
Chapter 1
Introduction to Scheduling in Industry
4.0 and Cloud Manufacturing Systems

Dmitry Ivanov, Boris Sokolov, and Alexandre Dolgui

Abstract In this chapter, we present an introduction to scheduling in Industry 4.0
and cloud manufacturing systems. We elaborate on the peculiarities of scheduling
and sequencing problems in the context of Industry 4.0 and smart manufacturing.
We delineate recent research streams and summarize the structure and contribution
of the book.

1.1 Scope of the Research Domain

Cloud manufacturing and Industry 4.0 emerge with specific scheduling problems
encompassing complex hybrid logical and terminal constraints, non-stationarity in
process execution, as well as complex interrelations between dynamics in process
design, capacity utilization, and machine setups (Ivanov et al. 2020). The flexibility
and service orientation of digital manufacturing allow for dynamically changing
process technologies (i.e., flexibly reconfigurable jobs through customer-specific
sequencing of operations) to achieve the product individualization and variety. The
Industry 4.0 technology and cloud manufacturing are enabling flexible production,
particularly through the use of cyber-physical systems and highly customized
assemblies (Hwang et al. 2017; Ahn et al. 2019; Frazzon et al. 2018; Leusin et
al. 2018; Tao et al. 2018; Panetto et al. 2019; Yang et al. (2019)) in order to deliver
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manufacturing services on-demand (Ivanov et al. 2018; Ahn et al. 2019; Liu et al.
2019; Dolgui et al. 2019b; Fragapane et al. 2020; Shukla et al. 2019; Zhou et al.
2018).

Such innovative production strategies engender new challenges and opportunities
for short-term job scheduling and sequencing. One difficulty is the strong coupling
when product and process are created simultaneously (Kusiak 2018). Simultaneous
product and process creation direct the discussion in a class of scheduling problems
that have mixed structural-temporal-logical constraints with order scheduling based
on a search for free resources for free operations (Dolgui et al. 2019a). Another
peculiarity of scheduling in cloud manufacturing and Industry 4.0 is its data-
driven nature that, at the same time, becomes favorable for development of new
decomposition methods.

Notably, the cloud manufacturing and Industry 4.0 build upon a service paradigm.
Flexible processes and flexible machines allow to create a principally new entity
for scheduling, that is, a service—an entity needed to fulfill a process step in a
technological chain. The services are formed dynamically based on the available
machines and operations. The services can be built by almost any combination of
machines and operations (Ivanov et al. 2016; Ahn et al. 2019; Liu et al. 2019). As
such, in digital manufacturing, the process design and job scheduling are integrated
due to the flexible usage of services instead of the rigid and fixed allocations
of operations and machines. In this context, the focus of scheduling shifts from
assigning jobs to machines but rather emerges with a combination of process (task)
composition and service composition, which are performed simultaneously to deliver
manufacturing services to consumers on-demand.

Moreover, the COVID-19 outbreak—the unprecedented challenge to manufac-
turing industry—has clearly shown and highlighted the importance of scheduling
in Industry 4.0 and cloud manufacturing. Firms with established technologies for
manufacturing visibility and digital control were able to react to disruptions more
flexible and responsive (Choi et al. 2020; Ivanov 2020; Ivanov and Dolgui 2020;
Ivanov and Das 2020). Ni et al. (2020) point to the need of to develop “predictive
models for proactive scheduling and dynamic planning of supply demands with the
consideration of uncertainties and risk factors. These predictive models will help
corporate decision-makers do what-if analysis of various scenarios”.

In summary, the existing knowledge on scheduling in Industry 4.0, smart
manufacturing, and cloud manufacturing is scattered over different methodologies
but most of them share a certain set of attributes such as (a) flexible process design,
(b) communication of products and machines, (c) flexible machines, and (d) service-
oriented manufacturing.

For example, Audi smart factory in Baden-Württemberg implements a highly
flexible assembly system based on the use of automated guided vehicles. Contrary
to the traditional assembly systems with fixed layouts and process designs, the Audi
smart factory allows for highly flexible process design and sequencing of production
orders in order to achieve the highest degree of the product individualization
while maintaining the manufacturing efficiency (Audi 2019). MindSphere (a
manufacturing platform of Siemens) is cloud-based and represented an open Internet-
of-Things (IoT) operating system where products, plants, systems, and machines are
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connected with each other to enable the usage of data generated by the IoT with
advanced analytics in schedule optimization (Siemens 2019). Another flexibility
driver are autonomous mobile robots that make it possible to develop principally
new forms of assembly by flexible reallocation of the manufacturing services needed
to produce a product (Nielsen et al. 2017; Fragapane et al. 2020). With the help
of smart sensors and plug-and-produce cyber-physical systems, the stations in
the assembly system are capable of changing the operation processing and setup
sequences according to the actual order of the incoming flows and capacity utilization
(Theorin et al. 2017). In the FOUP—front opening unified pods—technology in the
semiconductor industry, robots are used for a real-time operation sequencing. Robots
read the information about the products from the sensors and tags and decide flexibly,
where to forward a wafer batch next (Mönch et al. 2012).

Despite the notable progress, scheduling in Industry 4.0 and cloud manufacturing
is still at the beginning of its investigation. The results from the hybrid shop
scheduling and sequencing with alternative parallel machines, resource constrained
project scheduling with alternative chains, and design of reconfigurable manufac-
turing system and scheduling with both terminal and logical constraints can now be
integrated into a unified framework of Industry 4.0 and require an extension toward
models with hybrid structural-terminal-logical constraints (Dolgui et al. 2019a).

In the first published paper on scheduling in Industry 4.0, Ivanov et al. (2016)
underline the role of real-time information to reduce combinatorial complexity of
the NP-hard scheduling problems. Moreover, this study depicted the resemblance
of Industry 4.0-based manufacturing systems to flexible multiprocessor flow shops.
Rossit et al. (2019) developed a concept of smart scheduling, aiming to yield flexible
and efficient production schedules that are formed dynamically in an event-oriented
matter. Echoing the results in Ivanov et al. (2016), they also referred to similarity of
the smart scheduling to flow shop scheduling problems. In Xu et al. (2019), online
algorithms were developed to maximize the capacity of the machines in custom
manufacturing environment with IoT (Internet-of-Things) capability. Despite some
reported advances, doubts have been raised and considerable ambiguity remains,
however, as to if and how the increased complexity of scheduling problems in
the digital manufacturing can be efficiently tackled by the existing optimization
techniques. Other recent advances in scheduling in cloud manufacturing have been
documented for both products (Mourtzis and Vlachou 2018; Vespoli et al. 2019;
Vahedi-Nouri et al. 2019; Ding et al. 2019; Helo et al. 2019; Yuan et al. 2019) and
services (Chen et al. 2019) and reviewed by Liu et al. (2019) and Zhang et al. (2019).

1.2 Structure of the Book

This book has resulted from the activities of International Federation of Automatic
Control Technical Committee (IFAC TC) 5.2 “Manufacturing Modelling for
Management and Control.” The book offers an introduction and advanced techniques
of scheduling applications to cloud manufacturing and Industry 4.0 systems for larger
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audience. This book uncovers fundamental principles and recent developments in
the theory and application of scheduling methodology to cloud manufacturing and
Industry 4.0.

The purpose of this book is to comprehensively present recent developments
in scheduling in cloud manufacturing and Industry 4.0 and to systemize these
developments in new taxonomies and methodological principles to shape this
new research domain. This book addresses the needs of both researchers and
practitioners to uncover the challenges and opportunities of scheduling techniques’
applications to cloud manufacturing and Industry 4.0. For the first time, it
comprehensively conceptualizes scheduling in cloud manufacturing and Industry
4.0 systems as a new research domain. The chapters of the book are written by the
leading international experts and utilize methods of operations research, industrial
engineering, and computer science. Such a multidisciplinary combination is unique
and comprehensively deciphers major problem taxonomies, methodologies, and
applications to scheduling in cloud manufacturing and Industry 4.0.

Distinctive features of this book:

• Uncovering fundamental principles and recent developments in the theory and
application of scheduling methodology to cloud manufacturing and Industry 4.0.

• Bridging the scheduling theory to cloud manufacturing and Industry 4.0 systems.
• Systemizing new developments and deciphering taxonomies and methodological

principles to shape the new research domain scheduling in cloud manufacturing
and Industry 4.0 systems.

• Innovative applications of scheduling in cloud manufacturing and Industry 4.0.
• Consideration of models with only terminal constraints, with hybrid terminal-

logical constraints, and with hybrid structural-terminal-logical constraints.
• Analysis of computational algorithms.
• Data-driven scheduling models and analytics.
• Unique multidisciplinary view with utilization of operations research, industrial

engineering, and computer science techniques.

The book contains 13 chapters written by the leading researchers in the field
across the globe.

In the Introductory chapter “Introduction to Scheduling in Industry 4.0 and
Cloud Manufacturing Systems,” the book editors Dmitry Ivanov, Boris Sokolov,
and Alexandre Dolgui elaborate on the peculiarities of scheduling and sequencing
problems in the setting of Industry 4.0 and smart manufacturing. They delineate
recent research streams and summarize the structure and contribution of the book.

Real-Time Control Dmitry Ivanov, Boris Sokolov, Frank Werner, and Alexandre
Dolgui develop in their chapter, “Proactive Scheduling and Reactive Real-Time
Control in Industry 4.0,” a control-theoretic perspective of modeling highly flexible
manufacturing systems when process and schedule need to be created simultaneously.
By combining the advantages of continuous and discrete optimization, their chapter
develops a decomposition method for shop floor scheduling in Industry 4.0
manufacturing systems.
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Digital Twin Ícaro Agostino, Sousa Romolo, Eike Broda, Enzo M. Frazzon, and
Michael Freitag focus their chapter, “Using a Digital-Twin for Production Planning
and Control in Industry 4.0,” on the application of simulation models in production
and logistic systems to frame the digital twins. A digital-twin approach to production
planning and control using current cyber-physical systems state data in real time is
presented and validated.

Cloud Material Handling System Fabio Sgarbossa, Mirco Peron, and Giuseppe
Fragapane propose in their chapter, “Cloud Material Handling Systems: Conceptual
Model and Cloud-Based Scheduling of Handling Activities,” a new material handling
paradigm called Cloud Material Handling System (CMHS), developed in the
Logistics 4.0 Lab at Norwegian University of Science and Technology (NTNU),
Norway. With the help of CMHS, scheduling of the Material Handling Modules can
be optimized, increasing the flexibility and productivity of the overall manufacturing
system.

Adaptation Dimitris Mourtzis describes in his chapter, “Adaptive Scheduling in the
Era of Cloud Manufacturing,” the evolution of scheduling techniques during the last
decade. The chapter also provides insightful and meaningful inferences from the
application of innovative solutions in industrial use cases.

Robust Scheduling Pascale Marangé, David Lemoine, Alexis Aubry, Sara Him-
miche, Sylvie Norre, Christelle Bloch, and Jean-François Pétin present in their
chapter, “Coupling Robust Optimization and Model-Checking Techniques for Robust
Scheduling in the Context of Industry 4.0,” a generic methodology for robustness
analysis in production systems of Industry 4.0. The authors consider this as the
first milestone for coupling Operations Research models for robust optimization
and Discrete Event Systems models and tools for property checking for converging
toward a solution with the required robustness level defined by the decision-makers.

Information Services Dmitry Ivanov and Boris Sokolov elaborate in their chapter,
“Integrated Scheduling of Information Services and Logistics Flows in the
Omnichannel System,” on an integration of information services and logistics
flows in the scheduling of omnichannel systems. The proposed service-oriented
description makes it possible to coordinate the information services and material
process schedules simultaneously. It also becomes possible to optimize the use of
information services needed for physical supply processes. In addition, impact of
disruptions in information services on the schedule execution in the physical structure
is analyzed.

Human Factors Daria Battini, Serena Finco, and Fabio Sgarbossa contribute a
chapter entitled “Human-Oriented Assembly Line Balancing and Sequencing Model
in the Industry 4.0 Era.” Using real-time monitoring approach, a dynamic scheduling
and sequencing method is proposed to guarantee the right safety level for each
worker. The authors provide a general overview of smart tools for measuring and
quantifying the ergonomics level. Based on the data from smartwatches, they frame
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a multi-objective assembly line balancing model and an ergo-sequencing model
demonstrating the benefits of using smart solutions and Industry 4.0 tools.

Modularity Nathalie Klement and Cristóvão Silva propose in their chapter, “A
Generic Decision Support Tool to Planning and Assignment Problems: Industrial
Applications and Industry 4.0,” a generic, modular decision support tool to support
decision-making in planning, assignment, scheduling, and lot-sizing in Industry 4.0
systems. They show applications of their approach to several tactical and operational
problems, for example, a problem of planning activities with resources assignment for
hospital systems, a lot-sizing and scheduling problem taking into account the setup
time for a textile application and for a plastic injection problem, and a scheduling
problem with precedence constraints. At the strategic level, this tool can also be used
as part of the Industry 4.0 to design reconfigurable manufacturing systems.

Cloud Paradigm Andrea Grassi, Guido Guizzi, Liberatina Carmela Santillo, and
Silvestro Vespoli analyze in their chapter, “The Manufacturing Planning and Control
System: A Journey Toward the New Perspectives in Industry 4.0 Architectures,”
an evolution of manufacturing planning and control toward Industry 4.0 and cloud
manufacturing paradigms. They present different classical approaches and extend
their scope of application toward the positioning of Industry 4.0 in future market
scenarios. Further, the authors elaborate on the new technologies in Industry 4.0,
and how they can act as enablers for bridging the gap between current and future
production control approaches. Finally, they explore the state of the art of Industry
4.0 and cloud manufacturing architectural implementations, also outlining further
development possibilities and strategies.

Energy Efficiency Junheng Cheng, Feng Chu, and Peng Wu elaborate in their
chapter, “Multi-Criteria Single Batch Machine Scheduling Under Time-of-Use
Tariffs,” on the sustainability issues and energy-efficient manufacturing in Industry
4.0. They introduce a basic single machine batch scheduling problem under time-of-
use (ToU) electricity tariffs. Then it is extended by further considering machine on/off
switching. Finally, a single machine batch scheduling problem under ToU tariffs
in a continuous-processing environment is investigated. For the three considered
problems, appropriate mathematical models are established, and their problem
properties and complexities are demonstrated.

Service Composition Haifeng Zhang, Yongkui Liu, Huagang Liang, Lihui Wang,
and Lin Zhang devote their chapter, “Service Composition in Cloud Manufacturing:
A DQN-Based Approach,” to the application of deep reinforcement learning to
solving cloud manufacturing service composition problems. They propose a deep Q
network (DQN)-based service composition approach in which the system can learn
how to find optimal service composition solutions automatically.

Rescheduling Daniel Alejandro Rossit, Fernando Tohmé, and Gonzalo Mejía
introduce in their chapter, “The Tolerance Scheduling Problem in a Single Machine
Case,” a Tolerance Scheduling problem, which involves the decision-making issues
in rescheduling processes. The solutions to this problem can be incorporated in the
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design of Decision Support Systems (DSS) in Industry 4.0 environments. The authors
present the mathematical foundations for the solutions of the Tolerance Scheduling
problem as well as the technical requirements of their embodiment in Industry 4.0’s
DSS.
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