality of existing systems and machines to fit new production require-

ments.  

─ Diagnosability (design for easy diagnostics): The capability of real-time monitor-

ing the product quality and rapidly diagnosing the root causes of product defects. 

─  Customization (flexibility limited to part family): System or machine flexibility 

around a part family, obtaining thereby customized flexibility within the part family  

─ Modularity (modular components): The compartmentalization of operational 

functions into units that can be manipulated between alternative production schemes 

─  Integrability (interfaces for rapid integration): The capability of integrating 

modules rapidly and precisely by hardware and software interfaces. 

3 Scalability Models and Approaches 

The scalable architecture enables the company to have a manufacturing infrastructure 

that meets current demand and improves production to respond quickly to customer 

demand. A review of the literature on the scalability of manufacturing systems shows 

that there are two main lines of research in this area [4]: 

- Design of RMS focused on increasing their scalability level. 

- Capacity planning using the scalability of RMS to adapt their production through-

put to the existing demand. 

Model 1: [5] considered RMS scalability based on the transfer line (TL) type struc-

ture with batch production for mass production. They modeled conventional transfer 

line systems and the homogeneous paralleling flow line (HPFL) system. Finally, they 

concluded that the characteristic of cost-effective capacity changes in HPFL meets the 

scalability requirements of reconfigurable manufacturing systems. 

 

1. Conventional Transfer Line System  

 The system density function 𝑃(𝜏) is given by: 

𝑃(𝜏) = ∑  

𝑞

𝑖=1

𝑝𝑖(𝜏) = ∑  

𝑞

𝑖=1

𝑛𝑖

𝑛𝑠

𝛿(𝜏 − 𝜏𝑖) (1) 

where 𝜏𝑖(𝑖 ∈ 1,2, … , 𝑞) is  the cycle time, 𝛿 is Dirac delta function, 𝑞 is the number 

of distinct cycle time, 𝑛𝑖 is the stage frequency for cycle time and 𝑛𝑠 = ∑  
𝑞
𝑖=1 𝑛𝑖, 𝑝𝑖(𝜏) is 

the stage density function. 
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2. Homogeneous Paralleling Flow Line (HPFL) System 

 

The minimum required number of stations for stages with cycle time 𝜏 can be defined 

as: 

𝑔(𝜏, 𝑣) = ⌈
𝑣

𝑇𝑎

𝜏] (2) 

From equations (1) and (2), the minimum number of required stations is given by: 

𝑛(𝜏, 𝑣) = 𝑛𝑠𝑃(𝜏)𝑔(𝜏, 𝑣) = ∑  

𝑞

𝑖=1

𝑛𝑖𝛿(𝜏 − 𝜏𝑖) [
𝑣

𝑇𝑎

𝜏] (3) 

Here, the minimum number of required stations N(v) for the entire system with demand 

“𝑣” is given by: 

𝑁(𝑣) = ∫  
∞

0

𝑛(𝜏, 𝑣)𝑑𝜏 = ∫  
∞

0

∑  

𝑞

𝑖=1

𝑛𝑖𝛿(𝜏 − 𝜏𝑖) [
𝑣

𝑇𝑎

𝜏] 𝑑𝜏 = ∑  

𝑞

𝑖=1

𝑛𝑖 [
𝑣

𝑇𝑎

𝜏𝑖] (4) 

where 𝑇𝑎 : is the available working time of the system. If the cost of stations is iden-

tical and equal to 𝑐, then the total station cost of the system is given by: 

𝐶(𝑣) = 𝑐 × 𝑁(𝑣) (5) 
     Model 2: In [6], the dynamic scalability process in RMS is modeled, where different 

capacity scalability policies are evaluated for different demand scenarios. The model 

represents capacity scalability as a scaling rate SR(t) determined by the required capac-

ity RC(t) together with the scalability delay SDT given by: 

𝑆𝑅(𝑡) =
𝐶(𝑡) − 𝑅𝐶(𝑡)

𝑆𝐷𝑇
(6) 

where C(t) is the capacity level at time t. Moreover, the inventory adjustment rate at 

time t, AI(t) is controlled by the inventory gap between the desired inventory level DI(t) 

and current inventory level I(t) given by: 

𝐴𝐼(𝑡) =
𝐷𝐼(𝑡) − 𝐼(𝑡)

𝐼𝐴𝑇
(7) 

where IAT is the inventory adjustment time (i.e., the time required to react for inven-

tory discrepancy between the current inventory level and the desired level). 

Furthermore, the production rate PR(t) is controlled by the capacity scalability level 

given by: 

𝑃𝑅(𝑡) =
𝐶(𝑡) ∗ 𝑈

𝑀𝑈𝑇
(8) 

where U is the utilization level of the available capacity, and MUT is the manufac-

turing unit time (i.e., used to switch from stock to rate to maintain dimensional balance). 

The customer orders fulfillment at time t, OFR(t) is controlled by the shipment rate 

ShR(t) and given by: 

𝑂𝐹𝑅(𝑡) = ShR(𝑡) = Min(DSR(𝑡) , MSR(𝑡)) (9) 

where MSR(t) is the maximum shipment rate at time t (i.e., depends on the system’s 

current inventory) and DSR(t) is the desired shipment rate at time t. 
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     Model 3: Due to the capacity scalability, [7] developed a dynamic model for the 

reconfigurable manufacturing systems whereby various system configurations, based 

on control theory and feedback analysis, can be implemented in response to changing 

demand. The proposed model contains two feedback loops. The first loop concerns the 

WIP error, where the second loop addresses the production rate error. They established 

a transfer function (Eq. 10) for the system based on the schema bloc depicted in Fig. 1. 

 

PR

 Cap
∗ =

𝐺𝑊(𝑇𝐷
−1 + 𝑆) + 𝐺𝐶𝑇𝐿𝑇

−1𝑇𝐷
−1

𝑆2 + 𝑆(𝑇𝐷
−1 + 𝑇𝐿𝑇

−1 + 𝐺𝑊) + (𝐺𝑊𝑇𝐿𝑇 + 𝐺𝐶 + 1)𝑇𝐿𝑇
−1𝑇𝐷

−1 (10) 

Fig. 1. Block Diagram for Dynamic RMS Model [7] 

Finally, to illustrate the proposed dynamic approach, a simple numerical example of 

a reconfigurable machine shop with 40K goods per day is simulated, applying different 

controllers P, PD, PI, and PID. Where: WIP*: Desired work in process level (parts), 

WIP: Actual WIP level (parts), DPR: Desired production rate (parts/days), PR: Actual 

production rate (parts/days), 𝑇𝐿𝑇∗: Expected lead time (days), 𝑇𝐿𝑇: Lead time (days), 

𝐺𝑊: WIP control gain (1/day),  Cap
∗
: Desired capacity rate (parts/days), 𝐺𝐶: Capacity 

scalability control gain (parts/days) and 𝑇𝐷 : Capacity installation delay time (days). 

Model 4: To understand the relationship between management level and operational 

level in capacity scalability problem in RMS, [8] used the Shema bloc of Fig. 2 to es-

tablish transfer function for the system (Eq. 11), where the dynamic approach for ca-

pacity scalability and the classical static approach are compared. 

Fig. 2.   Capacity Scalability System Block Diagram [8] 
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The problem is solved using the multi-objective weighted sum method. 

𝑃𝑅

𝐶𝑎𝑝∗
=

𝐺𝐶𝑇𝐿𝑇
−1𝑇𝐷

−1

𝑆2 + 𝑆(𝑇𝐿𝑇
−1 + 𝑇𝐷

−1) + (1 + 𝐺𝐶)𝑇𝐿𝑇
−1𝑇𝐷

−1
(11) 

 

Model 5: [9] proposed a practical method to determine the most cost-effective system 

reconfiguration to meet new market demand. An optimization model is proposed for 

scalability planning, where a case study is illustrated to examine and validate the ap-

proach. They defined scalability Sc as:  

Sc=100 – smallest incremental capacity in percentage 

 As input for the model, they used: configuration information, stage characteristics, 

manufacturing machine reliability information, and demand, where scalability planning 

aims to minimize the number of machines needed (Eq. 12). A genetic algorithm-based 

approach is used to solve the problem. 

Min (∑  

𝐿

𝑖=1

(𝑁𝑖 + 𝑀[𝑖])) (12) 

Model 6: [10] used the mathematical model of [11] that encompasses the product 

complexity in the system scalability with a variable number of stages. A case study is 

presented to show the capabilities of the proposed model. Based on the scalability of 

the available system, the following issues have been discussed: 

- Machines added per stage should be minimized (Eq. 13). 

- Stages added (if required) for the new part be minimized (Eq. 14). 

- Maximization of throughput (Eq. 15). 

𝑚𝑖𝑛 ∑  

𝐿

𝑙=1

Δ𝑙 +
𝑇𝐻𝑛𝑒𝑤

𝑇𝐻(𝑀, 𝑇, 𝑡)
(13) 

𝑚𝑖𝑛 ∑  

𝐼

𝑖=1

∑  

𝐿

𝑙=1

𝑆𝑖𝑗(Δ𝑙) (14) 

𝑚𝑎𝑥𝑇𝐻(𝑀, 𝑇, 𝑡) (15) 

where S: existing machine stage, M: existing machines per stage, C: existing ma-

chine capabilities, and TH: throughput. They tested several scenarios of individual parts 

segregated into two main groups. The first group contributes towards the part manufac-

turing complexity, and the second group contributes mainly towards the product assem-

bly complexity. 

 

Model 8: [12] represented the dynamic capacity evolution by: 

𝑦𝑘 = 𝑚𝑖𝑛(𝐶𝑘, 𝐷𝑘) (16) 

𝐶𝑘+1 = 𝐶𝑘 + 𝑋𝑘−𝑇 (17) 

where Ck represents the firm's capacity level at time k, X is the control input that 

defines the addition or removal of capacity, and yk represents the firm's sales. The delay 
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time T is limited to be a multiple of the time increment K. The capacity management 

cost is given by: 

𝐺𝑘(𝐶𝑘) = 𝐸{(𝛾𝑃 − 𝑃)𝑚𝑖𝑛(𝐶𝑘 , 𝐷𝑘) + 𝛾𝑆𝑚𝑎𝑥(0, 𝐷𝑘 − 𝐶𝑘) + 𝛾𝐻𝐶𝑘} (18) 

where γp: is the service costs per unit to produce, P: is the sold fixed price per unit, 

γS :is the penalty cost per unit, γH is the holding or overhead cost, per unit of capacity 

at each period, γN is the remaining capacity (i.e., can be sold for a salvage value per unit 

of terminal capacity), β is the discount factor and Mk(Xk) is the cost of expanding/sub-

tracting capacity incurred at time k. Hence, to minimize the expected discounted cost, 

Eq. 19 is used.  

𝑚𝑖𝑛
𝑋0…𝑋𝑁−1

  {−𝛽𝑁𝛾𝑁𝐶𝑁 + ∑  

𝑁−1

𝑘=0

𝛽𝑘[𝐺𝑘(𝐶𝑘+1) + 𝑀𝑘(𝑋𝑘)]} (19) 

 

In the end, they applied a feedback control system approach to the capacity manage-

ment problem for sub-optimal solutions.  

 

4 Convertibility Models and Approaches 

In this section, we focus mainly on convertibility. It is defined in [3] as “the capa-

bility to transform the functionality of existing systems and machines to fit new produc-

tion requirements.”  

Model 1: The first mathematical model used to measure and quantify systems con-

vertibility 𝐶S was proposed in [13]. The model combines three metrics, including con-

figuration convertibility 𝐶C, machine convertibility 𝐶M, and material handling convert-

ibility 𝐶H, given by: 

𝐶S = 𝑤1𝐶C + 𝑤2𝐶M + 𝑤3𝐶H (20) 

  where 𝑤1, 𝑤2 and 𝑤3 are the associated weights.  

The metrics are evaluated using Eqs. 21, 22, 23, and 24. 

𝐶C =
𝑅 ∗ 𝑋

𝐼
(21) 

where 𝑅: refers to the number of routing connections in each configuration, 𝑋: is the 

minimum number of replicated machines in the process plan at a particular stage, and 

𝐼: is the minimum increment of conversion. Normalization of Eq. 21 is proposed: 

 

𝐶c-normalized = 1 + [
log (

𝐶𝑐′

𝐶𝑐′ serial 
)

log (
𝐶𝑐′ parallel 
𝐶𝑐′ serial 

) ×
1
9

] (22) 

𝐶M =
∑  𝑁

𝑖=1 𝐶M
′

𝑁
(23) 

𝐶H =
∑  𝑁

𝑖=1 𝐶H
′

𝑁
(24) 
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Furthermore, [14] developed an index to measure RMS's reconfigurability using 

multi-attribute utility theory, where convertibility is considered using model 1 above. 

In [15], a NSGA II based-approach for machine selection is proposed based on three 

criteria, namely machine utilization, configuration convertibility, modeled using 

Eqs.21 and 22, along with machines costs. Moreover, [16] measured the reconfigura-

bility of manufacturing systems by quantifying RMS characteristics, where Eqs.21 and 

22 are employed to measure the convertibility (Cc).  

According to [17], if more information is available about the number of processed var-

iants (product family), model 1 needs an adaptation. To evaluate the configuration con-

vertibility of a mixed model assembly line, a fourth parameter is introduced to cope 

with the system's variation and given by: 

𝑌 =
 Variants number 

 Workstations number 
(25) 

 

The new configuration convertibility 𝐶𝐶𝑌 is given by: 

𝐶𝐶𝑌 = 𝐶𝑐, Normalized ∗ 𝑌 (26) 

 

Besides, they proposed a model to quantify product convertibility 𝐶𝑃𝐹 given by: 

 

𝐶𝑃𝐹 = 𝑎 ∗ 𝑏 (27) 

 

𝑎 =
 Total number of components with setting interfaces 

 Total number of setting interfaces 

𝑏 =
 Total number of components with gripping interfaces 

 Total number of gripping interfaces 

(28) 

 

Finally, the product convertibility 𝐶𝑃𝐹 can be computed as: 

𝐶𝑃𝐹 =
∑  𝑙

𝑘=1 𝐶𝐹𝑘

∑  𝑙
𝑘=1 𝐼𝑠𝐹𝑘

∗
∑  𝑚

𝑗=1 𝐶𝐹𝑗

∑  𝑚
𝑗=1 𝐼𝑔𝐹𝑗

(29) 

 

where 𝐹𝑖 is the 𝑖th component family, 𝑙 is the number of component families with 

setting interfaces, 𝑚 is the number of component families with gripping interfaces, 𝐶𝐹 

is the number of components in 𝐹𝑖 and 𝐼𝑔𝐹  is the number of gripping interfaces in 𝐹𝑖. 

They used an example of an automobile industry plant to measure each product fam-

ily's convertibility and justify selecting the plant that can easily manufacture variant x. 

Finally, the convertibility indicator equation is: 

𝐶𝑆 = 𝑤1𝐶𝐶𝑌 + 𝑤2𝐶𝑊𝑆 + 𝑤3𝐶𝐻 + 𝑤4𝐶𝑃𝐹 (30) 
 

Model 2: [18]  provided an analysis of automated assembly system design converti-

bility based on its equipment structures and layout, where system convertibility 𝐶𝑆 is 

defined as a “sum of equipment convertibility 𝐶𝐸, and layout convertibility 𝐶𝐿” and cal-

culated using Eq. 31:  

𝐶𝑆 = 𝑤𝐸𝐶𝐸 + 𝑤𝐿𝐶𝐿 (31) 
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- The equipment convertibility (𝐶𝐸): 

𝐶𝐸 =
∑  𝑁

𝑘=1 𝐶𝑆𝑆,𝑘

𝑁
(32) 

where 𝐶𝑆𝑆,𝑘 convertibility of sub-system k (equipment level), 𝑁 is the number of sub-

systems and 𝑘 sub-system. 

- Layout convertibility (𝐶𝐿): 

𝐶𝐿 =
𝐿𝐴 + 𝐿𝐶 + 𝐿𝑅

3
(33) 

where: LA is the autonomy index, LC is the connectivity index, and LR is the replica-

tion index. Finally, they presented a test case based on heuristics for battery module 

assembly to evaluate their approach. 

5 Discussions  

RMS is a highly active research field with several state-of-the-art contributions in var-

ious disciplines, including design, layout optimization, reconfigurable control, process 

planning/process generation, and production scheduling. From the above literature re-

view, we can claim the following gaps: 

 

1. Only linear models were considered for the dynamic cases to model scala-

bility, ignoring non-linearity, which is more representative of reality. In 

contrast, no dynamic model has been shown in the literature for converti-

bility 

2. Scalability has gained researchers' intention where several models are pre-

sented, while for convertibility, all the presented models are based on a sin-

gle extended model. 

3. Simulation-based optimization may be used to enable the application of al-

ternative optimization methods. Furthermore, various simulation ap-

proaches such as discrete-event simulation can be utilized to mimic scala-

bility, as well as other robust control mechanisms. 

4. The system expansion and the addition of machines will increase waste and 

energy consumption, which were not considered in any model.  

5. The number of employees and work shifts were not included, nor was the 

control system's adjustment, which raises the frequency of alerts. This lack 

of information and control will affect the product's quality and ultimately 

lead to yield loss.  

6 Conclusion  

Manufacturing firms must adjust their manufacturing methods to adapt to changing 

market demands. RMS is one method for accomplishing this goal by promoting its 

flexibility while optimizing efficiency and costs. 

This research work tackled two main RMS characteristics that improve the system's 

overall performance: convertibility and scalability. Some models and approaches were 
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presented and analyzed. Nevertheless, we found out that several models exist in the 

literature for scalability where only one model was proposed and extended to deal with 

convertibility. Moreover, there is a dearth of research works that integrate sustainability 

while modeling the characteristics. 
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