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Abstract. Cyber-physical systems (CPSs) are an increasingly known set of tech-
nologies and applications promising to enable manufacturing firms improving
their responsiveness to deal with the unpredictability of market requirements. In-
deed, from an operational perspective, responsiveness can be achieved because
CPSs are an enabler of the reconfigurability of factories. Reconfigurability is a
capability that has been theorized since almost two decades. Therefore, today we
can consider such grounded theory as a lens to frame emerging CPS-related
knowledge. This paper is an effort to give a contribution in this direction. In par-
ticular, starting from the acknowledgement that a relevant characteristic of re-
configurability is modularity, this research proposes a literature-based analysis
of the Cyber-Physical Systems of the future smart factory.
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1 Introduction

The current scenario is challenging manufacturing firms, pushing them to be more and
more responsive [1, 2]. Indeed, firms need to rearrange quickly their operations in order
to pursue ever-changing goals at an affordable cost, producing according to new re-
quirements and technology changes [3, 4]. Nowadays, disruptive technological ad-
vances are promising to enable firms in meeting these challenges and gain competitive
advantage; amongst the technological advances, Cyber-Physical Systems (CPSs) are
recognized as the basic units of the future smart factories [5, 6].

According to [7], CPSs are the merger of cyber (electric/electronic) systems with
physical things. Using their words, a CPS “helps mechanical systems to perceive the
physical world, process these perceptions as data on computers, make calculations, and
inform systems to take actions to change process outcomes”.

Within manufacturing firms, reconfigurability is nowadays a more and more valua-
ble and desired characteristic. Indeed, over time, a wide base of knowledge has been
developed on reconfigurability (see [8]). However, the current digital revolution, which
leads to the development of CPSs, can strengthen and renew the achievable reconfigu-
rability (according to literature, CPSs enable the reconfigurability of factories [7]).
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For this reason, this paper investigates on the possibility to interpret the recent CPS-
related knowledge under the lens of the grounded reconfigurability theory. Indeed,
based on the available literature on reconfigurability, this paper proposes a literature-
based analysis of the Cyber-Physical Systems of the future smart factory. To this end,
the paper has the following structure. Section 2 adopts a physical perspective. It reviews
CPS-related literature by applying the concept of modularity at different production
levels of a firm. Section 3 adopts a cyber-perspective. It reviews CPS-related literature
by looking at the roles of modules at different coordination levels. Section 4 summa-
rizes the results of sections 2 and 3 and drives the main conclusions of the paper.

2 Modularity at different production levels: a physical
perspective

As stressed in reconfigurability-related literature, the capability to reconfigure should
be referred to different production levels. More precisely, [9] identified six levels (these
were then applied by [10]). However, in real cases, it is often not easy to identify clearly
this high number of levels, also because their boundaries are sometimes faded. Thus,
for the purpose of this paper, four instead of six levels are considered, in accordance to
[11]. These levels are: workstation (correspondent to the individual production phase),
system (e.qg. cells, lines or production departments), factory and network.

As modularity is one of the core characteristics of reconfigurability [12], it can be
applied at the identified production levels. By changing production levels, modules
characterizations and functionalities change. To give an example, for [13] the modules
of a reconfigurable system at workstation level are the reconfigurable machines. To
them, the number of machine configurations can increase the number of system config-
urations exponentially. Overall, building on modularity as a characteristic of reconfig-
urability, the functionality of the system at a higher production level can be changed by
modifying its modules at a lower production level.

In order to identify relevant literature for the review, we used Scopus as the primary
search database. The search consisted of a topic search with two blocks being “cyber-
physical system” and “manufacturing”. Among the identified papers, the ones referring
to either “modularity” or “module” were critically analysed in order to find either ex-
plicit or implicit reference to reconfigurability. The following table (Table 1) sorts
CPSs-related references according to the production level at which they applied the
modularity concept.

Table 1. Production levels at which CPSs-related references applied the modularity concept

References Production level
[14, 15, 16, 17] Factory
[18, 19, 20, 21] Factory — System

122, 6, 23, 24, 25]
126, 27] | |

Overall, the analyzed CPSs-related literature focused on modularity at the four afore-
mentioned production levels. To conclude and synthesize this section we can state that,
similarly to what already consolidated in reconfigurability literature, modularity of



CPSs supports their reconfigurability. Furthermore, within the analyzed literature,
some authors were more oriented to characterize systems at a certain production level
from a physical point of view; others were more oriented to identify the role of such
systems, their functionalities at a certain production level and, therefore, the supported
tasks. This last perspective introduces the need to extend the analysis to relationships
between modules. This aspect is going to be deepened in the following section.

3 Roles of modules at different coordination levels: a
cyber-perspective

A relevant property of CPSs is their ability to communicate and interact with each
other [25, 23]. Overall, literature has widely remarked that future factories will be
made of modules (CPSs) that, empowered by the knowledge gained through inter-
actions, will be self-responsible and autonomously reacting to changes [21, 28,
29]. Cyber manufacturing systems are interacting and cooperating entities ena-
bled by the Industrial Internet of Things [30].

Nonetheless, there are two other aspects that need to be taken into account,
besides the self-responsibility and autonomy. On one hand, the need to achieve
systemic goals should be guaranteed; to our concern, the systemic goal is to assure
reconfigurability as a capability of a manufacturing firm to be responsive with un-
predictable changes of market requirements. On the other hand, the inherent proper-
ties of the Cyber-Physical modules lead to a lack of systemic view.

Regarding the need to achieve systemic goals of reconfigurability, according
to literature [31, 32], reconfiguring a system means changing its functionality (ex-
ploiting its convertibility) or modifying its production capacity (exploiting its
scalability). Thus, modules within a system (at a certain production level) may
need to be changed according to a systemic goal of reconfigurability, i.e. a goal of
convertibility or scalability at a higher production level. In addition, inde-
pendently from the systemic goal, an effective reconfiguration should rely on di-
agnosability, which allows quick identification of the sources of quality and relia-
bility problems during reconfigurations [3], thus reducing the ramp-up time of re-
configurations. Diagnosability can be seen as an intermediate goal in order to
achieve scalability and convertibility [11].

To reach the above stated goals, CPSs are not assuring a systemic view, if they
are taken solely as single modules [33]. Indeed, even if interactions allow CPSs to
develop some knowledge about other CPSs within a certain production level, they
lack of the systemic view required to make optimal decisions to reach systemic
goals [34, 5, 35, 36, 22, 37, 38]. This aspect can be better understood by relying on
the interpretation of CPSs as modules with their specific roles at different produc-
tion levels and, consequently, their own functionalities and supported tasks. In
other words, CPSs as modules have a “view” which is restricted to the production
level they belong to, as it happens with any complex organization of intelligent
resources (endowed with different intelligence).



Therefore, we consider appropriate referring to an additional dimension: the
coordination level. Indeed, according to: (i) the systemic goals (of scalability, con-
vertibility and diagnosability) and to (ii) the systemic knowledge typically possessed
at a higher production level, the Cyber-Physical Modules should be smartly coordi-
nated. To support this statement, we further reviewed papers (obtained through the topic
search with “cyber-physical system” and “manufacturing”), by selecting and critically
analysing the ones referring to the concept of coordination and its goal. Thus, in the
following table (Table 2) we gathered and sorted references that described the coordi-
nation of CPSs (at a given production level) made by systems with broader views (at
the next higher production level). Thus, in such table, we specified the coordinated
levels, jointly with the systemic goals, identified (in the second column of the table) as
(i) scalability, (ii) convertibility, (iii) diagnosability or (iv) a systemic optimization.

Table 2. Coordination at different production levels according to CPSs-related references

Coordi d level [References] Systemic goal
Factory [33] — System [40] — Workstation [42] Not specified

Factory [39] - System [36, 41] Diagnosability
System [22, 14] Scalability

System [34, 5, 35, 23, 37, 38] Systemic optimization

Through literature, coordination requirements for either systemic optimizations or re-
configurability goals are illustrated in the reminder.

3.1  Coordination requirements for systemic optimizations

To coordinate the factory level, [33] presented a theoretical framework for a first
implementation of an Industrial Internet System (IIS) for CPPS. To them, to
achieve coordination of the cyber-physical capabilities of a distributed body of
CPSs, it is mandatory having a correct structure and organization of the commu-
nication functions.

To coordinate the system level, [34] presented a software system that, aiming
at coordinating the different CPSs, uses predictive analysis like data mining com-
bined with a decision support system.

According to [35], a CPS is coordinated through the definition of a global goal of
the processing chain, localised goals of the chain components, and interoperability
architecture.

By proposing a general architecture for smart manufacturing workshop, [23]
stressed that the function modules should work in a collaborative mode. Moreo-
ver, all the equipment, hardware, and software should be integrated in a common
platform. Eventually, information should be exchanged with a MES in order to
make optimal decisions.

For [40], the complexity for defining open-knowledge-driven manufacturing
execution system (OKD-MES) is in maintaining awareness of overall system state
to avoid disruptive actions as various functions may be requested from a system.
They illustrated an approach for designing OKD-MES on top of CPSs that controls
robot workstations and conveyor-based transportation system. The OKD-MES is



then the coordination system, aware of the overall execution of various functions
supported by the CPSs.

An Engineering Support System for sustainable optimization of automation
tasks supervision was proposed by [38]. This leads the control engineer to obtain
a supervision and control solution that allows to optimize the performance of the
system according to the desired key performance indicators.

To coordinate the workstation level, [42] proposed a vertical cyber physical in-
tegration of cognitive robots in manufacturing. In her solution, the cognitive ro-
bots are vertically integrated into the manufacturing industry and coordinated
with the manufacturing execution system.

3.2 Coordination requirements for reconfigurability goals

To coordinate the factory level, [39] designed a proactive intention recognition
and action recommendation system designed for cyber-physical industrial envi-
ronments that is able to recommend actions and generate hints for end users with-
out the need of explicit requests. Its contribution is set in a combined changeover,
maintenance, and replacement scenario for production factories (which can be
considered as supportive to the diagnosability goal). Thus, such system is capable
to coordinate the modules of the production system, and it is coordinated with the
ERP.

To coordinate the system level, according to [42], the decentralization gained
through the exploitation of CPSs can be successful only by ensuring a constant
synchronization with a central system.

For [22], the smart factory (composed of CPSs) should adjust product type and
production capacity in real-time. Thus, reconfigurable production lines - capable
to reconfigure their process paths and recombine manufacturing units dynami-
cally - should be implemented in the smart factory in order to ensure scalability.
A holonic architecture that allows the reconfigurability of manufacturing systems
was proposed by [14]. It presupposes the presence of a coordinator holon, capable
to request the state of the holons and evaluate the best sequence available pro-
cesses to comply with the transformation of the product holon using the available
resource holon. To them, this allows the development of scalable solutions.

According to [41], “CPS is a new research area that aims to seamlessly integrate
computers, sensors, and actuators into an application platform so that application
software can easily interact with the physical environment”. They developed a
middleware, which includes components to help monitor services in a service pro-
cess, identify the cause of problems when they occur, and perform reconfigura-
tions if necessary (which all support the diagnosability goal). The middleware
leads to create some coordination level.



3.3 Concluding remarks

From a cyber-perspective, the analysis made in this section confirmed that the
Cyber-Physical Modules, that have their specific roles (thus functionalities), within a
broader system, need to be smartly coordinated. Depending on the production level
of reference, their coordination requirements change, and the need for a coordi-
nating system, allowing optimizing systemic goals, while positioned at next higher
production level, arises.

Overall, three further observations need to be added: (i) a few authors explicitly
referred to scalability goals. Those who referred to scalability did not specifically focus
on “how” the coordination should allow achieving this goal; (ii) we could not find
authors explicitly referring to convertibility goals; (iii) authors were slightly sen-
sitive to diagnosability goals.

Based on these evidences, we can state that CPSs can be related to reconfigura-
bility as systemic goals, nonetheless further research should be done on the rela-
tionship between the coordination requirements of modules at a certain produc-
tion level and such goals.

4 Conclusions

This paper represents an effort to exploit the soundness of reconfigurability theory as
a solid foundation for interpreting the relatively recent knowledge on Cyber-Physical
Systems (CPSs). To this end, the concept of modularity, which is a core character-
istic of reconfigurability, has been applied to CPSs. Given the twofold nature of
such systems (made of physical and cyber components), two variables, i.e. (i) the
production level and (ii) the coordination level have been described in order to
provide a literature-based definition of the Cyber-Physical Modules of the future
smart factory.

On the one hand, the physical part of modules changes according to the produc-
tion level of reference. On the other hand, also the cyber part changes according
to coordination level of references. Depending on the production level, modules
have different “views”, thus different needs for coordination. Summarising, mov-
ing from lower to higher levels the modules “view” becomes wider, thus influenc-
ing and extending their capability to make autonomous decisions. Moreover, hav-
ing a restricted view introduces the need at higher production levels to coordinate
modules at lower production levels.

Further research could aim at associating CPSs to other core characteristics of
reconfigurability: integrability, diagnosability, scalability, convertibility and cus-
tomization. Particularly, as also observed in section 3.3, further research should
be made on the relationship between the coordination requirements of modules
at a certain production level and the reconfigurability goals.
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