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Future Industrial Systems: Best Practices of the
Intelligent Manufacturing & Services Systems

(IMS?) French

Research Group

Olivier Cardin, Fouzia Ounnar, André Thomas, DanmlieentesauxMember, IEEE

Abstract—Development of future industry has become an
active research area in the recent years. A structed national
workgroup, called IMS2, has emerged in France ovethe last
decade. The aim of this paper is, regarding four Ighlighted
general research topics (namely agility, new techtmgies,
sustainability and industrial dissemination), to sythetize the
general research works on intelligent manufacturingand to
demonstrate the principal contributions developed \thin the
framework of this national workgroup. After a criti cal evaluation
of the proposed approaches towards alternative sdions, this
paper suggests a 2030 roadmap for the workgroup.

Index Terms—Agility, sustainability, cyber-physical systems,
future industrial systems.

I. INTRODUCTION

manufacturing control concepts, and specificallye th
contribution of what is called nowadays cyber-pbgki
systems (CPS) as a key enabler of future industsiastems
[1].

The aims of this paper is to synthetize the genamablems
of intelligent manufacturing and demonstrate thengipal
contributions developed within the framework ofsthiational
workgroug in four general research topics concerning
intelligent manufacturing systems, namely agilitpew
technologies, sustainability and industrial disgeation.

This paper is organized as follows. First, the gane
scientific topics that need to be addressed fodthelopment
of future industrial systems are synthesized fromaaalysis
of corresponding international roadmaps. Then, \@@rvew
of IMS2 contributions is proposed and a criticahlenation of
the research efforts of this group is conductedatds the
international positioning relative to those probsenkinally,

THE last decade showed an increasing interest of th@st section analyses the results with regardsiéset topics

international community in the challenges assodiatith
future industrial systems. Numerous initiatives dnaince
arisen to structure and support the initiativedath academic
and industrial partners through public-private parships or
separated consortiums. Among them, the worldwidgam
IMS (Intelligent Manufacturing Systems),
framework program Factories of the Future, and onafi
actions, such as Industry4.0, can be cited.
The French research community in manufacturingrobig

Europeark_

and elaborates a roadmap for future research indhenmunity
to cope with the challenges exposed before.

. OVERVIEW OFRESEARCHGENERALTOPICS
ABOUT FUTUREINDUSTRIAL SYSTEMS

International roadmaps

Four longterm paradigms will guide the transformations
that European manufacturing needs to undergo regard
2030 [2]: factory and nature

structured around the national MACS research gro.J(wanufacturin_g vision _
(Modeling, Analysis and Control of Systems) of tB&IRS (green/sustainable); factory as a good neighbaiséctto the
(French National Scientific Research Center), whiethers Worker and the customer); factories in the valueirch
more than 2500 researchers in more than 200 rdseaf€ollaborative); factory and humans (human cenfered
laboratories. In this group, a working group (W@)led IMS2  Programs mamly based around FoF (Factories oftitare)
(Intelligent Manufacturing & Services Systems) geaith the OF SPIRE (Sustainable Process Industry) and ahst kxtent

range of problems of the future intelligent-oriehte EEB (Energy-efficient Buildings) are coordinatingientific
and industry efforts into these directions. Sinijlato
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European events, the “recovery plan” launched infaf8sees

a specific chapter dealing with “Manufacturing agteen
jobs” which establishes the setting-up of an “Adseth
Manufacturing Fund” for the development of advanced
manufacturing strategies. In order to support therational
implementation of this program, the “Council of Aslwrs on
Science and Technology” suggested supporting imapbrt
research initiatives in the advanced manufacturssgtor
related to development of new technologies and gdesi
methodologies supporting the production of highigdvative

! http://www.univ-valenciennes.fr/gdr-macs/index.php



products and materials [3]. The American Natiomatitute of
Science and Technology (NIST) has expressed forlabe
decade several challenges related to future ingirsi global
roadmap considering the development of CPS. Regeatl

public workgroup on CPShas been settled in order to foster

the activity around this concept.

French National Research Agency (ANRraws every year
a roadmap for “Stimulating industrial renewal”. $hibadmap
is derived from the French National Research SiydteSince
2010, this holistic view of industry also took skapddressing
the concept of System Factory, connected to a wwidlkel
supply chain, next to the developments of the teldygies for
virtual factories use. Same as NIST does, a highlig
defined on smart and connected factories, comgrigdpics
such as generic information model and cybersecuFinally,
flexibility and agility of systems are strongly awatted to the

transversal way inside the projects relevant tofthe topics

mentioned above, but is not studied in this paper.
TABLE |
INTERNATIONAL ROADMAPS TOPICS

General . . R
topics Agility [Technologies| Sustainability
~S 5o c - =
> .= 9] =
25 £2 23| 8§ |38t% 3
288 25 EE| St |53E8 %
85 25 £ E e -
© o = (73}
Program
EU X X X X X
NIST X X X X
ANR X X X
PNR X X X
ActionPlanT| X X X X X

development of innovative and effective processesl ai) Agility of organizations

technologies. The “Factories of the Future” Projeets also
approved by the Interministerial Committee for Emwnc
Planning (CIPE) within the Italian Research NatidPeogram

This topic concerns the development of collaboegtimobile,
smart, and adaptive systems. These are intendee &ble to
change, reconfigure, and evolve rapidly with tiraegcording

(PNRP. ActionPlanT (roadmap project of the strategi¢o the market demand. Typically, key challengesceam the
Germany initiative ‘Industry 4.0) has established a development of the digital factory and next gerienatof

manufacturing roadmap for Horizon 2020, which ot a
bold vision, where megatrends and key ICT innovetican
fulfil five underlying ambitions for European enpeises: on-
demand, optimal, innovative, green, and human cethtd his

manufacturing systems, designing flexible interapés
networks of production systems that can be recardig,
increasing the understanding, systematization,aeptance
of holonic manufacturing systems (HMS) conceptsd an

vision goes beyond the shop floor and focuses o® tlefining a framework for collaboration in a nondaiehical

manufacturing enterprises and their collaborattaggeholders
in the holistic supply chain. Based on the techgiclial
concepts of CPS, the Internet of Things, and therhet of
Services, Industry 4.0 provides the vision of Snfzattory

[1].

manufacturing network context. Some various repredive
European projects are presented in table Il inticglato this
first topic.
TABLE Il
PROJECTS DEALING WITH AGILITY IN MANUFACTURING

B. General topics of intelligent manufacturing

Table | positions these international roadmaps tdwa
federative topics they address. The main interdsths
positioning is to observe that the programs, algffowvith

Project Acronym Year Key feature related to agility
INET 2011 Non-Hierarchical Manufacturing Networks
NGMS 2011 Digital Factory
ADDEACTOR 2013 Central knowledge-based design and local

distributed manufacturing

different terminologies, have a consistent vievihaf different
aspects where research and innovation efforts teddcus
for efficiency and acceptability improvements of xhe
generation industrial systems. From this perspectiv is
possible to synthetize three general topics thatll dead
intelligent manufacturing research efforts in thexin few
years, namely agility; new technologies; and suostzility,
which need to be completed by a fourth one dealisitp
industrial dissemination that is transversally esgsed
throughout all the programs. This section intenalsdétail
these topics and to draw a short overview of repredive
international granted projects aligned with thedrmoaps. The
presentation of these projects is made accordinglythe
introduced three first topics. The necessary iqerability
between industrial systems must also be dealt witha

2) Manufacturing technologies
The aspect of technological
manufacturing processes is of great importance &nd
expected to have a high impact on the next gemeraif
manufacturing in the near future. Typically, thispic
concerns the development of revolutionary techriekgo
respond to the future industrial constraints aredgioposition
of decision support systems and simulation toolboxe
improve the process plant operation, safety, maariee, and
quality. It also concerns the providing of a deségiwironment
to describe control strategies, communications reeise and
automation hardware. Table Il shows some reprasigstEU

projects of this topic.
TABLE Il
PROJECTS DEALING WITH INNOVATIVE TECHNOLOGIES DEVELOMENT

2 www.cpspwg.org
www.agence-nationale-recherche.fr/fileadmin/aapé2AlR-Plan-Action-

2016-details-defis.pdf

4 www.enseignementsup-recherche.gouv.fr/cid788G@¢sjie-nationale-de-

Project Acronym Year Key feature related to innovaton
Improve the efficiency and productivity of
IADP 2011 the industrial automation design process
ISMA 2011 Durable materlal; WIFh embedded sensors
and communication technologies
MANUELA 2012 Development of high resource-efficient

production systems.

recherche-bilan-des-travaux-des-10-ateliers.htraliéa8
5 www.miur.it/UserFiles/3239.pdf
5 www. actionplant-project.eu

advances and high-tech



3) Sustainable manufacturing B. IMS? added value to the research community
Integration of sustainability considerations (eamypsociety, The operational activities of the WG IMS2 involveaimly:
and environment) into m_anufacturi_ng maqagemenbe;stis (i) Two or more meetings each year — mainly devatethe
now ~compulsory. Typically, this topic concems thgench research community: international guestaresers
development of new forms of highly competitive MBNIeS, may be invited; (ii) Co-supervision of PhD studen(i)
manufactured  products, and processes, which tablishment of consortiums for project calls (fete or

environment-aware, society-aware, and human-ouent o P
including the supply chain level. Another aspectekated to %uropean.calls),. ('.V) Transfer O.f SC'?nth de . nts to
scholars, industrialists, and engineering schoatde from

energy efficient manufacturing where the objectige to ) . L
deliver energy management standards and a technol assical meetings, there are many activities whiah WG
IMS? initiated and that would have not existed wiih this

framework for next-generation sustainable manufaagu g ) _ '
Table IV contains representative EU projects o ffeld. WG. One typical representative added value is thereation
with a Romanian team from Bucharest of the SOHOMA

TABLE IV
PROJECTS DEALING WITH SUSTAINABILITY IN MANUFACTURING workshop series. This action has led to publisHing books

Project Acronym Year Key feature related to sustaimbility edited by Springer. Table V lists some represardagidded-
SUPLIGHT 201 Holistic Eco-Design. value joint actions.
DIFAC 2012 Collaborative Manufacturing
Sust .Eg‘l"“l’znme”t Efticient C. Research effort classification
IProSPER 2015 ustainable Energy Efficien

Manufacturing The activity of the WG IMS? is presented and stuued in the

remainder of this document using an analysis fraomkewr his
classification is composed of three axes, represgnthat is
) impacted, how and for what purposes. First, araiteased on
A. IMS?in a nutshell the framework of [4] is used to represent what llegk

The WG IMS?, as it was briefly introduced, is omacmg aggregation is considered, with the following pbksivalues:
the 27 WGs of the CNRS research group MACS. It i) Component level; (ii) Machine level; (iii) Shdfwor level;
composed of around 140 French members. It wasectemt (iv) Enterprise level; (v) Logistic level; (vi) Engy system
decade ago to study service or manufacturing cbaysiems level. Second, a criteria based on the five catego(5C)
and architectures characterized by a set of autonsrantities Proposed by [1] is used: C1 — Connection; C2 — v@osion;
whose relationships are not necessarily integratée — Cyber; C4 — Cognition; C5 — Configuratiomadly, the
hierarchically. In other words, heterarchical rielaships may third axis is based on the topics defined befone, idustrates
exist, involving negotiation or cooperation mecisams among "€ objective of the work, either in terms of agili
entities. The group has inherited its theoreticalndations technologies or sustainability.

I1l.  IMS2 RESPONSE OVERVIEW AND CONTRIBUTIONS

e . . L . TABLE V
from artificial intelligence (Al), distributed Aloperations REPRESENTATIVEADDED-VALUE JOINT ACTIONS OFIMS? IN THE LAST
research, soft computing, control theory, discestent DECADE

Details
5 editions, annually since 2011 (Paris, Bucharest,
Valenciennes, Nancy, Cambridge), 2016 edition in
Lisbon, Portugal

modeling and simulation, ambient intelligence, mfation Added-value action

science, robotics or mechatronics, to name justvadomains.
Intelligence can be embedded into material, comptsne

Co-creation of Sohoma
workshop series

product, resources, or distant facilities, whicltowbs these
entities to participate actively in the global pees efficiency.
Holonic and multi-agents modellings are typical m@gh that
can be used. Emerging optimization / multicritetézision aid
mechanisms (e.g., reinforcement learning, stigmgvgtential
fields, swarming, analytic hierarchy/network praesan also
be used efficiently and the existing technical 8ohs are
credible today thanks to the CPS technologies. fipeal

Springer Studies in computational intelligence

Published books (5 volumes: 402, 472, 544, 594, 640)

Roundtable on
Intelligent products

Editions in Cambridge (2012 with D. McFarlane)
and Valenciennes (2015)

J. Intell. Manuf(Springer, 2012, with P.
Valckenaers and 2016, with T. Borangiu, in
progress)Concurrent Eng-Res fSage Journals,
2016, in progressfyomput. Ind(Elsevier, 2016,
with T. Borangiu, in progress)

Special issues of
journals

Joint papers [5]-{22]

issues addressed by this WG concern
performance management and robustness, proof pepies,
sustainability, safety and security, interoper&pikvith the
existing information systems and deployment methagles,
to mention only a few. Typical applications areatetl not
only to the production phase of the product lifeleybut also
to the services involved in the supply chain atiggi, or in
energy distribution and healthcare systems domairse
design, development, use, and recycling phaseshandhole
life cycle of products, services, and processes tnhe
considered within the global context of productedijcle
management.

localizatiom,

IEEE IESM’11, HoloMAS'11,

Special sessions IFAC IMS'13, IFAC INCOM'15

Academic full-size platforms and associated

Benchmarking activities benchmarks provided to the IMS? commu?]ity

D. IMS2 Contributions to future industrial systems greth
topics

Numerous early WG contributions concerned the stofdy
the intelligent product (IP) concepts and applmadi that
could be classified in {Shop-floor; C1; Agility} inthe
previously described framework. First of all, saler
experiments were conducted to prove the concephétice the

7 http://iwww.univ-valenciennes.fr/bench4star/



concept credible) of IP and product-driven systgmasjng the independently [34] and H2CM for hybrid productioystems
way for CPS [9], [23]. All these experiments led td42], all this towards {Shop-floor; C3; Agility} sstems. The
highlighting of opportunities to implement this &inof contribution of some members of the WG IMS? to the
systems [24]. At the same time, to help implementsuch definition of an improved version of ADACOR can @lbe
solutions, several control-emulation system architees were pointed out [17].
proposed [25], [26]. Consequently, a necessary si@p to Considering manufacturing systems, some studiee alsp
define the concepts, terminology and expose thevaet led in the field of reconfigurable manufacturingdaassembly
paradigm associated with this notion [27], [28].blEaVI lines systems (RMS), one of them being describedhin
displays an extensive overview of the contributiohthe WG  Industrial applications section [70]. Based on adustrial
to this subject and also those developed in thenirter of case, a generic framework denoted RAMS was propased
this document. order to model efficiently both the systems and the
TABLE VI reconfiguration activities [71], [72]. Methodologiefor the
OVERVIEW OF IMS? ACADEMIC CONTRIBUTIONS design of manufacturing systems enabling efficient

Performance

Paradigm Control  Decision - =i and reconfiguration methods were also proposed [73].

definition design  making o chmarking 2) IMS2 contribution to the general topic of the deyehent
- of new technologies
g8 (5] [6] 3] (21, PO 1y 26l a7 As stated in Table VI, numerous academic performanc
23 [27] [29] [25] i [
39 [30] [41] [43]-[46) [48]-[52] evaluations of the proposed control architecturesd a
= implementation were executed. In the early yelis WG was
_ created around the laboratories having a stronyitycof
S (812 . . . .
g [40] [42] [141[28]  [28](15] )0 ram foa platform development, aiming at implementing CPSiz¢ 1.
S8E 2 75y 431101 [32] .57 5] These academic workshops are built around automated
83 [34]';4]‘ [63] transfer loops conveying products on pallets arogro 12
gg (56l machines, manual, robotic, or automated, as ilbstrin Fig.
o ® £5 [13][18] [35], [66]- [19], [21], [69] 1. The intelligence is either embedded on the patle
T =& [46] [68] e container (RFID tag [43][59], embedded CPU [12]d#&ino

chips [30], WSN mote [56], etc.) or in the IP (RFiag
embedded in wood or textile raw material [74]) diefg
{Machine; C3; Agility} systems.

1) IMS2 contributions to the agility general topic

This paradigm got then formalized into more genac
innovative control architectures, enabling the ak&ols and
concepts inherited from the field of computer sceeiin the
industrial context. Typically, bio-inspired techoip are used
to integrate the products’ advanced detection aonditoring
functionalities in the loop [29]. The implementatiof such
models led to the problem of decision making, whicas
investigated in many ways, with stigmergic apprascf80],

[31], potential fields [24], multicriteria decisioaid methods Intelligent Products

[32] or negotiations via contract-net protocol [10] at AIP-PRIMECA Product Driven
Many performance evaluations, commonly made using {atclier Inter étaklissement Control System at

discrete-event simulation, were performed on acaclem de Productique;, CRAN, Nancy,

testbeds, and a dedicated approach to generate \tesn Val‘;:::z;”es' France

proposed [33]. The pertinence of including the ftigdy
enabled by the intelligence of the product into thassical
production activity control, organized around a dictve
scheduling of the orders to run in the manufacturin
workshop, was highlighted [34]. Therefore, the \atiis
extended to the holonic paradigm, leading to th&onoof : = R
heterarchical control of systems [35]. The HMS @piowas AIP-PRIMECA Platfarm for

more than 10 years old at that time, and therefthe, flexible Intelligent
community mainly worked on the efficient implemeiua of manufactJring Manufactur ng,

these solutions. Similarly to the classical holonéference \ystems, Nantes, Marssille, France/
architecture (PROSA [36], ADACOR [37], HCBA [38]r B- France

MAS [39]), several attempts have been made to m®po

generic control architectures: PROSIS, enablingsaarchic Many performance evaluations and benchmarking were
control using real time and multicriteria decisinfies [40], performed, both in the job-shops and flow-shops. As
VSM for HMS proposed a meta-model of HMS architeetu demonstrated in Table VII, the main contribution®rev

systems [4:,[]' ORCA-FMS, er)abling an online evotmtixf') the focused on the design of innovative control andassociated
control policy for each entity of the control arggture

Figure 1. Four of the IMS? platforms



decision making techniques. In addition, the retpec
involved teams also took the opportunity to deveaiep CPS
hardware. The idea is generally to design actiamesiporters or
products thanks to Auto-ID technologies (barcodé&;IDR

etc.). The objective is to carry the computatiod aperation

(Table VIII).

Then, a holonic-based production activity contrBIAC)
replaced a hoist scheduling problem solver in amreitic
parts surface treatment line [76], in the same Rd@ain a
re-scheduling approach was proposed for the caplgup

abilities with the product and make them capable dpdustry [31], a Holonic Manufacturing Executionsym was
interacting with their environment, making their w implemented in a Latin-American car glasses marnufac

decisions, and executing these by themselves. xamgle, a
low-cost and low-consumption pallet equipped wittdéino,

Zigbee, batteries, and steering actuators was deeélon an
Elcom-based conveyors system [30], a pull contadenl on
the RFID associated with products was tested [a8H a
control solution for manufacturing systems basedhenWSN
technology was proposed to explore new ways of avipg

the embedded intelligence on holonic entities [56].

TABLE VII
OVERVIEW OF IMS2? PLATFORM EXPLOITATIONS
Design of agile Decision Iﬁg%\ﬁgs
control making development

[45] [55] [12] [54] [58] [59] [30] [56]

Job-shop 11 4161 [65] [18] [62] [13]
[25] [26]

Flow-shop [31] 48] [49] [74][71]

3) IMS2 contribution to the sustainability general top
Sustainability in manufacturing can be dealt withmany
ways [20]. The main focus that the WG IMS? treaied
relative to the definition of choreographies alolelécrease the
environmental impact of manufacturing [75],[68],[7i.e.

[78], the holonic principles were deployed to monita
complex transportation system [80] with Bombardidro led
the SURFER project with the objective of a {Machir4;
Aqility} system, the dynamic behavior of the schixay
procedure for maintenance tasks in petroleum imgusts
enhanced by the use of heterarchical approachdsdid a
scheduling of a production line using the AHP médtheas
tested in vascular prostheses industry [20]. Tp hebecision
making processes in Just in Time contexts, sewvetgligent
approaches were proposed, such as “active kanljd@kor
reactive demand flow technology systems [33], [f0] line
reconfiguration towards a {Shop-floor; C3; Agilitygystem,
and also multicriteria decision aid methods takimg account
contradictory interests in a {Shop-floor; C3; Agili system
[61]. The implementation of IP in trucks for parcilivery is
indeed very promising [79], and many potential biseare
foreseen in the contexts such as the Physicalnettg81]. A
major breakthrough in the classical implementatddrHMS
was also the industrial case of fault diagnosisrahs [80],
proving that the potential of fractality of holom&as indeed
pertinent in the case of large-scale systems.

{Shop-floor; C3; Sustainability}). In particularhis activity is OVERVIEW OFIMSZTSE?UL;;!;:_ IMPLEMENTATIONS

aiming at defining innovative scheduling methoddeato Dynamic Handling

optimize both the productivity and the energy canption of scheduling ~ Maintenance, ~ high Decision

the systems. Another research axis is dealing wite Cg;:t'f’a?r']id t;%eggf'gté uf,i'ﬁe”;% 2;5&%2

production of energy itself, either from traditibn@2] or systems data flows

renewable sources [60] (i.e. {Energy system; CS;In dustry [76][77] (48] [49] [78] [70] [72]

Sustainability}). This axis aims at increasing fhexibility of [78][61] [73]

the control of these systems in order to cope wfta  Transport [o1179] [80] [7o]ie1]
Services [47] [82]

specificities of these systems. In traditional egs$, a generic

and fractal reference architecture was develop2flifdorder

2
to ease the development of control systems for such !V: CRITICAL EVALUATION OF IMS2CONTRIBUTION TO

production facilities, usually of very large size3he
flexibility added to the orchestration of the systealso
enables the control to cope more easily with thenemous
disturbances happening on the system. The develtprhi¢he
energy distribution grids is also a matter of greaportance

RESEARCH FIELD AND STRUCTURATION

This section intends to synthetize the efforts magléMS2
in comparison to the four introduced topics. As [€alX
states, the first topic regarding agility in maratéaing was a
great concern for the community, with over 80 refee

with the management of energy coming from renewabapers in the last decade. The key results of W& with

sources. A decentralized control energy systemisaltrces
and multi-users was thus proposed [60]. Indeed,réimelom
nature of power generation requires a high fleitipibf the
distribution management in order to avoid systecadii
storing the energy.
4) Key results of IMS2? in the general topic of indigtr
dissemination

After validation of the scientific proposals, impientations
in industrial context were deployed. The historifigld of
research of the WG being the industrial systems, fifst

implementations took place in the workshops of llocaifferent

industries willing to handle the complex dynamicsteyns
where classical scheduling did not find any saitigfysolution

the definition of new holonic reference architeesjrenabling
this paradigm to cope with new manufacturing consgf7],
[26], [34], [40], [42], [48], [49]. On an internathal point of
view, these initiatives are the only ones that barfound in
literature in the recent years, which constitutegartant
breakthroughs for future implementations. Indebésé new
architectures are meant to be more appropriateutoref
implementation concerns in terms of adaptabilityd an
changeability of the manufacturing context.

While the concept of CPS was always present in the
implementations, it was often based ore th
integration of existing technologies. This explaimky very
few papers presented innovations about the techpateelf,



aiming rather at demonstrating the breakthrougthéuse of
CPS. However, several developments were made on
subject of embedded intelligence, either directigide the
product [74] or in the transporter of the produt8]| [30],

[56], [62]. These developments were reliable tdolenable
proofs of the developed concepts but were not inidlly

disseminated. Also, the group is currently beconiitigrested
in sustainability and energy footprint of agile méacturing
control, as the references listed in this field quite recent
and their number is constantly growing with timenGidering
international literature on this point, a focus &mman
acceptability of future industrial systems is a @nagoncern
that is not but should be treated by the group.

TABLE IX
OVERVIEW OF IMS2 POSITIONING
General topic IMS? effort ,;Iet:‘r;rté?]::ce)fs Flagship papers
Agility o+ >80 [49], [34], [40], [58]
Technologies + <10 [30], [56], [62], [48]
Sustainability + <10 [20], [60], [68]
Dissemination ++ <20 [48], [61], [76], [80]

As exposed previously, industrial dissemination alagys
been a major pillar of IMS? activities. Those implentations
constituted important proofs of the concepts degwedoin
parallel: product-driven control, active products lwlonic
paradigm among others. In comparison to the preiyou
described industrial projects, those initiativese anot
integrated in larger research project, but are irect
application in the local workshops of the concerimeflistries.
This specificity is favored by the distribution dfe group
members on the territory. On the other side, théssize of the
whole IMS2 which increases the number of differiewustrial
point of views and enhances the genericity of theetbped
concepts. Above these strictly thematic concerhapks to
this original national dynamic, it has led to ciegta real
synergy between the French concerned labs. Thisrgyrhas
materialized and led to common research actions. W&?
has now reached its first objective related todbestruction
of a stable core federation of French and inteonatiteams in
the French-speaking countries (Romania, Canadapddor
Tunisia, Algeria, Belgium, Switzerland...), and tM& must
now evolve. For that purpose, a process has beetedtto
design a challenging roadmap for this WG. The sfifes of
the WG could be explained by the fact that eachareh team
has its own platform embedding various types of cAlld
technologies and control modes. On the other hini#2 has
resulted in a lot of real industrial applicationsadling to
induce the research inquiry with the accurate scdlehe
addressed topics. Moreover, the consortium teame fad
least 10 to 15 years of experience on this suljesed on
complementary and/or similar research
(operations research, discrete event simulatiogistic and
industrial management, traceability, and so on).

V. IMS22030ROADMAP

The roadmap of the WG IMS2
consistently with the needs expressed by the

partners working with its members. One main prospe

has been design

outputted from various big projects concerns thg @RS can
tentribute to the optimization of the whole systbfa-cycle
(e.g. LCC life-cycle cost). This optimization care ldone
inside a single phase of the system life cyclesroftroduction
and maintenance. It can also be done at a broauet pf
view, through different phases of the life cyclgpically, one
can consider different feedback loops from usenteaance
and disassembly phases to the design phase of ystenss,
being production resources and products, and io dkerhaul
during their use phase. This vision is aligned wfith concept
of “intelligent product”. More, considering the whkaosystem
as a fleet of cooperative CPS (sub-systems) wifleetne
interaction with logistics and maintenance centersabling
the integration of new organizational processeshsas
industrial internet or opportunistic maintenanc®SCoriented
approach will also ease the capitalization of kremge from
aging and near retirement operators. Last, by ditgnthe
lifespan of systems and infrastructures, construaiti also
orient their decision towards sustainability, indihg
opportunistic energy savings, deconstruction andisee of
functional manufactured part whose history is knawanks
to the CPS principles. This industrial testimonyuldo be
federated into the projection of the evolutions cofimplex
industrial systems in the near future merging aticar
integration of the control with a horizontal oneraigh
interoperability of information based on the tedogaal
element, development of new technologies of ICT,
environmental and actual cooperation with humamn4S2|
2030 roadmap has been established according to this
projection. It has been structured consistentlyhwitte four
introduced topics and is detailed in the following.

A. Agility of systems enhancement

In the next decade will occur the development ofytr
changeable systems, namely adaptive and reconfigura
flexible systems (RMS). During the last decade, wark
mainly focused on reconfigurability at the leveltb&é control
architectures with predefined layout topologies.(FMS) or
in industrial contexts, enabling the definition fafly flexible
reference architectures and their performance atialu The
next step is to go further in the domain of devalept of
reconfigurable control architectures based on h&ia
topologies, dedicated to RMS that are being tedgically
available. These late implementations may explaitofnated
Guided Vehicles (AGV). The arrival of other mob#atities
in workshops such as drones gives new perspectiveéke
sensing capabilities of the system. However, a taffyet still
needs to be brought to the coordination of theseilmo
entities and their sensing abilities in a semistied

backgroundsivironment such as the shop floors. The effortnbelligent

Product is still to be carried, as the possessfanformation

by the product is however an efficient way to eeablate and
online customization of the manufacturing. This capt is
meant to become the actual way to make distinct

éaanufacturing systems interoperable considerindifiaeycle
inidiist of products and all the other resources. To datsocontrol

gystems of each system need to be able to operitteaw



common standard expressed a priori. The methodm@bgi systems and products. A third aspect directly u@ees in the

aspects and the way agile IMS-based control atites

may be designed are also to be addressed. Indeasay mcontrollers or

architectures exist, but few works have been dongrépose
how to deploy, implement,
considering, for example, the costs, targeted pmidiaces,
safety, etc. Typically, questions such as when,,veimg how
to give the decision power to objects in a disteioil
decentralized way or when it is a suitable timgit it to the
ERP or to the objects are now crucial to addre8% Buture
industrial systems will also be impacted by theadlegment of
cloud technologies, and especially the notion obudl
Manufacturing will actually take shape. In a clcuased
manufacturing system, the shop floor is classicediptrolled
in its hard real-time layer by enhanced controlkerd the near
real-time functionalities are exported into theutlo There, a
multi-agent based control architecture is sharetivéen
different companies, introducing their own paranmsefer the
connection to their actual shop floor. Doing soeythcan
benefit from the dissemination of efficient negtita and
optimization methods and pave the way for a re@giration

design of the controllers themselves, might they rbkot
classical PLC. The current invoaatio
mechanism of programs and methods needs to be Hiraug

apply such architecturestep further in order to enrich the descriptiortted methods

and ease the self-discovery of the capabilitiegshef whole
system. Furthermore, this is a necessary stepotootic field,
which is expected in full expand in the next fewarnge The
collaboration between the human and the cobot bibiadpase
of its efficiency, a higher level of semantic iseded for
enhancing the use of multi-purposes robots.

C. Sustainability

Environmental concerns, industrial ecology, dintiimg
non-renewable resources, stricter legislation anflated
energy costs, increasing consumer preference
environmentally friendly products will foster thevklopment
of sustainable and eco-friendly manufacturing systeEfforts
to develop sustainable manufacturing systems mmistly
consider products, processes, and systems [7],. [@0]a
circular economy, a major function to address m filture is

of the whole supply chain and collaboration betweeln€ recyclability phase of the product or of theteyn. A lot of

subcontractors. More specifically regarding logistiand
supply chain, the scientific progress proposedM$? group
will contribute to the deployment of the conceptRifysical
Internet through the establishment of an open,a|daddfficient
and sustainable logistics system based on CPS.

B. Breakthrough in Technology

On the technological aspect, many advances might
expected on the shop floor level. First of all, tp@wing
interest on vision and on wireless sensor netwarid¢ RFID
technologies faced in the last few years is mealgdd to the
development of a truly disseminated network of datith a
globalized access to information throughout thengetoy and
lifecycle of the objects. Such a concept clearlydifies the
way the technology was designed at first. A newraagh of
these technological components needs to be deifinedier to
cope with these aspects of dissemination and loligtoin of
information, considering the RFID tag as a membgrao
network of data of a CPS and not only as an aut@mousm
carrier. The next few years should focus on thegrdtion of
the various results of
evaluations into innovative hardware of CPS, sushhmse
recently introduced in [30] or [56].

A second aspect deals with the development
communication and interoperability standards antblogies
able to be recursively operated through the whaetrol
architecture, from the actuator to the cloud [8Af believe
that the adaptation of service-orientation and weflvices
approach, coming from computer science field, imgado be
the next major breakthrough in the future induktsigstems.
At the lowest level, the interface between the iserlayer and

emulation-based performangeaintenance and safety studies.

scientific questions have to be addressed: whatetycle?
When and where have components or sub-assemblibe to
sent to recycling firm? How to manage the revemsgstic?
Some research works have been launched [85], bgé hu
opportunities still exist in this domain. Even if ¢an be
considered as a “local” and low-level concern, aidsl
prospect that the IMS2 WG aims to address soonerasdhe
beheduling function, which is one of the most catifunction

in manufacturing (i.e. with the most level of rissf
unsustainability [7]), and to pay attention notyotd energy,
but also to other environmental footprints suctwastes and
GHG, as well as other means required to realizethedules,
in a predictive and reactive way. In such as cdnt&RS can
be useful since they can provide through cooperatiad
aggregation balanced predictive and reactive dewsibased
on a global view of the manufacturing processes ratelant
accurate, up-to-date information, from lower levels
(production control, PLC) to business levels. Atfiwidening
of this scope is to link the scheduling functionthwiother
critical function at the manufacturing level, sucas
Indeed, elaborating
scheduling without any attention paid to maintemamcay
lead to risky, potentially hazardous thus unstdmahuations.

dfleanwhile, even this first widening still deals it single

phase, the manufacturing phase. Thus, a secondniwigle
would concern the different phases of the produxt the
resources lifecycle, from their design to theiryaing. The
IMS2 WG is convinced that CPS, as well as otherselo
concepts such as “intelligent products” and “prdekervices
system” PSS could be highly profitable. Social atpeare
also seldom addressed in our community. They muast b

the implementation methods needs to be more aetyratconsidered in the future activities of the WG IMBhis must

defined. Initiatives and standards such as IEC 81at90PC
UA are promising leads, but more generic and opandards
could be preferably developed for a global interap#ity of

be done at the operator level (e.g., the impasthéduling on
the welfare of operators, capitalization of opersito
knowledge into CPS...) to help them in their dailycid®ns

for



[49], [81], [86], but also at a supervisory leviideed, CPS [4]
systems may have a drawback coming from their tghit
self-adapt and self-reorganize themselves: thedente level |5
of the human supervisor or other human-in-the-ldepling,
communicating or cooperating with CPS must be cdyef (6]
addressed.

VI. CONCLUSION (7]

In the current economic and social context, the AMS
challenges must be targeted by more and more ckstzams (8l
and must be developed and applied in industrigistc, and
service (health contexts, communicating networks, o on)
domains. In the current Internet of Things contéxe IMS2 (9]
principle could be easily implemented; the algorish
heuristics, and all tools coming from the operatioresearch
community have to be adapted to take into accobet t
distributed/centralized aspects of the architectoife the (10]
decision system. Emerging concepts as coordination,
cooperation, consensus in agents / holons comreanitiave

to be studied, and new models have to be propasesbtilt in (11]
a new way to take dynamic, predictive, reactivel egal time
decisions.

Occidental factories of the future will implemerttese (12
kinds of technologies and concepts. However, asiqusly
discussed, even if the IMS? principles are acceptetichosen [13]
as future objectives in the international industaiad research
communities, we have to note that French instingi@nd ;4
major automatic control and computer sciences kbsstill
too hesitant to support this kind of initiative amesearch
subject despite the leading activities of the WGSPMn that (23]
field. Thus, a growing role of the WG IMS? is tosfer the
intelligent manufacturing approaches in France idep to

L. [16]
promote more and more French research labs workitigat
field. IMS2 is an innovative structure in Europagdahe results
of the first years of existence are promising foe future.
Such similar structures are emerging, such as &iblitaly (17]
for example, which emphasizes the impact percetwedhe
community to this kind of initiative. [18]
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