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Abstract—A Key objective in modern and future manufacturing
is increasing efficiency and eliminating downtime, even in the face
of rapidly changing markets. To achieve this, various concepts
and technologies are currently being researched in the context
of manufacturing. One of the main topics of research is ex-
panding the flexibility of resources, processes, products and their
combination. This would enable and optimize concepts such as
cloud manufacturing or equipment-as-a-service. However, in the
literature, many authors focus on researching and experimenting
with concepts or algorithms without defining flexibility. While
the benefits of flexibility are intuitively understandable, often no
quantifiable metric or qualitative analysis is proposed. This leads
to ambiguities and a lack of comparability between approaches.
In this paper, relevant literature and their implicitly covered
flexibility dimensions are categorized explicitly along the Product-
Process-Resource model. Based on this, an exemplary temporal
resource flexibility model and its benefits are discussed. This
numerical modeling method can be applied to further define
flexibility for simulations or optimization algorithms.

Index Terms—Flexible Manufacturing Systems, Manufactur-
ing Automation, Production Control, Flexibility

I. INTRODUCTION

The topic of enabling and expanding flexibility has been
gaining importance in manufacturing for decades. Especially
since the fourth Industrial Revolution, products in manufactur-
ing are becoming increasingly customizable, with the demand
for individualization rising steadily [1]. This requires not only
the digitalization of manufacturing, from machine parks to
business processes but also its flexibilization. This is one of the
key areas of focus in the relevant literature: Legacy production
systems are being reworked to expand their ability to react
to changes and reschedule accordingly. However, there are
various facets of flexibility in current research. This leads to
the term being used in many contexts, from managerial to
technical. Definitions have been proposed that focus describing

on the ability of a system to adapt, react or respond to
changes [2]-[5]. These do not, however, quantify flexibility.
In different fields of research, flexibility is numerically
modeled. For example in electrical energy systems, the term
flexibility of a participating entity, be it a producer or con-
sumer, is defined as the ability of the entity to deviate from
its default grid load profile [6]. This can be possible by using
for example (battery-based) energy storage systems, limiting
electrical consumption or other means. While there are many
parameters of the entity in question that influence energy
flexibility, its modeling is simple: kilowatt-hours over time.
In this paper, the flexibility dimensions in manufacturing are
extracted and categorized along the structure of the Product-
Process-Resource (PPR) model, using these definitions [7]:

e Product: A thing or substance produced by a natural or
artificial process.

e Process: Structured set of activities involving various
enterprise entities, that is designed and organized for a
given purpose.

e Resource: Any device, tool and means, excepted raw
material and final product components, at the disposal
of the enterprise to produce goods or services.

These definitions have been employed in standardized infor-
mation exchange [8]-[10]. Hence, they are used in this work
for the categorization of flexibility. This provides a clear basis
for further research on flexibility in manufacturing.

This paper is structured as follows: Section II gives an
overview of the main research topics of production systems
that deal with flexibility. In Section III, the extracted flexibility
dimensions are presented and categorized. In Section IV, an
exemplary model for the temporal flexibility of a resource and
its benefits is delineated and discussed. In Section V, this paper
is concluded and goals for future work are proposed.



II. IMPLICIT USAGE OF FLEXIBILITY IN LITERATURE

To gain a deeper understanding of the term flexibility in the
context of manufacturing, this section will present a summary
of the prominent research topics and their respective flexibility
aspects. It should be noted that other, less directly relevant
research topics exist, which are not covered here.

A. Flexible Manufacturing System

Flexible Manufacturing System (FMS) is an established
term that has been used in the past decades. Kaigobadi and
Venkatesh [11] define three characteristics of the FMS:

« Potentially independent numerical control machine tools.

o An automated material handling system.

o An overall method of control that coordinates the func-
tions of both the machine tools and materials handling
system so as to achieve flexibility.

This definition is still applicable to current research such
as Pavel and Stamatescu [12], who create an experimental
FMS using robotics, computer vision and further Industry
4.0 technologies, or Pan et al. [13], who create an optimized
deadlock-avoiding scheduling algorithm.

The term FMS has evolved to encompass a broader range
of applications, including the increasing flexibility of man-
ufacturing systems. Consequently, it is now used in a more
diverse manner than the above definition would suggest. For
example, Vital-Soto and Olivares-Aguila [14] define the key
characteristics of FMSs on a higher abstraction level:

o Adaptability that allows changes and adaptation of pro-
cesses and production volumes within the pre-defined
limits without physically modifying the manufacturing
system.

o Responsiveness to changes in products, production tech-
nology, and markets.

o Agility to launch new products for new markets and react
to change, which is achieved with the help of computer-
integrated control and operation of system modules and
production schedules.

Related and successive concepts such as Reconfigurable Man-
ufacturing Systems and Smart Manufacturing Systems have
evolved [14] to include new technological capabilities and
further research topics. However, all of these definitions allow
for various interpretations and do not quantify flexibility.

B. Flexibility in the Job Shop Scheduling Problem

The Job Shop Scheduling Problem (JSSP) formalizes the
problem of scheduling jobs to a workshop. This formalization
poses strict constraints within its definition [15]:

o A workshop consists of a fixed set of machines.
o A job consists of an ordered set of multiple operations.
« Job operations are already mapped onto machines.

Based on these assumptions, the following goal is aimed for:
What is the optimal order of operations across all jobs on the
machines in the workshop? In this context, optimality may be
defined in terms of overall equipment efficiency, makespan,
other metrics or combinations thereof [16]-[18].

A relaxation of the previous definition is found in the
Flexible Job Shop Scheduling Problem (FISSP) [15], [19]-
[22]. This removes the constraint that a mapping between job
operations and viable machines already exists. Consequently,
the problem contains the new goal of finding an optimal
mapping, which increases algorithmic complexity.

The above variation of the JSSP however does not cover on-
line changes. While following the current production schedule,
events may occur such as machine breakdown or the addition
of products. In the Dynamic JSSP, these events are covered
and rescheduling of active jobs is considered [23], [24].

In these problem definitions, the concept of flexibility is
reduced to the substitutability of resources such as machines.
No other kinds of flexibility are considered, leading to a
restricted view. However, this restriction makes the solution of
the optimization problem computationally manageable. Other
variations of this general problem have been proposed, such as
those presented in [25], [26], which, however, do not address
the issue of flexibility.

C. Flexibility of Multi-Agent Systems in Manufacturing

Some works about manufacturing employ Multi-Agent Sys-
tems (MASs) in their ideas to formulate the production plant
of the future [27], [28]. There are significant conceptual
changes in how manufacturing should be conducted: The
classic approach entails the use of machines with predefined
production steps. These are monitored by external software,
which mostly aims to notice failures and similar irregularities.
This centralized logic should be distributed with logically
cohesive functionality grouped and abstracted interaction inter-
faces between them. This concept is known as MAS, wherein
multiple logical agents with general supply offers and demand
goals interact so that the goals are met by the offers.

In the context of production systems, agents manage prod-
ucts and resources (such as machines). Product agents manage
manufacturing goals which are declarative, method-agnostic
descriptions of the desired part state. Resource agents offer
manufacturing skills that may achieve these goals. When
singular skills are insufficient, skill composition can be em-
ployed for aggregate manufacturing capabilities. Similarly to
the FJSSP, the mapping between skills and goals is not defined
and has to be determined by the agents, especially given
that different skills may achieve the same goal. This MAS
concept in manufacturing is illustrated in Fig. 1, with product
and resource agents and also the relationship between their
goals and skills. The process plan of a product would hence
comprise the sequence of negotiated skills that collectively
achieve all product goals. A basic method for finding a feasible
sequence is exploring a path in the topology of all possible
resource skill concatenations until all product goals are met.

Using MASs necessitates some assumptions about the ma-
chines in a cyber-physical production system. In addition to
enabling the reading of status information and other pertinent
attributes to verify the machine’s capabilities, the system must
also facilitate remote adaptation of the machine’s control logic.
Furthermore, the machine must possess settings that facilitate
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Fig. 1. Visualization of a multi-agent system in manufacturing. At the top
product agents are depicted with their production goals, while at the bottom
resource agents with their skills and aggregate capabilities. This architectural
approach decouples product design from resource functionality.

Image: Chair of Digital Manufacturing.

diverse operational modes, a feature that may not be present
in legacy devices. At the very least, modifying the processing
speed may permit energy savings or just-in-time machining
so that the machine is synchronized with the subsequent
production steps. However, much more flexibility is expected
of future machines, products and also processes to enable
flexible and alternative-rich manufacturing. For new resources,
the concept of Plug & Produce [29]-[31] is key for seamless
integration. In this concept, resources automatically register
themselves into the overall production facility, with self-
described states and skills that can be automatically integrated
into manufacturing processes or MASs.

In addition to the theoretical approaches to the creation
and management of MASs, there has been progress in the
digitization of products and resources in analogous ways.
Specifically, standardization and virtualization efforts such
as the Asset Administration Shell (AAS) [29], [32], Open
Platform Communications Unified Architecture (OPC UA)
NodeSets [33] or the IndustryFusion Process Data Twin
(PDT) [34] propose product- and resource-centric digital rep-
resentations as a basis for possible further virtual interaction.
Upon comparison of these approaches with the concept of
MAS:s, striking similarities emerge. Asset-centric digital twins
of either AAS or PDT are analogous to agents. The PDTs or
the resource AASs as well as OPC UA NodeSets describe
the parameters, capabilities and skills of machines, similar to
resource agents. The product AASs contain various forms of
descriptions regarding the product, similar to product agents.

Although not explicitly designated as MASs, those tech-

nologies exhibit several of the defining characteristics and
should therefore be considered in the general discussion. These
decentralized architectures are, in essence, implementations
of the software design principle called low coupling, high
cohesion [35]. Hence, the aforementioned approaches share
a common benefit: Instead of managing a monolithic block
of production logic, subsystems become less interdependent
and more self-contained. In practice, this results in clusters of
functionality or knowledge that can be adapted and exchanged
individually, with minimal impact on other parts and parties of
the system. This decentralization therefore enables important
advantages for all involved parties.

III. FLEXIBILITY TAXONOMY

When using the term flexibility in the manufacturing con-
text, different authors make different implicit assumptions
about its meaning. They therefore expand different dimensions
of flexibility. These can be grouped into three categories
according to the PPR model, which is shown in Table I.

Some authors enable product flexibility by decoupling the
product design and definition from the production process [27],
[36], [37]. This is achieved by either introducing autonomous
product agents or adapting the process and resource logic
to allow for different products to be managed without re-
implementation for each change.

The majority of authors expand process flexibility by en-
abling alternative paths of products in the production process
that are chosen dynamically depending on the production plant
resources and logistics state [5], [13]-[24], [28], [38]-[46].

Finally, some authors investigate the concept of resource
flexibility, which involves enabling machines, that otherwise
would solely be pre-programmed, to dynamically change their
programming so that their skills and capabilities can be
adapted more quickly to new tasks [2], [4], [12], [47]-[49].

The aforementioned literature has identified various op-
erational and tactical flexibility types. Operational in this
context refers to short-term reactions, while tactical signifies
the medium-term planning and scheduling of a system [3].
Some of the authors discuss flexibility at a higher level of
abstraction such as strategic flexibility [3], which refers to
the long-term planned changeability of a system. This is not
the focus of this paper. In the following, these flexibility
dimensions will be defined and categorized according to the
PPR model. See Fig. 2 for a visualization. For products, the
following dimensions have been found:

o Temporal: Variable time-to-finish.

o Operations: Alternative production steps for the same
goal.

e Mix: Alternative product family versions. [36]

For processes, the following dimensions have been found:

« Routing: “Number of alternative paths a part can take
through the system in order to be completed.” [3]

o Sourcing: “Ability to find another supplier for each spe-
cific component or raw material.” [3]

¢ Order: Independent operations may be reordered.



TABLE L

TABLE OF SOURCES AND THEIR COVERED FLEXIBILITY DIMENSIONS
SORTED INTO THE PRODUCT-PROCESS-RESOURCE MODEL. FLEXIBILITY

MEASURES ARE MARKED M, METRICS AND MEASUREMENTS F.

Flexibility
Source

Product Process Resource

[27] M
[36] M
[37] M
(5]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
(23]
[24]
(28]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
2]
[4]
[12]
[47]
[48]
[49]
[3] F F
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Temporal: Variable execution time(s).
Scale: Variable product throughput.

For resources, the following dimensions have been found:

Temporal: Variable start and end time of jobs.

Batch: Concurrent jobs on one resource.

Parallel: Independent usage of different parts of the
resource.

Material: Variable materials may be handled by the
resource.

Quality: Variable processing quality to enhance other
goals (e.g. production speed/time).
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Fig. 2. Visualization of flexibility dimensions in literature in the three
categories product, process and resource. These short- to mid-term flexibilities
enhance manufacturing in logically separate dimensions.

Image: Chair of Digital Manufacturing.

Although this list of dimensions is not exhaustive, it
provides an overview of the flexibility dimensions that are
typically possible. In most cases in manufacturing, it is to be
expected that specialized forms of flexibility will be required,
depending on the intricacies of the entities that are being con-
sidered. Therefore, the flexibility dimensions must be modeled
in a way that is appropriate for the currently considered case.

The existing literature lacks a discussion of modeling ap-
proaches. The sources in Table I research measures and metrics
of flexibility, but none of the analyzed works model flexibility
numerically. A model of this nature could be employed in
further simulations of the production system.

IV. FLEXIBILITY MODELING DISCUSSION

For flexibility to be utilized on an operational or tactical
level, it must be quantifiable. Analogous to the definition of
flexibility in electrical energy systems [6], the following defi-
nition of flexibility modeling is proposed: An entity, whether
a resource, process or product, must be capable of numerically
modeling its possible deviations from the default state. This
would permit the simulation of flexibility, which could then
be validated in the context of specific scenarios.

For example, a simple scenario of temporal resource flexi-
bility is depicted in Fig. 3. Resource r is used by process x
to create product p. Critically in this scenario, process x uses
resource r within the interval [t1,t2] € T, the time dimension.
However, a process x5 for a product p, requires resource r in
a time slot overlapping the time interval [tq,t5]. This conflict
can be resolved by the temporal flexibility of the resource r
which allows for the rescheduling of the time interval [t ¢2]
for process x. This is marked in orange in Fig. 3.

The limits of the temporal flexibility are constrained by the
internal state and previously scheduled usages of resource 7.
This temporal flexibility is not only limited by the capabilities
of resource r, but also interacts with the flexibility of process
x. If process x has scheduled some steps for its product within
the time interval directly preceding [t1, ¢2], it is not possible to



Creates Needs

¥

Temp. Resource Resource
Flex. Time Slot Time Slot
~ T
Resource r i i »Time T
t t2
Resource Time Slot
Needs
Product
[ Process x,

Creates

Fig. 3. Visualization of a basic model of temporal resource flexibility. The
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Image: Chair of Digital Manufacturing.

reschedule the use of resource r. In such a case, the schedule
of process x and the relevant other resources can be iterated
to find a solution using other flexibilities.

To compute accurate values of the flexibility limits for
usage time slots of resource r, it is necessary to model the
influencing variables of it and the products and processes that
utilize it. These may include the internal state of the machine,
the delays incurred by changing the planned schedule, or
previous and following schedules. Furthermore, hardware or
process safety concerns limit the offerable flexibility.

This illustration of flexibility modeling demonstrates the
inherent interrelatedness of products, processes, and resources,
which is also exhibited by their other flexibility dimensions.
This introduces algorithmic complexities in the simulation and
evaluation of flexibility use cases. Nevertheless, numerical
modeling enables the precise prediction of the adaptability
of a production plant during execution. As more flexibility
dimensions are modeled, the potential for adapting overall
production to accommodate new incoming products, altered
processes, or failed resources increases.

V. CONCLUSION

This paper presents the common implicit usages of the
term flexibility in manufacturing using various exemplary
research topics. Afterward, those works are categorized using
the product-process-resource model, and their researched flex-
ibility dimensions are stated explicitly. Finally, the temporal
flexibility of a resource is discussed as an example of the ben-
efits of flexibility modeling. This work proposes a numerical
modeling concept to methodically expand the technical use of
flexibility in, for example, dynamic optimization algorithms.

Future work may include defining and numerically model-
ing the temporal and additional flexibility dimensions, as well
as utilizing them in simulations. Benchmark scenarios can be
defined to analyze the benefits. Once the advantages have been
validated in the virtual realm, connecting flexibility modeling
with modern production control approaches using for example
digital twins can be explored.
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