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ABSTRACT

In the last years, production companies are facing radical changes forcing to improve their standard
in product and process design and management. High flexibility, dynamic market demand,
increasing customization, high-quality products, flexible batches and short product life cycles are
among the key factors affecting the modern industrial and market context and characterizing the

emerging Industry 4.0 era.

These trends inevitably affect both the production strategy to adopt and the production system
design. From the production strategy viewpoint, industrial companies attempt to meet every
EOUIOOTUUUT@UTUI EDELUERUTauTTO0NOEDYDEURLOTTEU. For these reasons, they are switching from
Make-to-Stock (MTS) and Make-to-Order (MTO) strategies to Delay Product Differentiation (DPD).
DPD is a hybrid strategy that strives to reconcile the dual needs of high-variety and quick response
time, by using the concept of product platforms, ETrO1EiBWEUTONLUUE-systems and interfaces that

form a common structure from which a stream of derivatiYTuxUOEUEN YEREIIUEEDuETu TTrEDT Ol0au
produced and developed. A large number of industrial companies introduced product platforms as
tOONIOWTEETWITUETOT riUOlu#/#016T5 Sony, for the development of the Walkman, Kodak, Black &
Decker and Hewlett-Packard are relevant applications. From the production system viewpoint,
traditional manufacturing systems i.e. Dedicated Manufacturing Systems (DMSs), Flexible
Manufacturing Systems (FMSs) and Cellular Manufacturing Systems (CMSs), show increasing limits
in adapting to the most recent market features. Such systems can be effectively used to mass-produce
product platforms but advanced manufacturing solutions are needed to produce the remaining
components necessary to reconfigure the product platforms into the final variants (Huang et al.,
2019). In the last few years, Next Generation Manufacturing Systems (NGMSs), i.e. Reconfigurable
Manufacturing Systems (RMSs) and Reconfigurable Assembly Systems (RASS), rise to respond to
the dynamic market changes. This is achieved by designing both the system and the machines for

adjustable structure in response to the dynamic market demand and to the introduction of new

products.

Aim of this dissertation is to proposing innovative methods, models and tools aided at including the
emerging principles of reconfigurability in designing products and advanced production systems,

i.e. manufacturing and assembly, to improve the overall performances of the industrial plants. The



achievement of these goals is driven not only by a direct interest of modern industrial companies,
but also by the strong commitment of a great number of research councils located in many areas of
the world through funding projects. Within the context of European projects, relevant examples are
the EU-funded projects s1ExpEu UTEOOIRTUUEROOu Oiu 0TRDENTY xUOEUEIOCW UAUITOU (TUOUT Tu EEXEENRIA-based
adaptation, auto-E00IBTUUEROOUEOCEBOUTTUENTEWIOOUIOUxUOEUEROOuX0EOOIOT; promoted in 2015, s2000-based
propagation of plug-and produce ETYSETUBOWIEOOITTUUEEIIIOEOUIEEIUUOTWAITOU; and s EEXBYEUIOOEROOL
in assembly for blue collar workers satisfaction in evolvable context; promoted in 2016.

The research activity is developed according to a research framework, which highlights three main
research areas: (1) design of modular product platforms, (2) design of reconfigurable manufacturing
systems and (3) design of reconfigurable assembly systems. Each chapter of this dissertation is
devoted to a specific area of the defined research framework and, after revising the main literature
and identifying the research trends, illustrates the research activities as well as the main results and
findings. The explored research topics lead to theoretical, methodological and practical

contributions of help to support real-world industrial companies in facing modern emerging trends.



SOMMARIO

Negli ultimi anni, le aziende produttive stanno affrontando cambiamenti radicali, come la richiesta
di elevati livelli di personalizzazione e flessibilita, i quali hanno, inevitabilmente, un impatto
significativo sulla scelta della strategia produttiva da adottare nonché sulla progettazione dei
processi produttivi stessi. Per quanto riguarda la strategia produttiva, le realta industriali stanno
superando le strategie produttive comunemente adottate come il Make-to-Stock (MTS) e il Make-to-
Order (MTO) a favore di strategie piu evolute come il Delay Product Differentiation (DPD). || DPD
€ una strategia ibrida volta a riconciliare la duplice necessita di elevata varieta di prodotti e rapido
tempo di risposta ai clienti, introducendo il concetto di piattaforma di prodotto, definita come un
insieme di sotto-sistemi ed interfacce che formano una struttura comune, da cui un flusso di
differenti varianti di prodotto puo essere efficientemente ottenuto e sviluppato. Un numero sempre
piu elevato di realta produttive sta introducendo le piattaforme di prodotto nel proprio contesto
operativo. Tra queste si annoverano Sony, per la fabbricazione del Walkman, Kodak, Black & Decker
e Hewlett-Packard. Dal punto di vista dei sistemi produttivi, i sistemi tradizionali mostrano
numerosi limiti di adattamento alle nascenti esigenze di mercato. Questi sistemi possono essere
efficacemente impiegati per effettuare produzione di massa delle piattaforme di prodotto, ma é
necessario fare affidamento a sistemi di produzione avanzati per produrre i componenti rimanenti

necessari a riconfigurare la piattaforma trasformandola in una variante finale.

Negli ultimi anni si stanno sviluppando sistemi produttivi di nuova generazione, tra cui i cosiddetti
sistemi produttivi riconfigurabili (RMSs) e i sistemi di assemblaggio riconfigurabili (RASs) in grado
Enui Eui00I B0 EIUBTUEINamismo del mercato. Questa prerogativa viene raggiunta progettando il
sistema produttivo e le macchine in esso incluse in modo che abbiano una struttura regolabile e
modulare per far fronte efficacemente alla domanda di mercato dinamica e alla rapida introduzione
di nuovi prodotti.

Obiettivo di questa tesi & proporre metodi e mod1000uO00YERYR EUUxxOUI0u ET00OIOEU&OOTUE T
moderni principi di riconfigurabilita nella progettazione di prodotti e di sistemi produttivi avanzati,
sia di fabbricazione che di EJUTOEIET TBONEOOu0z0EDTIRY OuUiROOIENOITRMOUEI T Tux TUIOUO EOETUTIOE E)bu
degli impianti industriali. (GUETTO0OTOOTO00wED@UT00R OEDT 008YDu 61 TUBEEIGy 000w UGI0L ERXGDOUTUTUUTY
diretto delle moderne realta industriali, ma anche dalla presenza di un forte numero di progetti di

7



finanziamento in diverse parti del mondo. Nel contesto dei progetti europei, esempi rilevanti sono
i progetti s1ExBELUTEOOITTUUEROOuOI0NRIETxUOEUEROOuUAUITOUITUOUT TuEEXEEDRIA-based adaptation, auto-
plug-EOEuxUOEUETUET YOETUupOuUTEOOIBTUUEENTUOEOUIEEIOUBOTWIAUITOUz e 5 EEX(RY TUEUIOOEROOMOUEIUTOE auiOUy
EOUTUEGQOEULPOUOTUUUEIRUIEEIROOWOuT YOOYEEOTUEOOUIRU; promossi nel 2016.

+7E00p Y0 Edu BBETUER YDTOTu UYRUx x EJE UTTUTOEGN U0 ETT OB 0O THEO-concettuale che evidenzia tre
principali aree di ricerca: progettazione di piattaforme di prodotto modulari, progettazione di
sistemi di produzione riconfigurabili e progettazione di sistemi di assemblaggio riconfigurabili. Ad
ognuna di queste tre macro-aree € dedicato un capitolo di questa tesi, in cui, dopo aver analizzato
00u UOEDOu E 106z B0 Tw Twbu xUDOEDx Eb OUBT OUEO T OlRy ET100Eu UBETUERE) YTOTOOOw000UUED Tw 0T EUBYDUEW Edu DETUEE
specifiche cosi come i principali risultati ottenuti e gli elementi di innovativita. | risultati ottenuti
apportano contributi significativi in ambito scientifico e metodologico e supportano le aziende a
livello strategico, tattico e operativo sia nella gestione della strategia produttiva che nella

progettazione del sistema produttivo stesso.
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1 INTRODUCTION

To survive in modern competitive economy, satisfying customers request asking for a high number
of customized variants in variable batches, industrial companies move from mass production to
mass customization, which is defined as producing personalized products at a price similar to that
of mass production (Daaboul et al., 2011). These trends inevitably affect both the production strategy
to adopt and the production system design, i.e. manufacturing and assembly. From the production
strategy viewpoint, companies traditionally adopt make to stock (MTS) and make to order (MTO)
strategies. In particular, MTS minimizes lead-time but it becomes costly when the number of variants
is large and it is also risky in presence of dynamic markets and short product life cycles. Conversely,
by applying MTO the production does not start until a customer order is received. In this way,
inventory can be significantly reduced but customer lead times increase (Rajagopalan, 2002, Olhager
and Prajogo, 2012, Rafiei and Rabbani, 2012). Since modern manufacturing companies aim to
optimizing warehouses management reducing stock, i.e. MTO goal, and to decreasing lead times,
i.e. MTS goal, an effective trade-off production strategy best-managing such two conflicting
objectives is expected. In this context, Delayed Product Differentiation (DPD) rises as an hybrid
strategy that strives to reconcile the dual needs of high-variety and quick response time postponing
the final product assembly differentiation point as much as possible (He et al., 1998) by using the
concept of product platform (Gupta and Benjaafar, 2004). According to the original definition, a
product platform is a set of sub-systems and interfaces that form a common structure from which a
stream of derivative product variants can be efficiently produced and developed (Meyer and
Lehnerd, 1997, Simpson et al., 2006). In particular, a common product platform is manufactured to
stock (MTS) at [TTurUUWUIET TuOTuxUOEUElion which is then reconfigured into different products after
demand is known at the second stage, i.e. MTO (Gupta and Benjaafar, 2004). A large number of
industrial companies introduced product platforms as tool to reach [TTWETOTri00iu#/#uliT6 Sony,
for the development of the Walkman (Sanderson and Uzumeri, 1995), Kodak, Black & Decker
(Simpson et al., 2006) and Hewlett-Packard (Meyer, 1997) are relevant applications. From the
production system viewpoint, while traditional manufacturing systems can be effectively used to
mass produce product platforms, advanced manufacturing solutions are needed to produce the
remaining components necessary to finalize the assembly of product variants (Huang et al., 2019).

Among Next Generation Manufacturing Systems (NGMSs), in 1999 Professor Y. Koren from
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University of Michigan introduced the Reconfigurable Manufacturing Systems (RMSs). According
to the original definition, RMSs are designed sat the outset for rapid change in structure, as well as in
hardware and software components to quickly adjust production capacity and functionality within a part
family in response to sudden changes in market or in regulatory requirementszug*OUTOul (yEiuNNNu*OUTOW
2006). Such dynamic systems, with their six main features, i.e. modularity, integrability,
diagnosibility, convertibility, customization and scalability, seem to have the right capacity and
functionality to follow the market changes and, compared to traditional systems, allow producing a
higher variety of customized products. Such systems cover also the assembly context in which are
known as Reconfigurable Assembly Systems (RASS).

Even if the literature focusing on product platforms design is wide, most of the proposed methods
are applied to industrial contexts characterized by limited number of product variants. Such issue
does not reflect the operative situation because, nowadays, industrial companies have to manage
hundreds variants. Moreover, effective methodologies supporting the design and management of
reconfigurable manufacturing and assembly systems are missing and expected. According to the
introduced research background, the aim of this Ph.D. dissertation is to proposing innovative
methods, models and tools aided at including the emerging principles of reconfigurability in
designing products and advanced production systems, i.e. manufacturing and assembly, to improve
the overall performances along the industrial plants. Based on these statements, the research is
motivated by a set of research questions that are discussed in detail in the next sub-chapter, followed

by the research framework and the thesis outline.

1.1 RESEARCH QUESTIONS

This thesis is primarily motivated by the following overarching question.

How to effectively apply the emerging principles of reconfigurability to improve the overall performance of

modern industrial companies which are facing radical industrial and market changes?

Such question is wide and can be approached by a variety of angles and standpoints. To narrow
down the set of potential approaches to the problem, this question has been divided into two sub-

guestions.
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RQ. 1: Concerning reconfigurability principles applied to products, how to design product platforms in

modern high-variety industry?

Following this research question, the first purpose of this dissertation is to contribute to the further
development of effective solutions for the design of product platforms in modern industry, which

often needs to manage hundreds of different product variants.

RQ. 2: How to support industrial companies in the transition toward the adoption of reconfigurable

manufacturing systems?

RQ. 3: How to support industrial companies in the transition toward the adoption of reconfigurable assembly

systems?

Following these research questions, the second goal of this dissertation is to provide theoretical and
practical solutions supporting industrial companies in the shift toward the adoption of advanced
manufacturing and assembly paradigms.

As they are posed, the three research questions can encompass a wide range of related sub issues.
For this reason, next Section 1.2 presents a research framework, in which a number of research levers

are identified for each research question.

1.2 RESEARCH FRAMEWORK & THESIS OUTLINE

The research presented in this dissertation has been developed following the research framework of
Figure 1. The matrix is organised into three main research levers: (1) design of modular product
platforms, (2) design of reconfigurable manufacturing systems and (3) design of reconfigurable

assembly systems.
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RECONFIGURABILITY PRINCIPLES IN THE DESIGN AND
MANAGAMENT OF ADVANCED PRODUCTION SYSTEMS

PRODUCTS

MANUFACTURING

Design of modular
product platforms

RQ.1

ASSEMBLY

PRODUCTION SYSTEMS

Design of Reconfigurable
Manufacturing Systems

RQ.2

Design of Reconfigurable
Assembly Systems

RQ. 3

IMPROVEMENTS IN EFFICIENCY AND PRODUCTIVITY

Figure 1: Research framework

To address RQ. 1 one research lever is proposed, which explores methods and tools for the design
of modular product platforms. To address RQ. 2 and RQ. 3 two research levers are proposed. The
first focuses on the design and management of RMSs while the second on the design and

management of RASs. Such research levers have been arranged in a sequence of chapters, as shown

in Figure 2.
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1. INTRODUCTION
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Figure 2: Thesis outline

\

Chapter 1 introduces this dissertation by outlining the area of investigation, the research questions

the research framework and the thesis outline.

Chapter 2 addresses the RQ. 1 and explores the design of modular product platforms proposing an
integrated decision support system (DSS) for product platforms design and selection in high variety
manufacturing to best manage the trade-off between platforms variety and number of
assembly/disassembly tasks needed to customize the platforms into (TTurOBuxUOEUENYEREDIU In
addition, the developed DSS proposes 01O TIREUIOu YBUETWT T [TOUIOWTEOO r TUUTWT Tux0E)IOUOSs
into the final variants by considering the required number of assembly and disassembly tasks, i.e.
/000U 1LTECOr TUUEIROO (OET Ru g/ 1 (K EOEu UTTu TEIT Ol EIUT OEdaw EOEw ERUEIUT OEGaw TEEIOUUO BT
Platforms Customisation Index (PCI). Such indices provide conditions that support industrial

companies in determining, for each product variant, whether it is better to adopt DPD or assemble

to order (ATO) strategy, and guide them in the selection of effective product platforms.
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Chapter 3 addresses RQ. 2 and deals with the design and management of a specific sub-category of
reconfigurable systems, which are called Cellular Reconfigurable Manufacturing Systems (CRMSs).
Such systems rise in the last few years as effective solutions able to overcoming the weaknesses of
conventional Cellular Manufacturing Systems (CMSs) matching, at the same time, the dynamism of
modern market. In particular, in conventional CMSs, once machine cells are designed, the physical
relocation of the facilities included in each cell in response to new production requirements becomes
difficult. To overcome such and other weaknesses, the literature firstly introduces the so-called
Dynamic Cell Formation Problem (DCFP) aims at coping with variation in part mix and demand
implementing machine relocations and duplications among the available manufacturing cells.
However, to overcome the increase of the investment costs generated by the DCFP, RMSs and, in
particular, CRMSs rise in the last few decades as innovative manufacturing systems in which
machine modification is performed instead of their relocation and/or duplication with the aim to
enhance machine capabilities to process a wider range of production tasks. Starting from this
background, Chapter 3 firstly explores the DCFP proposing a mathematical model supporting the
redesign of cellular manufacturing systems through machine relocations/duplications. Afterwards,
following the recent shift toward the reconfigurable manufacturing paradigm, the concept of
reconfigurability is revised and a design model supporting the optimal design and management of
CRMSs is introduced. In the design and management of these systems, a relevant aspect to consider
is the human contribution. In fact, despite their automation level, CRMSs still require actions by
human operators, e.g. material handling, WIP load/unload, tool setup, etc, rising safety and
ergonomics issues because of the human-machine interaction and cooperation. To managing this
aspect, the last part of this chapter proposes an innovative methodological framework supporting
the integration of safety, ergonomics and human factors in CRMSs.

Chapter 4 addresses the RQ. 3 focusing on the introduction of reconfigurability principles in the
assembly domain aiming at designing advanced assembly systems which are rapidly real-time
reconfigurable according to product features, e.g. size, work cycle, and human operator features,
e.g. anthropometric measurements. To this aim, a conceptual framework is defined to support
industrial companies to achieving real-time manual and automatic reconfiguration of such systems.
The proposed framework is, then, applied to a real prototypal reconfigurable assembly cell, called
Self-Adaptive Smart Assembly System. An easy-to-use GUI and a tool based on the use of 3D sensing

devices, i.e. Microsoft *i01Ela-, are developed to allow an efficient assembly system reconfiguration
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and are validated by simulating the assembly of two different products, i.e. an industrial chiller and

a centrifugal electric pump.

Chapter 5 concludes the dissertation highlighting the obtained results, the managerial insights and

proposing potential future developments.
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2 DESIGN AND MANAGEMENT OF MODULAR PRODUCT
PLATFORMS

This chapter addresses the RQ. 1 focusing on the development of effective methodologies for
product platforms design and selection in high-variety manufacturing as a relevant solution to
manage the modern dynamic markets, to decrease lead-time and to delay product differentiation.
An integrated decision support system (DSS) is developed supporting the platforms design
procedure in modern industry best managing the trade-off between variety and the number of
assembly/disassembly tasks to perform to customize the platforms into the final variants. The
content is based on the research paper (Galizia, F. G., EIMaraghy, H., Bortolini, M., Mora, C. (2019).
Product platforms design, selection and customization in high-variety manufacturing, International

Journal of Production Research, in press).

In modern industry, manufacturers face with a high level of product innovation, market
globalization, dynamic customer demand and technological advancements (Shou et al., 2017,
Bortolini et al., 2018). These trends encourage industrial companies to adopt the mass customization
paradigm to meet every custoO10UaUT@UTUWEDEWERUTaulTToUMOENYDEUENOTT Elip&OOUT, 1997). The
main advantage of such strategy is to provide different goods to customers with the same quality
and prices of the mass-produced products (Su et al., 2010). In this scenario, companies are switching
from Make-To-Stock (MTS) and Make-To-Order (MTO) strategies to Delay Product Differentiation
(DPD) in order to implement mass customization. DPD is a hybrid strategy that strives to reconcile
the dual needs of high-variety and quick response time, by utilizing the concept of product platforms
(Gupta and Benjaafar, | YYK&u  1xUOEUENx0EiOUOWIET rOTEIENEUTWOIUUE-systems and interfaces
ITELIOUOIEEOO OOOWINUEINUTUILOOuP TRETUEUIUTEOOTUET IbY EBY TuxUOE UENY EUREOIUE BOUE Tul T EDT Q02w
produced and developed (Meyer and Lehnerd, 1997, Simpson et al., 2006). In particular, a common
product platform is manufactured to stock (MTS) in the first stage of production which is then
differentiated into different products after demand is known in the second stage, i.e. manufactured
to order (MTO) (Gupta and Benjaafar, 2004). A large number of industrial companies introduced
product platforms as tool to reach the benefits of DPD. Sony, for the development of the Walkman

(Sanderson and Uzumeri, 1995), Kodak, Black & Decker (Simpson et al., 2006) and Hewlett-Packard
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(Meyer, 1997) are among the most relevant applications. In this chapter, an integrated decision
support system (DSS) for product platforms design and selection in high-variety manufacturing is
proposed to best manage the trade-off between platforms variety and number of
assembly/disassembly tasks needed to customize the platforms into the final product variants. The
Median-Joining Phylogenetic Networks (MJPN) supports the design phase by identifying the
different product platforms, their number and composition, and the use of both assembly and
disassembly to customize them into product variants. MJPN methodology is traditionally used in
EBO00 TaulOux<UTEDENITTu00YDO Tulx 1ERTUEOET UV AUE au0pOORO TuTTOulGutheir descendants, through gaining
and losing of genes (Bandelt et al., 1999, Hanafy and EIMaraghy, 2015), but its use in the assembly
EOEiOBDUTEEIUURO TuidT0EwUuUTOERY 102u0T1 P30T UITOWuOOORTETINITTuUOUTUEOOIIEUROOUOI
its use in this field is found in Hanafy and EIMaraghy (2015). The methodology builds the so-called
phylogenetic network tree, which shows the transformation of each platform into a variant through
gaining and losing of components and, unlike most models found in literature, it does not require
in advance the specification of the number of platforms to develop. The developed DSS proposes
two new metrics to evaluate the effort to reconfigure the platform into a variant by considering the
required number of assembly and disassembly tasks, i.e. Platforms Reconfiguration Index (PRI), and
the ease of assembly and disassembly factors, i.e. Platforms Customization Index (PCl), at each level
of the phylogenetic tree. Such indices provide conditions that support industrial companies in
determining, for each product variant, whether it is better to adopt DPD or assemble to order (ATO)
strategy, and guide them in the selection of effective product platforms. To illustrate and validate
the steps of the proposed DSS, it is applied to a large real case study involving manufacturing 1553
items, representative of a Small & Medium Enterprise (SME).

The remainder of this chapter is organised as follows: Section 2.1 reviews the relevant literature.
Section 2.2 presents the original DSS for product platforms design and selection, while Section 2.3

presents the DSS application to a real industrial case study. Finally, Section 2.4 concludes the chapter

highlighting key outcomes and conclusions.

2.1 LITERATURE REVIEW

This section is organized into two parts. The former explores the DPD concept and the methods and

techniques used for product platforms design, and the latter introduces metrics and indices
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developed to model the assembly and disassembly tasks, which represent the two operations to

perform in order to customize a platform into a variant.

2.1.1 Delayed Product Differentiation and product platform concept

The ability of a manufacturing system to have high product variety and short lead times offers a
competitive advantage. Industrial companies that strive to reach this ability prefer to produce a
limited portfolio of products (Gupta and Benjaafar, 2004). In this context, items can be produced to
stock (MTS) to minimize lead times, but such a solution becomes costly when the number of final
products is large and it is also risky in presence of dynamic market demand and short product life
cycles. Manufacture to order (MTO) is another key production strategy where production does not
start until a customer order is received. Applying this strategy, inventory can be reduced but
customer lead times increase (Rajagopalan, 2002, Rafiei and Rabbani, 2012, Olhager and Prajogo,
2012). Delayed Product Differentiation (DPD) is a hybrid strategy that postpones the final product
assembly differentiation point as much as possible (He et al., 1998). Postponement can be divided
into form postponement and time postponement (Zinn and Bowersox, 1988, Yang et al., 2004).
Blecker and Abdelkafi (2006) state that form postponement describes all the activities initiated after
the arrival of customer orders. Hsu and Wang (2004) propose a dynamic programming model for
the tactical planning using an AND/OR graph to determine the product differentiation points. The
impact of deferment on capital investment and inventory risk-pooling effects are quantified and
incorporated in the model. Swaminathan and Tayur (1998) introduce a model to find the best
configuration and inventory level of product platforms and compare the performance of such
production strategy with that of MTO and Assemble-To-Order (ATO) processes providing
managerial insights into the conditions under which one may be better than the other. He and
Babayan (2002) state that the successful implementation of DPD strategy lies in efficient scheduling
of the manufacturing system. In their study, they define and solve the scheduling problems in
implementing a DPD strategy in a general flexible manufacturing systems consisting of machining
and assembly stations. Ko and Jack Hu (2008) propose a binary integer programming model for task-
machine assignment and workload balancing in complex asymmetric configurations, since such
configurations have often been used for delayed product differentiation. AlGeddawy and
EIMaraghy (2010a) introduce an innovative design methodology to derive and represent an

assembly line layout for delayed products differentiation by using cladistics classification. The
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UTUO0RO TIEOEEOTUEORETOlr TUithe points of DPD and resembles the physical assembly system layout
and was demonstrated for a family of electric kettle variants. AlGeddawy and EIMaraghy (2010b)
extend this cladistics model by adding product assembly line balancing constraints to the
clallprEEROOuETOUITOl = BOHawEOEu$0 , EVET Tawgl Yk ETY100xu B OTITOEOIO Tau 10U EIUT OE2utbOTu
layout for DPD using phylogenetic networks. The proposed model is used to design product
platforms and determine the assembly line layout of modular product families.

The Delayed Product Differentiation strategy aims to reconcile the dual needs of high-variety and
quick response time by introducing the concept of product platforms (Gupta and Benjaafar, 2004).
/UOEUEN<0EIOUOWIWET rOTEIENEUTOIUUE-systems and interfaces that form a common structure
UOOUP TRETUEUIUT EOWOTETUBY ERY TuxUOEUEIUEEDE Tl TrEDT Ol0auxUOEUETEVEDEWETYT100x1Ew , TalWEDEY
Lehnerd, 1997). Khajavirad et al. (2009) define a multi-objective genetic algorithm to design product
families and product platforms of universal electric motors. The objective function maximizes
xUOEUEN TTpEDT OEawEDEVEOO OO0 ERIan EOO0 TyOOE U0T I BOOTu b Tu ETEUTERO TuOOI0UU P 18T 1) OUT
and Tollenaere (2005) propose an in-depth literature review of the product platform concept
focusing on the efficient product family development. They found that it is necessary to best balance
the introduction of new techniques to increase components commonality and increasing products
distinctiveness. Williams et al. (2007) introduce the Product Platform Constructal Theory Method
(PPCTM) as a technique enabling the designers to develop platforms for customizable products and
apply this method to determine a platform map of a cantilever beam. Yu et al. (2007) use the Design
Structure Matrix (DSM) combined with GA to design common platforms for complex products.
Moon et al. (2008) develop a multi-agent model to configure product platforms considering the
functional model. However, the model cannot handle large product families. Ben-Arieh et al. (2009)
propose a mathematical model to configure single and multiple platforms by adding and/or
removing components to/from the platforms to get the final variants. However, the model requires
the specification of the expected number of platforms a priori. Furthermore, the proposed model is
not scalable and requires a formulation based on the application of a genetic algorithm (GA) to solve
problems having a large number of products and components. While the most common product
platform concept is based on adding or assembling components to the platform to produce product
variants, the recent literature proposes the idea of both assembling and disassembling components

to/from platforms to customize them and get the final variants (Ben-Arieh et al., 2009, Mesa et al.,

2014, Hanafi and EIMaraghy, 2015, Mesa et al., 2015, Mesa et al., 2017). This emerging strategy based
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on both assembly and disassembly operations leads to an increase in the number of components in
a platform, which means more delay in product differentiation and, consequently, the mass
production of a larger product portion, i.e. the platform. The assembly/disassembly of components
to/from a platform to obtain product variants is very similar to the concept of evolution, i.e.
acquiring and losing characteristics in biological organisms. Phylogenetic networks are used to trace
ITDUOROEO 1T YOOUIROOUED EuxUTEDENIT TutpYDO Tulx TEDT U EDE TUUAUE 2utbOORO Tul T T OulOul T TO0E TUETOEEDUNL
through gaining and losing of genes. Although the research in DPD is rich, some research gaps
UTO B0 O EJIBEUIEIMWITTWIUTOIESITUEIUT O EdauEO EvERUEIUT O Edaul OuEURY TuE T Tur OFi<UOE UENLY EREO
which can increase the number of components shared across a product family, is rarely used. This

U0UEDT TaUEEN0T En?" *U0I0ODaT Ew/iETIOUO 30w - UETUIp* /3 - k2up  OIOUTxTEDD, 2017).

2.1.2 Effort in assembly/disassembly tasks

An important topic in the study of product platforms design using both assembly and disassembly
is the effort involved in reconfiguring and customizing the platforms to get the final variants. The
effort associated with the reconfiguration can be modeled in different ways, considering for example
the number of assembly/disassembly tasks to be performed to change it from a platform to a product
variant, and/or assessing the difficulty to assemble and/or disassemble components to/from the
platform. Focusing on the assembly tasks, Samy and EIMaraghy (2010) propose a product model to
assess assembly complexity of individual parts taking into account the principles of Design for
Assembly (DFA). They demonstrate how the model would lead to a reduction of product assembly
complexity and the associated cost. Miller et al. (2012) explore the automation of the estimated
assembly time by reducing the level of design details required. In particular, they define a
complexity metric through artificial neural networks to measure such assembly time. A similar
study is proposed by Owensby and Summers (2013). They present an automated tool for estimating
assembly times of products based on a complexity metric model. .UrullEi (2011) introduce five
main dimensions of product complexity identifying different complexity sources in product design,
development, manufacturing and assembly. Their overall goal is to define a unified product
complexity metric to be used as a tool to improve product design and manage product complexity.
Rodriguez-Toro et al. (2003) review the concept of complexity to support assembly-oriented design

and to guide the designers in manufacturing a product with an effective balance of manufacturing
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and assembly difficulty. Thevenot and Simpson (2006) tackle the product family design problem
and propose relevant commonality indices to assess the amount of commonality within a product
family, e.g. the developed Percent Commonality Index from the assembly viewpoint measures the
percentage of common assembly sequences among products. Concerning disassembly, Lee and Ishii
(1997) and Kroll and Carver (1999) propose complexity metrics associated with the final disposal
phase of the products. Boothroyd and Alting (1992) and Bryan et al. (2007) highlight the importance
of integrating parts when possible to reduce the assembly and disassembly tasks during the early
design stages. However, research assessing the effort associated with both assembly/disassembly
tasks are rare. Mesa et al. (2017) propose a metric to assess the complexity of assembly/disassembly
tasks in open architecture products.

Starting from this scenario, the proposed DSS provides two new metrics integrated with the product
platform design that evaluate the effort to reconfigure the platforms into variants at each level of the
phylogenetic tree, i.e. the Platforms Reconfiguration Index (PRI) and the Platform Customization
Index (PCI). The former considers the assembly and disassembly tasks involved into platform
reconfiguration while the latter considers the ease of assembly and disassembly factors, in addition
to their number, since they affect the time it takes to accomplish these tasks. Next section describes

the proposed DSS.

2.2 A DECISION-SUPPORT SYSTEM FOR PRODUCT PLATFORM DESIGN AND
SELECTION

In this chapter, a decision support system (DSS) is proposed to guide industrial companies and
practitioners in the design and selection of efficient product platforms, managing the trade-off
between platforms variety and required platforms customization effort represented by the time and
difficulty of assembly and disassembly tasks. Product platforms are designed by applying the
Median Joining Phylogenetic Networks (MJPN). This methodology is traditionally used in biology
and its use in the manufacturing and assembly field is relatively new. In particular, it is used in the
design phase to define the number and composition of different platforms using both assembly and
disassembly to customize the platforms into product variants as needed. In the proposed DSS, it is
assumed that components can be disassembled without damage (e.g. fastening), hence, preserving

product quality integrity during platforms reconfiguration.
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2.2.1 Methodology

The phylogenetic networks concept has continued to evolve over time, due to the huge number of
ETURYERY 10U OEIEOTEu UOOu T Tu 18000 EOOET x(u Ou U0bUAL Olu Ux TERT Uzt O THOU Edw #EPD0u 0 = EOH &u EOEL
EIMaraghy, 2015). Such networks can be classified in two categories: rooted and unrooted networks
(Huson and Scornavacca, 2011). The cladistics classification methodology is the main branch of
rooted phylogenetic networks and major literature contributions on the use of such approach in
manufacturing and assembly field are found in AlGeddawy and ElMaraghy (2010a) and
AlGeddawy and ElMaraghy (2010b). The MJPN algorithm belongs to the unrooted phylogenetic
networks. It has been used in biology to trace and classify DNA sequences according to their
relationship to hypothetical ancestral nodes, called median vectors (MV) (Bandelt et al., 1999). Such
algorithm builds a network tree (Figure 3) that relates DNA sequences, which in this case are the
product variants (from P1 to P10), to each other by the definition of MVs, which represent the product
platforms (from PL1 to PL3) through the majority consensus concept. Specifically, majority
consensus median is the median point that links the products by a product representing all common
parts between products, i.e. the normal family platform, as well as the components that the majority
of products possesses. Next Figure 3 discusses the relevance of MIJPN to platform formation by
showing some products (similar to biological descendants), each of which is composed by a binary
combination of assembling (adding) or disassembling (removing) a component (gene) from the
defining binary string. The platform, i.e. the ancestor, is considered the nearest to every product.
After the assembly of platform/platforms, it/they can easily be used in the assembly of
product/products, by adding or removing components. Several factors must be considered when
using this method for forming product variants:
' modularity of components;
f assembly/disassembly time ratio;

presence of demand uncertainty for certain product variants.

Network 5.0 software (Fluxus-engineering.com 2012) is used to build the phylogenetic network. This
software is able to compute two main types of algorithms: the median-joining to build a full joined
network of species and its inferred ancestry, and the reduced-median to perform the same analysis

but only in case OEDTrEUIRTUROBOITUxUTIROTW T Tl V0O 1EDED-joining network.
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In the example shown in Figure 3, the product family is composed of ten product variants (indicated

from P1 to P10) and of a total number of twelve components (indicated from C1 to C12). The MJPN

[€1]. [C2). i
[Ce]. [C] Platform PL1

(€], [C4]

Mh‘

[[((‘]] [[S;}J Platform PL2 Platform PL3 [ﬁ:}l [[L(t O]J

[C1]. [C2]. [C3].
[C4]

Pi ‘ 3
o o NI \
[C12] - [C3] [€n]

Legend

% Components to be assembled

\ Components to be disassembled

Figure 3: Example of phylogenetic network tree for a product family and its variants and components

algorithm creates three product platforms (indicated from PL1 to PL3) for this family.

2.2.2 The proposed DSS

Figure 4 shows a general schematic of the proposed methodology, which has four main steps:

= —. —a

Step I: Product family definition
Step 1I: Product platforms design and definition of assembly/disassembly relationships
Step IlI: Platforms variety and Platforms customization effort analysis

Step 1V: Selection of best product platforms
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Step II: Product platforms design Step III: Tree decomposition

/ Median-Joining \

Phylogenetic Network

MIPN tree
decomposition

Number and composition
of product platforms

—  PCIM ol D4 l—‘—l
Al A2
D2 ’ ) DS Platforms
’ Assembly/disassembly Platforms varety customization
D3 relationships effort
D6
Product variants
gc;m;m Pll ? e ':]“ Selection of best product
@ 1 1 0 platforms
Con o1 . 1
Step I: Product family definition Step IV: Selection of product platforms

Figure 4: Schematic of the proposed decision-support system (DSS)

2.2.2.1 Product family definition

The methodology starts with the selection of a product family for which the introduction of product
platforms is required. The input of this step is the generic bill of materials (BOM) for each product
belonging to the family while the output is the definition of the PCIM. Considering n product
variants from 1 to P» and m components in the product variant from 1 to Cm, the PCIM includes Xmn
binary elements such that:

pr EE#NEOETOT
T TOEAO=EOA

2.2.2.2 Product platforms design and definition of assembly/disassembly relationships

In this step, the Median-Joining Phylogenetic Networks (MJPN) algorithm is applied to design the
product platforms for the considered product family. As shown in Figure 4, the algorithm input is
the PCIM. It builds the phylogenetic network tree, containing the number and the composition of
the generated product platforms as well as the assembly/disassembly relationships. Such
relationships are crucial to visualize the specific platforms involved in each product reconfiguration
and specify which component to add or remove to customize the platform to a product variant or to

change from a product variant to a new variant configuration (Mesa et al., 2017).
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2.2.2.3 Platforms variety and platforms customization effort analysis

The third step of the proposed decision support system (DSS) manages the phylogenetic tree
decomposition supporting the product platforms selection process. Product platforms have to be
designed and selected to maximize the number of components in each platform in order to reduce
the number of assembly/disassembly tasks to be performed to obtain the desired product variant
while minimizing the number of different platforms to be assembled and stored in order to reduce
variety, inventory costs and storage space. Step |1l addresses this trade-off: the phylogenetic tree
obtained in the second step (Figure 3) is decomposed into multiple levels (Figure 5) from the native
platforms (Level 1) to the final variants (Level L). A native platform is a platform that has no
incoming arrows (PL1 in the reference example), while a platform or a product variant belongs to

level L if it does not have outgoing arrows (from P6 to P10 in the referenced example).

[cil I(“:]I Platform PL1 E> Level 1
~
[Cs]. [C7]
). [C: 6], [C7
& l[(".'] [[(-1‘] Platform PLz Platform PL3 1[“':‘]‘ ‘K.J“ E:> Level 2
& | L — I~
& B
s RN =
= 3
5 ;!
Ps [::> Level L1
=]
Pio [:> LevelL
Legend
ﬂ Components to be assembled

~~, Components to be disassembled

Figure 5: MJPN tree decomposition for platforms selection

Each level corresponds to a different trade-off between the number of types of platforms to be stored,
i.e. platforms variety, and the number of assembly/disassembly tasks to convert platforms to variants,
i.e. platforms customization effort. In particular, as platforms number/variety increases from Level 1 to
Level L, the platforms customization effort decreases. The platforms selection procedure is

characterized by the following steps:
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1. MJPN tree decomposition into levels | P8, ;

2. Foralllevels (from 1 to L-1), determine platforms variety and platforms customization effort.
Platforms variety represents the number of types of platforms formed in the considered level.
The platforms customization effort is assessed by determining the proposed Platforms
Reconfiguration Index (PRI) and Platforms Customization Index (PCl). These indices model
the effort needed to reconfigure each platform into a variant thus they are indicative of the

cost of platform reconfiguration.
Platforms Reconfiguration Index (PRI)

The Platforms Reconfiguration Index (PRI) is an index capable of capturing the effort to reconfigure
the product platform into a specific variant by considering the number required of assembly and

disassembly tasks. The mathematical formulation of PRI follows:

Indices

0 variants0  pi816

b product platformb  pi810

Parameters

-#1 number of components to assemble to platform p to get variant v

-H#H$ number of components to disassemble from platform p to get variant v
-#6 number of components per variant v

02) Platform Reconfiguration Index (to get variant v from platform p)

02) Global Platforms Reconfiguration Index for all platforms

The mathematical formulation of the PRI index to customize a specific platform into a variant is
expressed by Equation 1:

_#1 -#$ "0 pi8i6 1)

02
) -#6

The condition . #1 -#S$ -#6 determines, for each specific product variant, whether it is

better to adopt delayed product differentiation (DPD) or assemble to order (ATO) strategy.
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Specifically, if the condition is true, DPD strategy would be suitable for implementation in the case
company, otherwise ATO would be preferable. Therefore, to determine the threshold values of

02) , the following three cases are considered:

f Total overlap between product platform and product variant: in this case . #! -#S
mand 02) mtand no effort is required for platform reconfiguration;

" No overlap between product platform and product variant: in this case the condition
-#1 -#S$ -#6 is true. This implies that the ATO strategy is to be implemented.
Considering .#! ATA .#$% as the number of components involved in the
assembly/disassembly tasks, . #$ mand - #! -#6 . Hence, 02) 1. In this case,
the required platform reconfiguration effort is maximum;

1 Partial overlap between product platform and product variant: the variant and the product

platform share some components, and may require some assembly and/or disassembly tasks

to be performed, in which case 02)

To summarize 1 02) p. 02) indices can be further computed over the variants to get an
average PRI index for each level of the phylogenetic tree, as expressed in Equation 2:

B 02 @)

2
02) 6

Platforms Customization Index (PCI)

A Platforms Customization Index (PCI) is proposed by considering the ease of assembly and
disassembly factors, in addition to their number, since they affect the time it takes to accomplish
these tasks. The time needed to customize the product platform by performing additional assembly
tasks can be represented by the value of their respective two-digits assembly codes introduced by
Boothroyd et al., 2011. The value of these digits is representative of the ease/difficulty and of the
time needed for manual/automatic handling and insertion of each component during assembly
operations. For example, assume for a given part that the manual or robotic handling code is 31 and
assembly by insertion code is 26, then the assembly effort for this one task would be (3+1) + (2+6) =
12. Each code digit has a value in the 0-9 range, therefore, 36 represents the maximum value

(maximum difficulty) of manual/automatic handling and insertion for each component. The time
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needed for disassembly tasks is estimated by applying the Unfastening Effort Model (U-Effort
model) and the corresponding Unfastening Effort Index (UFI) introduced by Sodhi et al. (2004). For
each fastener type used for disassembly, the U-Effort model identifies several causal attributes and
uses these to derive the UFI score for a given disassembly case. The UFI scale is defined in the 0-100
range, where 100 represents the most difficult disassembly case. It is appropriate to use the U-Effort
model since the majority of non-destructive disassembly operations - a pre-requisite for use of the
platform assembly/disassembly approach - involve unfastening. The mathematical formulation of

PCI is as follows:

Indices

A components A pi8i#

0 variants0 pi816

b product platformb  pi810

Parameters

1#) assembly customization index (handling and insertion two-digit codes for
assembly of component c to platform p to get variant v)

$#) disassembly customization index (U-effort index for disassembly of component
¢ from platform p to get variant v)

0#) Platforms Customization Index for all platforms

o) B B %) B $#) (3)

TAD 1#) 1$#)

PRI and PCl values are calculated for all levelsI  pi8f, p ofthe phylogenetic network tree. Level
L is not considered in the analysis since the selection and subsequent storage of items, i.e. product
variants, belonging to this level corresponds to the initial case of MTS strategy. The outputs of this

step, for each level, are the values of platforms variety and platforms customization effort.

2.2.2.4  Selection of best product platforms
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In this step, the decision maker is able to select a proper product platforms configuration, which best
balances such a trade-off using the values of platforms reconfiguration and platforms customization
effort indices for each level of the phylogenetic network tree. This decision is not universal but is
specific to the industrial company and products under consideration. After the selection phase, the
company manufactures and stocks the platforms following the MTS strategy. Platforms are modular
entities composed of the components most shared within the product family and can be
reconfigured into different variants by assembly and disassembly of components when a customer
order is received. As stated in section 2.2, it is assumed that components can be disassembled from
the platforms without damage through manual assembly operations while products including
permanent joining operations, e.g. welding, would not be suitable. This condition prevents damages

and ensures high integrity and quality during platforms reconfigurations.

2.3 INDUSTRIAL CASE STUDY

A real industrial case study is considered to illustrate and validate the steps of the proposed decision
support system (DSS). The case company manufactures pipe fittings and valves in different plastic
materials using injection molding machines and each product model is available in different sizes,

colours and materials for a total of 1553 items, which represents very high product variety.

kg &

Production volume and demand trend are shown in Figure 6 and Figure 7.
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Figure 6: Annual production volume variation for the case company
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Figure 7: Annual product variants demand trend

The company stocks the products, after production of individual product variants, following the
MTS strategy. The decision to implement such strategy has lead, as primary effect, to the occupation
of a large storage space and high level of inventory. Since plastic valves produce a large proportion
of company revenues and customers ask for medium volume batches of such products, the
industrial company is looking to introduce product platforms for this family of valves to make it
possible to delay products differentiation and manufacture and customize products platforms to

order, hence, increasing operational efficiency and reducing production and storage costs.

2.3.1 Product family definition

Case studies found in literature use product families with limited number of product variants, each
of which is typically made of few components. To address this deficiency, a very large products
family is considered in this study. In particular, the family of valves consists of 16 models, each of
which is available in different materials, sizes and colours. Figure 8 shows an example of one of
these valves, including the BOM, the finished product and the components description. Thirty-eight
(38) product variants exist, each of which is composed of a combination from 9 to 14 components,

for a total of 93 components most of which are symmetric around the axis of insertion. The PCIM is
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the input to the MJPN algorithm for constructing the phylogenetic network. In the following

sections, valve variants are indicated from P1 to P38 and the sub-components from C1 to Co3.

Component number Comp name

1 Handle

Pin O-ring gasket

Pin

Body

PTFE gasket

Ball

Gasket supporting 5

Radial sealing O-ring gasket
Bush

7 8 ¢ )
2 ~ £ 5. (h\
0
@

Figure 8: Example of a valve variant and its components

O 00 1 N R W

2.3.2 Valves platform design and definition of assembly/disassembly relationships

The MIJPN algorithm creates 18 consensus medians/platforms, indicated from Platform 1 to Platform
18. The assembly and disassembly relationships resulting from platforms reconfiguration are
reported in the phylogenetic network tree (Figure 9) while the platforms composition is reported in

Table 1.
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Figure 9: Phylogenetic network tree result for the family of plastic valves
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Table 1: Plastic valves platforms composition

Platform Components

Platform 1 C10, C15, C78, C79, C80, C81, C82, C84
Platform 2 C78, C79, C84, C86, C87, C88
Platform 3 C2, C6, C7, C10, C16, C18, C19, C20, C21
Platform 4 C10, C15, C16, C17, C18, C19, C20, C21

Platform 5 C2, C7, C10, C13, C15, C16, C18, C20, C21, C23, C24

Platform 6 C1,C2,C4, C5,C6, C7,C8, C9, C10
Platform 7 C1, C2, C4, C7,C8, C9, C10, C12, C13, C14, C15
Platform 8 C1, C3, C4, C5, C8, C9, C10, C15

Platform 9 C2, C7, C10, C13, C15, C25, C27, C29, C30, C32, C33

Platform 10 C2, C6, C7, C10, C25, C27, C28, C29, C30
Platform 11 C13, C40, C41

Platform 12 C10, C50, C51, C52, C64
Platform 13 C10

Platform 14 C10, C78, C79, C84

Platform 15 C2, C6, C7,C20

Platform 16 C2, Cs, C7, C10, C25, C27, C29, C30
Platform 17 C1, C2,C4, C6, C7,C8, C9, C10
Platform 18 C2, Cs, C7, C10, C16, C18, C20, C21

2.3.3 Platforms variety and platforms customization effort analysis

The phylogenetic tree obtained in Step Il (Figure 9) is decomposed into multiple levels. In this case
study, 7 levels result from tree decomposition (I p8x and for all levels | pi8ig platforms
variety, PRI and PCI indices are computed. To determine the assembly customization indices (ACI)
of the PCI, all the components involved in the assembly process are analyzed. In the manual
handling phase, all these components can be grasped and manipulated by one hand without the aid
of grasping tools, which corresponds to a digit value equal to 0. The second digit is determined
considering that the components are easy to grasp and manipulate and their size is greater than 15
mm, hence, the corresponding digit code is 0. Therefore, the two-digits code for manual handling of
each component is 00. For the manual insertion phase, a first digit code equal to 0 is selected since
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all the components and associated tools, including hands, can easily reach the desired insertion
location. The second selected digit is 6 since holding down is required during subsequent processes
to maintain orientation and stability at the location and no resistance occurs during insertion. The
two-digits code for manual insertion of each component is 06, yielding an overall assembly effort
for each component equal to (0+0)+(0+6)=6.

To evaluate the disassembly effort for the disassembly customization index (DCI), an UFI index
equal to 6.12 is used for each component. Such value is defined by actually measuring the unit
component disassembly time. This time is similar for all components since they have similar size
and dimensions envelop, therefore, an average component disassembly time equal to 6.5 seconds is
used. The corresponding UFI value, i.e. 6.12, is calculated by applying the following Equation 4,

experimentally determined by Sodhi et al. (2004):

STAWATETCOETA O v Torm (B8) (4)

Table 2 shows a summary of the main results. Tables containing both the detailed and global values

of the indices are included in Appendix A.

Table 2: Indices for the L-1 levels of the phylogenetic tree

N of
Formed components per Platforms Average components

Level platforms platform variety per platform PRI PCI

Level 1 Plat13 1 1 1 0.94 21.97

Plat1l

Plat12
Level 2 4 4 0.75 18.71

Plat14

A b~ O W

Plat15

P13
P14
Level 3 P15 7.78 0.43 9.82

Plat12

© o1 © ©O©o o
©

Platl
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Plat2 6
Plat16 8
Plat17 8
Plat18 8
P13 9
P14 9
P15 9
Plat12 5
Platl 8
Plat2 6
Level 4 12 8.83 0.32 7.12
Plat9 11
Plat10
Plat6 9
Plat7 11
Plat3 9
Plat5 11
P13 9
P14 9
P15 9
Plat12 5
Platl 8
Plat2 6
Plat9 11
Level 5 Plat10 9 15 8.87 0.2 4.20
P38 11
Plat6 9
Plat8 8
Plat7 11
Plat3 9
Plat4 8
Plat5 11
P13 9
Level 6 P14 9 15 8.87 0.2 4.08
P15 9
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Plat12 5

Platl 8
Plat2 6
Plat9 11
Plat10 9
P35 11
Plat6 9
Plat8 8
Plat7 11
Plat3 9
Plat4 8
Plat5 11

Table 2 shows that exploring the tree from Level 1 to Level 6 the platforms variety increases from 1
to 15 as well as the average number of components per platform which increases from 1 to 8.87;
while the platforms customization effort indicators decrease from 0.94 to 0.2 for PRI and from 21.97

to 4.08 for PCI.

The main results are in Figure 10 and Figure 11. In particular, Figure 10 shows the trend of the
average number of components per platform (ACP) vs. PRI while Figure 11 shows the trend of
platforms variety vs. PRI. The trends shown in these graphs indicate that as ACP and platforms
variety increases PRI decreases. Similar trends are observed when plotting ACP and platforms

variety vs. PCI.
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Average n. of components per platform (ACP)

0.18

14 Level

= =
o N

Product Platforms Variety (PPV)
oo

0.15

Level 6

Level 5 Level 4

1 PRI optimum (Level 6)
1 Relevant trade-off points
Level 3 (Levels 2-5)
1 ACP optimum (Level 1)

Level 2

Level 1

0.28 0.38 0.48 0.58 0.68 0.78 0.88 0.98
Platforms Reconfiguration Index (PRI)

Figure 10: ACP vs. PRI trend

Level 5

1 PRI optimum (Levels 5-6)
Level 4 { Relevant trade-off points (Levels 2-4)
PPV optimum (Level 1)

Level 3

Level 2

Level 1

0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
Platforms Reconfiguration Index (PRI)
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Figure 11: Platforms variety vs. PRI trend

2.3.4 Selection of best product platforms

The case company can select the platforms configuration that best meets its needs, having the values
of platforms variety and platforms customization effort indices for each level of the phylogenetic
network tree (Table 2). The considered case company aims at reducing the variety level, and
consequently the inventory at the cost of acceptable increase of platforms customization effort in
terms of number of the required assembly/disassembly tasks. For this reason, the platforms
configuration from Level 6 is selected as a final solution. Figure 12 shows the product platforms
(highlighted in grey) selected for mass production and storage prior to customization according to
orders, as well as the assembly/disassembly relationships involved in subsequently producing each

product reconfiguration.
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Figure 12: Final selection of product platforms
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Compared to the current production strategy (MTS), in which the company stocks 38 types of valves,
following the strategy suggested by the developed DSS, 15 valve platforms are selected for
manufacture and storage leading to a reduction of 60.5% of product variety and consequently to
significant savings in storage costs. The case company accepted an increase in platforms
reconfiguration effort, represented by PRI and PCI indicators, of about 20% due to the platform
reconfiguration required by the new production scenario compared to the MTS strategy. Individual
final products were assembled and stocked in the company warehouse using the MTS strategy,
while in the new proposed configuration based on DPD, only the platforms are stocked and
reconfigured into the final products through assembly and disassembly operations as needed and
shipped to customers, hence reducing warehouse storage and handling cost. The phylogenetic tree
Level 6 selected by the case company corresponds to a value of PRI equal to 0.2, representing an
increase of this index of about 20%. PRI and PCI indices are indicative of the cost of platform
reconfiguration by assembly and disassembly. The selection of Level 6 leads to a slight increase of
valves portfolio because the platforms themselves become new intermediate products that need to
be managed. Nevertheless, the savings obtained in terms of storage costs and product variety
reduction outweighed the reconfiguration effort increase.

The proposed DSS supports industrial companies in the transition towards the adoption of DPD by
using product platforms providing detailed information about the platforms created in each level of
reconfiguration together with the components involved in assembly and disassembly operations
and the values of PRI and PCI indices, indicative of the cost of platform reconfiguration. Each level
of the phylogenetic tree corresponds to a feasible DPD configuration and to a different trade-off
between platform variety and platform reconfiguration effort, which is an effective tool to guide

industrial companies in the selection of the most suitable DPD configuration.

2.4 CONCLUDING REMARKS

#A0EOEIOHIOTWETOEOEWEDEETEO THO TUEUUIOOT Ul UT@UUT O TOIEDEWT TUIEROOUEI TuUTUxOOURES Y
for products variety proliferation. The use of product platforms is an effective strategy to manage
the increasing variety and to delay products differentiation. This paper proposes an innovative
decision support system (DSS) for product platforms design and selection to best manage the trade-

off between platforms variety and number of assembly/disassembly tasks to be performed to
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transform a product platform into a product variant through platforms reconfiguration and
customization efforts. The Median-Joining Phylogenetic Networks (MJPN) algorithm is used in the
design and planning phases to define the number and composition of different platforms using both
assembly and disassembly to customize the platforms into product variants as needed based on
orders. The MJPN methodology is a widely used approach in biology but is relatively new in the
manufacturing field. After the platforms design, the phylogenetic tree is decomposed into multiple
levels to assist with platforms selection. New metrics to measure platforms customization effort by
considering the required assembly/disassembly tasks, i.e. Platforms Reconfiguration Index (PRI),
and the ease of assembly/disassembly factors, i.e. Platforms Customization Index (PCl), have been
developed. They represent an important new contribution to the application of products platforms
customization for managing variety in assembled products. In particular, such indices provide tools
that support industrial companies in determining, for each product variant, whether it is better to
adopt delay product differentiation (DPD) or assemble to order (ATO) strategy, and guide them in
the selection of effective product platforms. A real case study of a large family of plastic valves is
used to validate the proposed approach. The case studies found in literature involve small product
families with limited number of products variants. In contrast, a family of thirty-eight (38) product
variants is considered in this research. Each variant is composed of a combination of 9 to 14
components, for a total of 93 components. Results show that the developed DSS efficiently supports
companies in the design and selection of effective platforms, leading to a reduction of the variety of
assembled and stocked products of about 60.5% and to significant production and inventory
efficiencies and cost savings. At the same time, the company accepted an increase of
assembly/disassembly effort required for platforms customization by about 20% and an increase of
valves portfolio, which is more than offset by the reduction in inventory cost. Using the MJPN and
the assembly/disassembly modular product platforms offer the possibility to produce different
xUOEUENUL UUpOTy OOUTu ITEDu 00Ty x0EJiOUON xUOYDEIO Ty OOUTu RTRIENRUAW B0 xUOEUEROOu x0EI0MO Tou 3T
introduction of product platforms also helps companies achieve a more flexible response to the
introduction of new products mix as well as increased adaptability to changing market demands.
Future research deals with the inclusion of the annual demand data of the different product variants

to consider its effect on the platforms design.

As stated in Chapter 1, while conventional manufacturing systems, such as DMSs, FMSs and CMSs,

can be effectively used to mass-produce product platforms, advanced manufacturing solutions are
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needed to produce the remaining components necessary to reconfigure the product platforms into
the final variants (Huang et al., 2019). Among Next Generation Manufacturing Systems (NGMSs),
Reconfigurable Manufacturing Systems (RMSs) and Reconfigurable Assembly Systems (RASS), rise
in the last few years to respond to the dynamic market changes. Next Chapters 2 and 3 investigate

these systems and propose innovative methods supporting their design and management.
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Appendix A

Table Al: PRI values for Level 1 of the plastic valves phylogenetic tree

Disassembly
Reconfigurations Assembly tasks NCApv tasks NCDpv NCVv Strategy PRIvp
Plat 13- P1 C1-C2-C3-C4-C5-C6-C7-C8-C9 9 - 0 10 DPD 0.9
C2-C6-C7-C16-C17-C18-C19-C20-
Plat 13 - P2 C21 9 - 10 DPD 0.9
C2-C6-C7-C25-C26-C27-C28-C29-
Plat 13 - P3 C30 9 C10 9 ATO 1
Plat 13- P4 C1-C2-C4-C5-C6-C7-C8-C9-C5h4 9 - 10 DPD 0.9
C2-C6-C7-C16-C18-C19-C20-C21-
Plat 13 - P5 C55 9 - 10 DPD 0.9
C2-C6-C7-C25-C27-C28-C29-C30-
Plat 13 - P6 C56 9 - 10 DPD 0.9
C1-C2-C4-C7-C8-C9-C11-C12-C13-
Plat 13 - P7 C14-C15 11 - 12 DPD 0.92
C2-C7-C13-C15-C16-C18-C20-C21-
Plat 13 - P8 C22-C23-C24 11 - 12 DPD 0.92
C2-C7-C13-C15-C25-C27-C29-C30-
Plat 13 - P9 C31-C32-C33 11 - 12 DPD 0.92
C1-C2-C4-C7-C8-C9-C12-C13-C14-
Plat 13 - P10 C15-C57 11 - 12 DPD 0.92
C2-C7-C13-C15-C16-C18-C20-C21-
Plat 13 - P11 C23-C24-C58 11 - 12 DPD 0.92
C2-C7-C13-C15-C25-C27-C29-C30-
Plat 13 - P12 C32-C33-C5h9 11 - 12 DPD 0.92
C13-C34-C35-C36-C37-C38-C39-
Plat 13 - P13 C40-C41 9 C10 9 ATO 1
C13-C40-C41-C42-C43-C44-C45-
Plat 13 - P14 C46-C47 9 C10 9 ATO 1
C13-C40-C41-C48-C49-C50-C51-
Plat 13 - P15 C52-C53 9 C10 9 ATO 1
C13-C34-C35-C36-C37-C38-C39-
Plat 13 - P16 C40-C41-C60 10 C10 10 ATO 1
C13-C40-C41-C42-C43-C44-C45-
Plat 13 - P17 C46-C47-C61 10 C10 10 ATO 1
C13-C40-C41-C48-C49-C50-C51-
Plat 13 - P18 C52-C53-C62 10 C10 10 ATO 1
C15-C50-C51-C52-C63-C64-C65-
Plat 13 - P19 C66 8 - 9 DPD 0.89
Plat 13 - P20 C50-C52-C64-C66-C67-C68-C69 7 - 8 DPD 0.88
C50-C51-C52-C63-C64-C65-C70-
Plat 13 - P21 C71 8 - 9 DPD 0.89
C1-C3-C5-C8-C9-C15-C72-C74-
Plat 13 - P22 C75-C77 10 - 11 DPD 0.91
C15-C16-C17-C19-C20-C21-C72-
Plat 13 - P23 C74-C75-C76 10 - 11 DPD 0.91
C15-C25-C26-C27-C28-C29-C30-
Plat 13 - P24 C72-C74-C75-C77-C91-C92-C93 14 - 14 ATO 1
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C15-C64-C78-C79-C80-C81-C82-

Plat 13 - P25 C83 8 - 0 9 DPD 0.89
C15-C64-C78-C79-C80-C81-C82-
Plat 13 - P26 C85 8 - 9 DPD 0.89
Plat 13 - P27 C64-C78-C79-C83-C86-C87-C88 7 C10 1 7 ATO 1
Plat 13 - P28 C64-C78-C79-C85-C86-C87-C88 7 C10 1 7 ATO 1
C15-C64-C78-C79-C80-C81-C82-
Plat 13 - P29 C89 8 - 0 9 DPD 0.89
C15-C64-C78-C79-C80-C81-C82-
Plat 13 - P30 C90 8 - 0 9 DPD 0.89
Plat 13 - P31 C64-C78-C79-C86-C87-C88-C89 7 C10 1 7 ATO 1
Plat 13 - P32 C64-C78-C79-C86-C87-C88-C90 7 C10 1 7 ATO 1
C1-C3-C4-C5-C8-C9-C15-C91-C92-
Plat 13 - P33 C93 10 - 0 11 DPD 0.91
C15-C16-C17-C18-C19-C20-C21-
Plat 13 - P34 C91-C92-C93 10 - 0 11 DPD 0.91
C15-C25-C26-C27-C28-C29-C30-
Plat 13 - P35 C91-C92-C93 10 - 0 11 DPD 0.91
C1-C4-C5-C8-C9-C15-CH4-C91-
Plat 13 - P36 C92-C93 10 - 0 11 DPD 0.91
C15-C16-C17-C18-C19-C20-C21-
Plat 13 - P37 C55-C91-C92-C93 11 - 0 11 ATO 1
C15-C25-C27-C28-C29-C30-C56-
Plat 13 - P38 C91-C92-C93 10 - 0 11 DPD 0.91
PRI 0.94
Product platform variety 1
Table A2: PCI values for Level 1 of the plastic valves phylogenetic tree
Disassembly
Reconfigurations Assembly tasks MH I sumAClcpv tasks sumDClcpv PClvp
C1-C2-C3-C4-C5-C6-C7-C8-
Plat 13 - P1 C9 00 06 54 - 0 54
C2-C6-C7-C16-C17-C18-C19-
Plat 13 - P2 C20-C21 00 06 54 - 0 54
C2-C6-C7-C25-C26-C27-C28-
Plat 13 - P3 C29-C30 00 06 54 C10 6.12 60.12
C1-C2-C4-C5-C6-C7-C8-C9-
Plat 13 - P4 Ch4 00 06 54 - 0 54
C2-C6-C7-C16-C18-C19-C20-
Plat 13 - P5 C21-C55 00 06 54 - 0 54
C2-C6-C7-C25-C27-C28-C29-
Plat 13 - P6 C30-C56 00 06 54 - 0 54
C1-C2-C4-C7-C8-C9-C11-
Plat 13 - P7 C12-C13-C14-C15 00 06 66 - 0 66
C2-C7-C13-C15-C16-C18-
Plat 13 - P8 C20-C21-C22-C23-C24 00 06 66 - 0 66
C2-C7-C13-C15-C25-C27-
Plat 13 - P9 C29-C30-C31-C32-C33 00 06 66 - 0 66
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Plat 13 - P10

Plat 13 - P11

Plat 13 - P12

Plat 13 - P13

Plat 13 - P14

Plat 13 - P15

Plat 13 - P16

Plat 13 - P17

Plat 13 - P18

Plat 13 - P19

Plat 13 - P20

Plat 13 - P21

Plat 13 - P22

Plat 13 - P23

Plat 13 - P24

Plat 13 - P25

Plat 13 - P26

Plat 13 - P27

Plat 13 - P28

Plat 13 - P29

Plat 13 - P30

Plat 13 - P31

Plat 13 - P32

Plat 13 - P33

Plat 13 - P34

C1-C2-C4-C7-C8-C9-C12-
C13-C14-C15-C57
C2-C7-C13-C15-C16-C18-
C20-C21-C23-C24-C58
C2-C7-C13-C15-C25-C27-
C29-C30-C32-C33-C59
C13-C34-C35-C36-C37-C38-
C39-C40-C41
C13-C40-C41-C42-C43-C44-
C45-C46-C47
C13-C40-C41-C48-C49-C50-
C51-C52-C53
C13-C34-C35-C36-C37-C38-
C39-C40-C41-C60
C13-C40-C41-C42-C43-C44-
C45-C46-C47-Co1
C13-C40-C41-C48-C49-C50-
C51-C52-C53-C62
C15-C50-C51-C52-C63-C64-
C65-C66
C50-C52-C64-C66-C67-C68-
C69
C50-C51-C52-C63-C64-C65-
C70-C71
C1-C3-C5-C8-C9-C15-C72-
C74-C75-C77
C15-C16-C17-C19-C20-C21-
C72-C74-C75-C76
C15-C25-C26-C27-C28-C29-
C30-C72-C74-C75-C77-C91-
C92-C93
C15-C64-C78-C79-C80-C81-
C82-C83
C15-C64-C78-C79-C80-C81-
C82-C85
C64-C78-C79-C83-C86-C87-
C88
C64-C78-C79-C85-C86-C87-
C88
C15-C64-C78-C79-C80-C81-
C82-C89
C15-C64-C78-C79-C80-C81-
C82-C90
C64-C78-C79-C86-C87-C88-
C89
C64-C78-C79-C86-C87-C88-
C90
C1-C3-C4-C5-C8-C9-C15-
C91-C92-C93
C15-C16-C17-C18-C19-C20-
C21-C91-C92-C93

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00
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06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

66

66

66

54

54

54

60

60

60

48

42

48

60

60

84

48

48

42

42

48

48

42

42

60

60

C10

C10

C10

C10

C10

C10

C10

C10

C10

C10

6.12

6.12

6.12

6.12

6.12

6.12

6.12

6.12

6.12

6.12

66

66

66

60.12

60.12

60.12

66.12

66.12

66.12

48

42

48

60

60

84

48

48

48.12

48.12

48

48

48.12

48.12

60

60



Plat 13 - P35

Plat 13 - P36

Plat 13 - P37

Plat 13 - P38

C15-C25-C26-C27-C28-C29-

C30-C91-C92-C93 00
C1-C4-C5-C8-C9-C15-C54-
C91-C92-C93 00
C15-C16-C17-C18-C19-C20-
C21-C55-C91-C92-C93 00
C15-C25-C27-C28-C29-C30-
C56-C91-C92-C93 00

06

06

06

06

60

60

66

60

PCI

60

60

66

60

21.97

MH = Material Handling two-digit code; | = Insertion two-digits code.
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3 DESIGN AND MANAGEMENT OF RECONFIGURABLE
MANUFACTURING SYSTEMS

This chapter addresses the RQ. 2 and aims at defining models and tools supporting the design and
management of a class of reconfigurable systems, called Cellular Reconfigurable Manufacturing
Systems (CRMSs), which emerge in the last years as effective solutions able to overcoming the
weaknesses of conventional CMSs matching, at the same time, the dynamics of modern market.
Deep attention is paid at the transition from the Dynamic Cell Formation Problem (DCFP), which
proposes machine duplications and relocations among the manufacturing cells as a solution to cope
with variation in part mix and demand, to CRMSs, which propose machine reconfiguration to
enhance machine capabilities to process a wider range of production tasks. Finally, implications of
such systems on safety, ergonomics and human factors are analyzed. The content is based on the
following research papers: (1) Bortolini, M., Ferrari, E., Galizia, F. G., Mora, C., Pilati, F. (2019).
Optimal redesign of cellular flexible and reconfigurable manufacturing systems, Procedia CIRP, 81,
1435-1440, (2) Bortolini, M., Galizia, F. G., Mora, C. (2018). Reconfigurable manufacturing systems:
literature review and research trend, Journal of Manufacturing Systems, 49, 93-106, (3) Bortolini, M.,
Galizia, F. G., Mora, C. (2019). Dynamic design and management of reconfigurable manufacturing
systems, Procedia Manufacturing, 33, 67-74, (4) Bortolini, M., Galizia, F. G., Mora, C., Pilati, F. (2019).
Reconfigurability in cellular manufacturing systems: a design model and multi-scenario analysis,
The International Journal of Advanced Manufacturing, in press, (5) Bortolini, M., Botti, L., Galizia, F. G.,
Mora, C. (2019). Safety, ergonomics and human factors in reconfigurable manufacturing systems, In:
Reconfigurable Manufacturing Systems: from design to implementation, Springer Series in Advanced

Manufacturing, in press.

Within the current industrial environment, manufacturing companies are facing radical changes
forcing to improve their standard in product and process design and management. High flexibility,
dynamic market demand, increasing customisation, high-quality products, flexible batches and
short product life cycles are among the key factors driving the transition from the traditional
manufacturing systems to the so-called Next Generation Manufacturing Systems (NGMSs) (Mehrabi

et al., 2000, Mehrabi et al., 2002, Molina et al., 2005, Hasan et al., 2014). In this context, the
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traditionally most adopted production systems such as Dedicated Manufacturing Systems (DMSSs),
Flexible Manufacturing Systems (FMSs) and Cellular Manufacturing Systems (CMSs) show
increasing limits in adapting themselves to the most recent market features. Focusing on CMSs,
within the last few decades, Cellular Manufacturing (CM) has been one of the most successful
strategies adopted by industrial companies to cope with the challenges of modern global
competitive environment (Nsakanda et al., 2006). In conventional CMSs similar parts or products
are grouped to create families, while the required working machines compose manufacturing cells
with the aim of reducing production time, setups, work-in-process, increasing quality and the
system productivity (Singh, 1993, Wemmerlov and Johnson, 1997, Defersha and Chen, 2005).
However, in conventional CMSs, once machine cells are designed, the physical relocation of the
facilities included in each cell in response to new production requirements becomes difficult. To
overcome such and other weaknesses, the literature firstly introduces the so-called Dynamic Cell
Formation Problem (DCFP) aims at coping with variation in part mix and demand implementing
machine relocations and duplications among the available manufacturing cells. Such actions
significantly contribute to the reduction of the intercellular flows, even if, at the same time, lead to
an increase of the investment costs, i.e. direct costs, caused by the purchasing of the duplicated
machines. To overcome this deficiency, current literature proposes the adoption of the emerging
principles of reconfigurability in manufacturing. Thus, Reconfigurable Manufacturing Systems
(RMSs) and, in particular, Cellular Reconfigurable Manufacturing Systems (CRMS) are rising as
innovative manufacturing systems in which machine modification is performed instead of their
relocation and/or duplication with the aim to enhance machine capabilities to process a wider range
of production tasks. Starting from this background, this chapter firstly explores the DCFP proposing
in Section 3.1 a mathematical model supporting the redesign of CMSs through machine
relocations/duplications. Afterwards, following the recent shift toward the reconfigurable
manufacturing paradigm, the emerging concept of reconfigurability is fully revised in Section 3.2
while a design model supporting the optimal design and management of CRMSs best-managing the
trade-off between inbound logistics and machine reconfiguration is presented in Section 3.3. Finally,
Section 3.4 proposes a new methodological framework integrating safety, ergonomics and human

factors in CRMSs.

3.1 THE DYNAMIC CELL FORMATION PROBLEM IN CMS DESIGN
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Within the CM philosophy, Group Technology (GT) aims at identifying parts characterized by
similar features and grouping them together in families to benefits from their similarities in
manufacturing and design (Selim et al., 1998). The fundamental idea of GT is to ease the planning
and control phases of a manufacturing system decomposing it into several sub-systems
(Mohammadi and Forghani, 2017). CM is an application of GT in which similar parts are grouped
together in part families and the corresponding machines into machine cells getting significant
reductions in setup times, lead times and work-in-process (WIP) (Singh, 1993, Wemmerlov and
Johnson, 1997, Defersa and Chen, 2005). To reach the above-mentioned benefits, Cellular
Manufacturing Systems (CMSs) aim at joining the advantages of both job shops and flow shops. Job
shops are suitable for the manufacturing of a wide variety of products in small lot sizes. In such
systems, machines performing similar functions are located in the same department so that parts
requiring different machine types for the performance of their operations need to travel within the
different departments. This system organization generally leads to increased amount of material
handling and WIP inventories. On the opposite, flow shops are designed to produce high volumes
of products at a competitive cost but they require high investment for purchasing machines. This
system performs better than the previous one in terms of material handling, WIP and setup times
because of the machines are located in the production lines according to the product work cycles
(Mohammadi and Forghani, 2017). Since both job and flow shops cannot simultaneously provide
efficiency and flexibility goals to the product variety, CMSs emerged to achieve these requirements.
The aim of this section is to present an original procedure based on operational research (OR) for
the redesign of cellular production environments following the DCFP, which proposes both machine
relocations and duplications as solutions to reduce intercellular flows. Past and current literature
proves that these strategies could lead to relevant benefits for an effective working of CMSs but few
studies still exist.

According to these goals, the reminder of this Section is organized as follows: Section 3.1.1 revises
the relevant literature on the topic. Section 3.1.2 introduces the proposed mathematical model while
Section 3.1.3 presents a case study, based on an instance inspired from the literature, and the results

discussion. Finally, Section 3.1.4 presents key outcomes and final remarks.

3.1.1 Literature review
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This section is organized into two parts. The former explores models and tools addressing the cell
formation (CF) problem in CMSs design while the latter revises the relevant contributions
considering the opportunity to relocating and/or duplicating machines in cellular manufacturing

environments.

3.1.1.1 The cell formation problem in CMSs design

In CMSs, the CF problem is the crucial step to implement. It deals with models and tools to grouping
of parts in families and machines in cells (Mehdizadeh and Rahimi, 2016). In the last decades, the
literature proposed a wide set of contributions facing the CF problem with different strategies and
methodologies, e.g. heuristic, metaheuristic and hybrid algorithms. Chen and Srivastava (1994)
proposed a programming quadratic model for the CF problem maximizing the sum of machine
similarities within cells by using a simulated annealing-based algorithm. Boctor (1991) defined a
mathematical model to minimize the number of exceptional elements (EEs) solved with a simulated
annealing algorithm. Xambre and Vilarinho (2003) proposed a mathematical programming model
addressing the CF problem with multiple identical machines minimizing the intercellular flow and
using a simulated annealing procedure to solve it. A wide but still limited group of researchers
considers the existence of alternative process routings for the production of parts. Won and Kim
(1997) considered the machine-part clustering problem in GT in which parts are characterized by
multiple routings and developed an algorithm based on multiple clustering criteria that minimize
the number of EEs. Akturk and Turkcan (2000) proposed an algorithm to solving the integrated part-
family and machine-cell formation problem maximizing the efficiency of both individual cells and
the overall cellular systems economic performances. Jeon and Leep (2006) developed a methodology
to form manufacturing cells introducing a new similarity coefficient based on the number of
alternative routes during demand changes within multiple time periods. Kao and Lin (2012) defined
a discrete particle swarm optimization (PSO) approach to face the CF problem in presence of
alternative process routings, minimizing the number of exceptional parts outside the machine cells
and comparing the results to those obtained by applying simulated annealing and tabu search based
algorithms. Chang et al. (2013) considered three relevant aspects in designing CMSs, i.e. cell
formation, cell layout and intracellular machine sequence and proposed a mathematical model to

integrate such issues considering alternative process routings, operation sequences, and production
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volumes. Mohammadi and Forghani (2014) proposed an integrated approach to designing CMSs
considering both inter- and intra-cell layouts. The Authors included various production factors such
as alternative process routings, part demands and operation sequences in the mathematical
formulation, with the overall objective to minimize the total manufacturing costs. The reviewed
studies rarely proposed mathematical models and methods solved by applying heuristic and
metaheuristic techniques. Among these, some researchers apply hybrid techniques to solve the CMS
design problem. The main ability of these methods is to join together the strengths of different
techniques. Caux et al. (2000) defined an algorithm for the CF problem to minimize the inter-cell
traffic. A hybrid methodology integrating simulated annealing for the CF and branch & bound for
the routing selection is used for the model resolution. Goncalves and Resende (2004) introduced a
new hybrid approach to forming machine cells and product families based on local search and
heuristic algorithms with the overall goal to maximize the grouping efficacy. Chiang and Lee (2004)
addressed the joint problem of manufacturing cell formation and its layout assignment, minimizing
the intercell flow cost under the cell size constraint. This model is solved by combining a simulated
annealing algorithm augmented with a dynamic programming. Saghafian and Akbari Jokar (2009)
proposed a new integrated view of manufacturing CF and both inter- and intra-cell layout problems
and developed a hybrid method based on dynamic programming, simulated annealing and genetic
operators to minimize the total inter- and intra-cell handling cost. Nsakanda et al. (2006) integrated
the CF problem, the machine allocation problem and the part routing problem in designing CMSs,
defining a solution methodology based on genetic algorithm and large-scale optimization

techniques.

3.1.1.2 Benefits of machine relocations/duplications in CMSs

Despite the literature focusing on the design and management of CMSs is wide, few studies explore
the convenience to simultaneously relocate and/or duplicate a machine in a manufacturing cell as
introduced by Selim et al. (1998) and Wu (1998). They demonstrated that machine duplication
significantly contributes to the reduction of intercellular flows increasing, at the same time, the
interdependence among machine cells. Logendran and Ramakrishna (1997) defined a model to
duplicating bottleneck machines and subcontracting bottleneck parts under budgetary restrictions
in CM systems. Irani and Huang [25] defined practical strategies for machine duplication in cellular

manufacturing layouts. Tavakkoli-Moghaddam et al. (2007) presented a fuzzy linear programming
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model for the design of CMSs by considering fuzzy part demands and changeable product mix as
well as alternative process plans for part type and the possibility to duplicate machines. Bortolini et
al. (2011) introduced a hybrid procedure based on cluster analysis and integer linear programming
techniques to solving the CF problem allowing the possibility of duplicating machines. Mohammadi
and Forghani (2017) proposed a bi-objective model addressing the CF problem considering
alternative process routings and machine duplications. The proposed formulation aims at
minimizing the total dissimilarity among the parts and the total investments needed for the
acquisition of the machines.

Following this research stream, next Section 3.1.2 presents the proposed optimization model for
cellular production environments redesign in which both machines relocations and duplications are

allowed.

3.1.2 A mathematical model for cellular production environment redesign

According to the adopted research approach based on OR, an optimization model for cellular
production environment redesign is proposed. The model belongs to the so-called improvement
models because, starting from an initial configuration, it evaluates the possibility to relocate and/or
duplicate machine types in other manufacturing cells. In particular, the relocation and the
redundancy of a machine type in one or more cells can significantly decrease the total number of
intercellular flows and consequently the total indirect costs. In contrast, in case of duplications,
adding resources to the production environment makes the manufacturing system more complex
and this decision generally implies an increase of investments costs. An effective trade-off is of
strong interest.

In the following, an optimization model evaluates the best configuration of machine cells in the
cellular manufacturing environment including machine relocations and duplications. The model is
developed to avoid non-linearity and to guarantee solvability in a reasonable time. The model

nomenclature and formulation is in the following.
Indices
i Index for parts1  pi 810

j, 0,0 Index for cells %0 i1 ph8HG
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k,Q Index for machine types 010 pi 810

0,¢ Index for operations in part work cycle £1é¢  pi 810
Parameters
0 Number of machines type k assigned to cell j in the initial

configuration [# items]
® 1if part i requires machine k for operation o; 0 otherwise
n Planned production volume during a predefined period
of time for part i [pcs/months]
0 Processing time for operation o in part i work cycle

[minutes/pc]

® Required number of trips per part i [# trips]

0 #UxEEROOIEOULOOEETI0TZzrOachine]

0 1 T100EEROOECUIOIOEETIOTZyOEETI0 ¢

0 4000OITUET0U0ENI0PIEOUIEZr OEETROT¢

t Available time for machines [minutes/machine]

Decision variables
Y Number of machines type k in cell j after

relocation/duplication

YO Total number of relocations and duplications of machine
type kin cell j

0 1 if part i moves from cell j to cell | after operation o; 0
otherwise
¢ pi8I0 p

3.1.2.1 Model formulation

The analytic formulation of the proposed model is in the following.
Ifly B © @ Yo
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