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ADAPTIVE PLANNING & CONTROL IN CYBER-PHYSICAL 

PRODUCTION SYSTEMS 

 

EXECUTIVE SUMMARY 

The objective of this work is the study of the production systems under the scope of cyber-physical 

production systems (CPPSs) and in terms of enabling their reconfiguration towards increased 

automation and flexibility to volatile working conditions as well as market demands. Towards that 

end, methods corresponding to different layers of the ISA95 automation pyramid, mapped to the 

layers of the 5C architecture for cyber-physical systems, have been connected integrating different 

layers of the architecture and tested in the under investigation CPPSs. 

First, the dynamic closed-loop control of a CPPS has been studied for enabling and controlling safe 

human-robot collaborative assembly operations. An initial implementation is evaluated in a specific 

use case and its results are compared regarding the use of one or more sensors. The comparison is 

performed in terms of system response time to detect human presence within a predefined safety 

zone. 

Afterwards and considering the manual assembly operations, their adaptive planning and 

reconfiguration of the assembly station are discussed. The implementation of the digital-twin 

approach is presented to digitally close the loop between physical and virtual system thus enabling 

a cost-effective improvement of the planning, commissioning as well as the entire lifecycle of 

human-based production processes. A case study from the warehouse, intra-factory logistics 

operation, in the white goods industry, demonstrates the feasibility of the proposed approach. 

Also, as part of the third case study, a holistic framework for reconfigurable cyber-physical 

production systems is discussed, enabled by container technologies. The presented approach 

enhances flexibility in a cyber-physical production system (CPPS) through the dynamic 

reconfiguration of the automation system and the production schedule, based on occurring events. 

The proposed solution has been implemented on a software framework and applied in a small scale 

CPPS coming from the automotive industry. 

Finally, the contribution of the integration 5C layers for the implementation, deployment, and 

reconfiguration of CPPS functionalities converting conventional manufacturing processes to smart 

ones has been assessed via a set of CPPS indicators in terms of contribution to their automation 

level. 
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ΠΕΡΙΛΗΨΗ 

Αντικείμενο αυτής της εργασίας είναι η μελέτη των συστημάτων παραγωγής ως κυβερνο-φυσικών 

συστημάτων επικεντρώνοντας στον προσαρμοστικό σχεδιασμό/προγραμματισμό κι έλεγχό τους. 

Απώτερος σκοπός είναι η δυνατότητα αναδιαμόρφωσής τους για την αύξηση της αυτοματοποίησης 

και της ευελιξίας στις συνθήκες εργασίας καθώς και σε μεταβαλλόμενες απαιτήσεις παραγωγής. 

Για αυτό το λόγο, μέθοδοι, που μεταφράζονται σε διαφορετικά επίπεδα της πυραμίδας 

αυτοματισμού, μέσω της αρχιτεκτονικής 5C για κυβερνο-φυσικά συστήματα, έχουν διερευνηθεί κι 

ενσωματωθεί σε υπό-μελέτη κυβερνο-φυσικά συστήματα. 

Πρώτον, μελετάται ο δυναμικός έλεγχος κλειστού βρόχου ενός κυβερνο-φυσικού συστήματος 

σχετικά με την ασφαλή συνεργασία ανθρώπου-ρομπότ σε ένα περιβάλλον εργασίας. Μια αρχική 

εφαρμογή αξιολογείται σε μια συγκεκριμένη περίπτωση χρήσης και συγκρίνονται τα αποτελέσματά 

της σχετικά με τη χρήση ενός ή περισσοτέρων αισθητήρων. Η σύγκριση πραγματοποιείται με βάση 

τον χρόνο απόκρισης του συστήματος για την ανίχνευση της ανθρώπινης παρουσίας εντός μιας 

προκαθορισμένης ζώνης ασφαλείας. 

Στη συνέχεια, εξετάζονται οι χειρωνακτικές εργασίες συναρμολόγησης, συζητείται ο 

προσαρμοστικός προγραμματισμός και ο επαναπροσδιορισμός του σταθμού συναρμολόγησης. Η 

εφαρμογή ψηφιακού διδύμου παρουσιάζεται για να κλείσει ψηφιακά το βρόχο μεταξύ φυσικού και 

εικονικού συστήματος, επιτρέποντας έτσι μια αποτελεσματική, από πλευράς κόστους, βελτίωση 

του σχεδιασμού, της ανάθεσης καθώς και ολόκληρου του κύκλου ζωής των διαδικασιών παραγωγής 

με βάση τον άνθρωπο. Μια μελέτη περίπτωσης σε χώρο αποθήκης καταδεικνύει τη σκοπιμότητα 

και αποτελεσματικότητα της προτεινόμενης προσέγγισης. 

Επίσης, στο πλαίσιο της τρίτης μελέτης, συζητείται ένα ολιστικό πλαίσιο για τα αναδιαμορφώσιμα 

κυβερνο-φυσικά συστήματα παραγωγής, που υλοποιούνται από τις τεχνολογίες των υπηρεσιών 

πακέτων λογισμικού (containers). Η παρουσιαζόμενη προσέγγιση ενισχύει την ευελιξία σε ένα 

κυβερνο-φυσικό σύστημα παραγωγής μέσω της δυναμικής αναδιάρθρωσης του συστήματος 

αυτοματισμού και του χρονοδιαγράμματος παραγωγής, με βάση τα συμβάντα. Η προτεινόμενη 

λύση υλοποιήθηκε σε μια εφαρμογή λογισμικού και εφαρμόστηκε σε ένα κυβερνο-φυσικό σύστημα 

παραγωγής μικρής κλίμακας που προέρχεται από την αυτοκινητοβιομηχανία. 

Τέλος, η συμβολή των στρωμάτων ολοκλήρωσης της αρχιτεκτονικής 5C για την υλοποίηση και την 

ανάπτυξη λειτουργιών CPPS, που μετατρέπει τις συμβατικές διαδικασίες παραγωγής σε έξυπνες, 

έχει αξιολογηθεί μέσω ενός συνόλου δεικτών επιπέδου ευελιξίας μέσω του αυτοματισμού και 

δεικτών χαρακτηριστικών των κυβερνο-φυσικών συστημάτων παραγωγής. 
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ABBREVIATIONS 

Acronym Explanation 

AGV Automated Guided Vehicles 

API Application programming interface 

BVH BioVision Hierachy 

CAD Computer-aided design 

CEN the European Committee for Standardization 

CENELEC European Committee for Electrotechnical Standardization 

CNL Controlled Natural Language 

CNN Convolutional Neural Network 

CPPS Cyber-Physical Production System 

CPS Cyber-Physical System 

CPU Central Processing Unit 

CRUD Create, Read, Update and Delete 

CS Computer Science 

DCS distributed control systems 

DDS Data Distribution Service 

EA Elementary Action 

EMAM Electric mobility Architecture model 

ETSI European Telecommunications Standards Institute 

FB Function Block 

GANTT Generalized Activity Normalization Time Table 

GMM Gaussian Mixture Model 

GP Gaussian Process 

HBAM Home and Building Architecture model 

ICT Information and Communication Technologies 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

IIC Industrial Internet Consortium 

IICF Industrial Connectivity Framework 

IIoT Industrial Internet of Things 

IIRA Industrial Internet Reference Architecture 

IIS Industrial Internet Systems 

IMSA Intelligent Manufacturing System Architecture 

IMU Inertia Measurement Unit 

IoT Internet of Things 

IP Internet Protocol 

ISO International Organization for Standardization 

IT Information Technology 

IVRA Industrial Value Chain Initiative  

JSON JavaScript Object Notation 

LTI Linear time-invariant systems 

MBS Mass Balancing System 

MC Maintenance Cost 

ME Motion Element 
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MES Manufacturing Execution Systems 

MoCap Motion Capture 

MT Maintenance Time 

NIST National Institute of Standards and Technology 

NTP Network Time Protocol 

OEM Original Equipment Manufacturer 

OT Operation Technology 

PLC Programmable Logic Controller 

RAMI Reference architectural model industry 4.0 

REST Representational state transfer 

RFID Radio Frequency Identification 

ROS Robot Operating System 

RTU Remote Terminal Units 

SCADA Supervisory Control and Data Acquisition System 

SCIAM Smart City infrastructure architecture model 

SGAM Smart Grid Architecture Model 

SOA Service-Oriented Architecture 

SQL Structured Query Language 

SVEI German Electrical and Electronic Manufacturers Association 

TCP Transmission Control Protocol 

TSN Time-Sensitive Networking 

UDP User Datagram Protocol 

US Usability 

VDMA German Engineering Federation 
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CHAPTER 1. INTRODUCTION 

The nature of manufacturing processes differs from business to business. However, every business 

needs a cost-effective automated system that can help improve the overall efficiency of a production 

process demonstrating flexibility and adjustability to variations and changing requirements. 

Additionally, disruptive challenges are emerging for the manufacturing industry caused by 

demographic changes, external markets volatility and the increasing complexity of products and 

processes. This escalates the need for flexible and reconfigurable automation solutions and 

production systems. 

According to Koren & Ulsoy (Koren & Ulsoy, 2002), 

each manufacturing company is based upon three 

foundation pillars: the cost, quality, and 

responsiveness. For those companies to be 

competitive in the global economy, the fulfilment of 

these three goals is equally important. However, 

volatile market demands and uncertainty, put strong 

pressure on them related to the cost, quality, and 

customization of their products, mandating a shift to 

highly flexible and responsive production systems (El 

Maraghy, 2006). Considering the uncertainty with 

regards to volumes and the increasing diversity of 

customers and their expectations along with the investments required to manufacture products at 

the lowest cost in large numbers have created an inflationary trend in capital employed (Richard 

Samans, Jennifer Blanke, Gemma Corrigan, 2015). This fact is in great part caused by the lack of 

flexibility and the under-use of the manufacturing base. 

 

Figure 1: Cost behaviour per unit 

produced in conventional 

manufacturing. 
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The production model in many enterprises is still greatly relying on decreasing costs through the 

volume of products manufactured (Novák & Popesko, 2014). The higher the volume of the products 

the lower the unit cost (Figure 1). As a result, the industry has been focusing all these years into 

optimizing the costs and price of the product and less so with optimizing the capital required for 

making them. 

Therefore, automation 

has become a vital aspect 

of the industrial future, 

enabling accuracy and 

productivity beyond 

human ability. For 

decades manufacturing 

companies have deployed 

automation systems to 

their assembly lines, 

leaving to human operator 

less routine and more 

complex tasks, resulting to 

a market size of $150 

billion in 2016, with a 

forecast to overcome 

$200 billion by 2020 (Figure 2). 

Over the last decade, companies have embraced mass customization to provide preconfigured 

customization value to their customers in an efficient manner and thus increase their competitive 

advantage and market share (Mourtzis, 2016). Customers’ demand for mass customisation has 

increased the product variation, while the emergence of the digital economy is fundamentally 

changing the way companies produce goods and access their markets (Mourtzis, 2018). As a result, 

a need to increase automation levels in production systems has emerged, driven in response to 

factors such as faster business cycles and greater production flexibility tailored to customer 

demands. Recent technological advances can further improve the flexibility of shop floor operations, 

through the adoption of new methods and digital tools (Jackson, Efthymiou and Borton, 2016). State 

of the art technology, such as predictive analytics to the industrial internet of things and cloud 

computing, are already integrated into the manufacturing industry towards optimizing its 

performance cost, quality, and flexibility (Westkämper, 2007). 

 

Figure 2: Global automation market size in 2016 and 2020 by 

segment (in billion U.S dollars) [source: https://www.statista.com] 
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In this new context, conventional fixed automation may operate with high speed and accuracy but 

is not easily reconfigured for new operations within the same production system. This makes them 

expensive and inflexible, thus only suitable for repeated tasks and high-volume productions (Figure 

3). 

Systems where 

computational entities 

are collaborating in 

connection to the 

surrounding physical 

world and its on-going 

processes providing and 

using data accessing 

and data processing 

service through 

networks are called 

CPSs (E. A. Lee & Seshia, 

2011). These systems 

have the capability of 

developing intelligent 

behaviour and thus 

adapting to changing 

conditions through 

constant analysis and evaluation of data streams from connected operations. Advances in 

embedded systems and ICT have enabled a transition of the production systems to approaches with 

a close connection between physical and software components (Alexopoulos, Makris, Xanthakis, 

Sipsas, & Chryssolouris, 2016; Bordel, Alcarria, Robles, & Martín, 2017). Connectivity with the 

promise of enhanced flexibility, hence increased efficiency, is gradually transforming traditional 

automation systems to connected and flexible ones. As the embedded world of PLCs and sensors 

meets the cyber world of the internet and web services, the capabilities of the physical world can be 

extended through communication, computation, and control (Molina & Jacob, 2017). 

A cyber-physical oriented modelling of the manufacturing systems mandates changes in the pyramid 

of automation and IT systems (Cupek et al., 2016a). 

 
Figure 3: Cost effectiveness of different automation levels in 

production [based on ABB/ European Robotics Forum 2016] 
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In particular, a manufacturing-oriented 

version of a CPS fusing CS, ICT and 

manufacturing science technology is 

defined as a cyber-physical production 

system, with a first framework (Griffor, 

Edward R, et al., 2017) suggested by NIST 

being presented in Figure 4. In a smart 

manufacturing context, every device and 

subsystem is a basic element of 

information (Liu et al., 2017). 

Thus, the effective control of manufacturing systems requires the consideration of cyber-physical 

system features (Suh et al., 2014). Cyber-physical features (Leitão et al., 2016a; L. Wang et al., 2015a) 

and ICT based context-awareness services (Ziemke, Schaefer, & Endsley, 2017) are key technologies 

towards enabling flexible manufacturing systems (S.a Scholze & Barata, 2016). The migration to such 

advanced production methods can provide manufacturers with greater visibility into their 

operations, which in turn, will enable advanced control over them and improve the flexibility of the 

overall production system. 

 

 

Figure 4: CPPS NIST framework 

 

Figure 5: The emergence of cyber physical systems 
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1.1. CHALLENGES 

Nowadays, products are becoming more complex, connected and more service-oriented in a 

product-system perspective. Changing needs reveal the need for interconnected design domains, 

which in turn mandates an adaptable and reconfigurable or changeable to varying market demands 

manufacturing system at an operational level. 

Changeability is defined as the degree to which a system can adapt to changing circumstances, 

regardless of the strategy used to achieve it (flexibility or reconfigurability) (Andersen et al., 2018). 

Changeable manufacturing has been introduced to wrap under an umbrella encompassing flexible 

and reconfigurable manufacturing systems (ElMaraghy et al., 2019; Wiendahl et al., 2007). 

In industrial practice, many engineering systems have been designed decoupling the control and 

decision-making system from the hardware/software implementation details. After its design and 

verified by simulation, ad-hoc tuning methods are employed to address modelling uncertainty and 

random disturbances. 

Changeable or reconfigurable production systems can facilitate adjustment in their structure, 

software and or hardware configuration enabling changing production capacities and functionality, 

thus, achieving high-quality flexible batches. However, the following challenges need to be 

considered to make a shift from traditional manufacturing paradigms to changeable manufacturing, 

also illustrated in Figure 6: 

• Existing production lines are efficient for large pot sizes of identical or similar product types 

• Existing flexible automation is dedicated to repeatable tasks which take time and effort to 

configure 

• Integration of new hardware/software mandates for production stops 

• Integrated management of low- and high-level functionalities is currently missing. 

• Concerning the final two points, a shared technology-agnostic middleware is needed. 

In this direction and towards performing a shift from traditional to changeable production the plant 

level applications have to be seamlessly bridged with low-level operations interconnecting both 

software and hardware elements under a unified structure enabling holistic planning and control of 

the performed operations. 
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Figure 6: From Traditional to Changeable Production – Main Challenges and Transformation Drivers
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The industrial sector today is experiencing its fourth industrial revolution, powered by technological 

advances in the fields of robotics, artificial intelligence, and enhanced connectivity, usually 

mentioned as the IoT. Additionally, the advent of modern sensors, big data, and cyber-physical 

systems redefine the industry boundaries as well as the business models and practices for 

manufacturing companies. As a result, products are manufactured faster and with higher 

consistency. In such an environment CPPSs could transform today’s factories into industry 4.0 

compliant systems with significant potential. 

The integration of various low-level operational functionalities to high-level planning and 

management may enable advanced flexibility and changeability via the integration of a technology-

agnostic middleware, facilitating scalability, connectivity, and interoperability. 

However, a CPPS requires interconnectivity of its constituent systems and elements making total 

decomposition impossible. Moreover, product families and changing capacities induce 

dependencies and constraints between the different variants and common modules. This results in 

increased complexity during the CPPS design as well as implementation, which only increases if 

feedback loops are considered. 

Hence, the main challenges in designing and implementing a CPPS is satisfying the needs for 

interoperability among the various heterogeneous devices, enable standardize interfaces ideally 

agnostic to specific technologies or partially agnostic and enable flexible reconfiguration of 

components adapted to feedback loops as generic as possible given the production context and 

needs. The main challenges are also illustrated in the following figure. 

 

 

 

Figure 7: The main challenges of manufacturing systems towards changeable 

manufacturing 
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1.2. PROBLEM DEFINITION 

Towards enabling new production paradigms of increased flexibility and adaptability to internal and 

external disturbances, production systems are required to make a transition to digital solutions and 

smart manufacturing (S. Wang, Wan, Li, & Zhang, 2016), adapting dynamically to working conditions. 

This includes both the collection of runtime events and inputs as well as their interpretation to 

control signals as well as their connection to shop floor actuators, software, hardware, or even 

human operators. As a result, the manufacturing process itself no longer can be treated as a separate 

black box in the plant control logic but needs to be managed in interconnection to other systems. In 

other terms, they need to be analysed as interconnected systems with cyber-physical features. A 

CPS is an integrated system of computing, communication, and control (E. A. Lee, 2006, 2008a; 

Sanjit, 2009). Industry 4.0 makes use of CPS in production systems creating the cyber-physical 

production systems (CPPS) (Bartodziej, 2017; László Monostori, 2014; Yao et al., 2017a) connecting 

the physical with the virtual space to enable intelligence to shop floor equipment, thus creating 

better production conditions and smart production.  

In particular and according to (E. A. Lee, 2008b), a CPPS is a manufacturing-centred version of a CPS 

that fuses CS, ICT, and manufacturing science technology (Figure 8). In this context, realizing the 

industry’s 4.0 vision is characterised by challenges bringing together different scientific principles 

and governances. 

 

Figure 8: Expected smart production example 
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Current technological evolution and introduction in production systems are characterized by the 

penetration of computational capabilities, i.e., data and information processing, into the 

mechatronics, transforming gradually the traditional shop floor into an ecosystem (Zhou, Liu, & 

Zhou, 2016). Some of its key challenges are illustrated in the following figure and presented below: 

• Unified data modelling for dynamic planning and control 

• System interoperability and scalability 

• The deployment and integration of the planning and control features into a production system 

• Verification, testing, and reconfiguration 

• Connection of older equipment to the planning and control network 

 

Figure 9: Problem definition in brief 

The integration of new technology into an existing system requires professional expertise and 

training. However, with the growing demand for sophisticated and high-quality products, businesses 

must quickly adapt and utilize the power of emerging automation systems. 

 

To aggregate and manage sensor information, actuators along with the entire production chain in 

a holistic manner, design of an end-to-end architecture and implementation extending from the 

field level to production management system at the top of the automation pyramid must be 

carried out seamlessly (Brecher et al., 2017; Mourtzis & Vlachou, 2018a; Nikolakis et al., 2020).
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1.3. RESEARCH CONTRIBUTION 

In the previous section, the need for achieving flexible, adaptive, and reconfigurable production has 

been outlined. Towards this direction interoperability is needed between high-level planning and 

control layers. This can only be achieved by establishing both horizontal and vertical integration of 

information systems. 

The horizontal integration of data is mostly performed by proprietary systems and interface 

standards. Thus, information exchange in an encapsulated layer of the automation system is 

organised in terms of a fixed system with precedential information (Mourtzis et al., 2019). However, 

vertical integration of information is not trivial in terms of a dynamic production environment. 

Traditionally, the automation pyramid inspires information exchange between different layers of the 

information system. Such concepts serve as pseudo-standardized architectural system patterns in 

ICT for factory automation. However, a CPPS planning and control logic has the responsibility to 

orchestrate physical processes, while on the other hand general-purpose software systems are 

aiming to transform data based on interacting sequences of state transformations. 

To effectively model and control a manufacturing system towards achieving increased flexibility and 

situation awareness in runtime, a modular approach in the design of the shop floor intelligence and 

automation is required.  

Concerning the aforementioned, the key contributions of this dissertation are listed hereafter: 

1. Vertically integrate different layers of the 5C architecture to achieve modularity and 

reconfigurability of the production functionalities towards enabling the creation of a smart and 

sustainable CPPS. 

2. Investigate the representation of production systems of different complexity and application as 

CPPS and discuss the methods adopted for dynamic planning and control of the CPPS. At this 

point, it should be mentioned the modular and distributed paradigm of IEC61499 standard, 

through its completely event-based implementation, facilitates the necessary abstraction to 

define various operational states characterizing the behaviour of the system providing a CPPS 

unit 

3. Investigate, design, and implement methods for adaptive planning and control of CPPS 

concerning versatile and complementary scenarios 

4. Collect, filter and aggregate data from various data sources enabling monitoring, virtual model 

creation and context-aware supervisory control 

5. Design and implement decision making modules implementing high-level management logic 

using fixed, rule-based and machine learning techniques
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6. Implement prototype applications testing the integration of inherently different operational and 

information systems. Aim of integrating 5C in use cases of complementary features and of 

increasing complexity is to develop a flexible control logic in the cyberspace controlling the 

physical world in closed-loop adaptive control. 

7. Introduction of a technology-agnostic middleware for enabling reconfigurable CPPS 

8. Assessment of the proposed approach contributes to the flexibility, in terms of reconfigurable 

operations, of the systems included in the 3 scenarios. 

9. Finally, through these steps, the current work aims to provide the reader with a viewpoint on 

implementing an end-to-end application encapsulating cyber-physical features to plan and 

control holistically and in a dynamic way a manufacturing process. 

Summarising, the key research contribution of the dissertation is given by the following: 

The design and implementation of the required methods to enable the edge-to-edge adaptive 

planning and control in a CPPS concerning existing devices and production logic. The purpose is to 

enable increased flexibility in the supported production process through the reconfiguration of the 

software and hardware logic realising the production process and based on the established feedback 

loops. Based on those, the investigation of whether the Industry 4.0 technologies in the context of 

a CPPS can be used for reconfiguring its functionalities and increase its flexibility. 

1.4. DISSERTATION ROADMAP 

The dissertation consists of six main chapters being structured as follows: 

Chapter 1 introduces the challenges associated with the dissertation, defines the problem under 

investigation, and describes the research contribution 

Chapter 2 presents a short overview of the evolution and emergence of CPS and CPPS as well as the 

main reference architecture used up to model such applications. The key characteristics, as well as 

the differences among the different approaches, are discussed. Moreover, and with regards to 

manufacturing systems, different control approaches are presented along with their application 

areas. Finally, this chapter ends with a short discussion on identified limitations from the current 

approaches leading to the motivation for this research. 

In Chapter 3 the description of the methods for the adaptive planning and control are presented 

covering the approach and methods used to digitalize a manufacturing environment, integrate 

different assets, apply supervisory control techniques, and enable adaptive planning and control 

approaches. The methods are classified into layers following the 5C architecture (J. Lee et al., 2015c), 

covering the following aspects of a CPPS: 

- Integration of heterogeneous devices for decision making and low-level control 

- High-level decision making for adaptive planning and production configuration 
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Chapter 4 is diving into more technical details presenting the main technologies used to implement 

the methods discussed in Chapter 2 into prototype systems enabling adaptive planning and control 

in a CPPS, with or without the use of digital twin model. The implementation is based on the methods 

discussed in Chapter 2 and IEC61499. Moreover, the assessment approach of the overall CPPS is 

discussed while a technology-agnostic middleware is presented bridging the ap between low-level 

control and high-level decision making. 

Chapter 5 presents the implementation of the developed tools and methods to 3 industrially 

oriented use cases related to hybrid assembly operations in the context of a CPPS. The use cases 

include the following paradigms: 

1. Low-level adaptive control CPPS study (Machine shop): A shared working area for human-robot 

interaction and/or collaboration, where the adaptive control concerns the movement of the 

robot itself, allowing for the human to remain safe. This example examines the integration of 

the different systems into one architecture as well as the application of automatic adaptive 

control approaches in a closed-loop control system. 

2. Case about the adaptive planning of a CPPS (White goods scenario): The next test case is 

related to warehouse operations. The CPPS includes the human in the loop, where the adaptive 

control relies upon accurate and connected digital models of both the human operator(s) as 

well as the environment itself. The assembly operations are planned via means of dynamic 

simulations, to achieve the desired ergonomic score of the entire assembly process. There are 

no automatic control methods considered or techniques applied.  

3. Integrated adaptive planning and control investigation (Automotive industry use case): Finally, 

the integration of additional hardware and software systems, is tested in a more complex use 

case concerning the assembly of an automotive mass balancing system. In this use case, the 

complete modelling, implementation, and integration of all systems are examined for enabling 

adaptive planning and control of the assembly station and its assets towards uninterrupted 

assembly meeting the production targets. 

 

Figure 10: Industrially driven study cases 
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In Chapter 6 the results of the presented developments are discussed, and conclusions are drawn. 

The contribution of the presented work, its innovative characteristics, the potential impact for a 

manufacturing system as well as directions for future research are discussed. 

 

 

Figure 11: The approach followed in the dissertation
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CHAPTER 2. LITERATURE REVIEW 

This chapter includes a review of the international academic and industrial literature on the topics 

that are of interest to this dissertation. More specifically, the topics examined are:  

• from conventional manufacturing cyber-physical production systems and smart manufacturing 

• Low-level dynamic control in manufacturing workstations 

• Digital twin models and adaptive planning of assembly operations 

• Virtualization techniques for adaptive planning and control of hybrid assembly stations 

For each of these topics, the most prevalent international literature is collected and reviewed. 

The outcome of the study is the depiction of the current industrial status and the identification of 

the gaps in current practices. These gaps were the motivation for further research and are used to 

highlight the contribution of the thesis in each of the investigated topics.  

It should be highlighted that the literature review is not exhaustive; adaptive planning and control is 

an active research field and industrial applications are still at an early stage, of integrating prototype 

solutions and validating the outcomes. Nevertheless, the most prevalent international studies, 

reports, review were taken into consideration. 
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2.1 LITERATURE REVIEW METHODOLOGY 

The. review of the related current set of practices was performed in two directions, namely the 

academic state of the art as well as the current state of practice. 

• For the academic state of the art, articles were searched in the most popular scientific 

repositories and through their corresponding search engines, such as ScienceDirect, 

IEEEXplore, ASME, etc. Publications from the period 2000-2019 were considered. First, a 

screening was performed by title relevance. Subsequently, a final selection was performed 

after the reading of the Abstract. The filtered papers, books, and book chapters were 

categorised according to their contents. Finally, the latest advances on the topic were 

monitored through the participation in prestigious scientific conferences that were held within 

the duration of this thesis. 

• To capture the State of Practice, contacts with the industrial partners of the case studies were 

maintained, and participation in industrial workshops was ensured. Furthermore, reports 

produced by enterprises, white papers, and articles in prestigious newspapers coming from 

the leading companies in each field were used. 

2.2 CYBER-PHYSICAL SYSTEMS AND SMART MANUFACTURING 

Manufacturing facilities are traditionally organized in projects shops where the product’s position 

remains fixed during the manufacturing or maintenance operation, usually due to their size and/or 

weight. The material and resources required for the operations are moved to the product as required 

(George Chryssolouris, 2006). Those manufacturing lines are characterized by high mix and low 

volume production, concurrent design, testing, and production as well as low flexibility (W. Li & Tu, 

2012). Today, the emergence of modern sensors and high-end computing devices along with 

enhanced connectivity can enable the complete automation of industrial practices, minimizing the 

costs and time required for each process. However, this would require a shift from the traditional 

automation solutions to intelligent ones, fully exploiting the context of Industry 4.0 and cyber-

physical systems, by transforming sensor data to information (J. Lee et al., 2015a). The undergoing 

digital revolution, enabling among others virtual prototyping and insight creation, through the 

processing of large volume of data, enhance the ability to produce with higher quality and lower cost 

(Roy et al., 2016). As manufacturing in Europe is evolving under the industry 4.0 revolution, Cyber-

physical systems
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along with Internet of Things offer new potential in the field of production systems (Henning, 

Kagermann. Wolfgang, Wahlster. Johannes, 2013; L. Monostori et al., 2016a; S. Wang et al., 2016) 

with a great economic outcome (J. Lee et al., 2013). The need to make a shift from conventional 

manufacturing and maintenance techniques to the full extent of CPS capabilities is becoming a key 

enabling factor for the survival of manufacturing companies. The significance and main challenges 

are presented in detail in (Hohmann & Posselt, 2018). 

In a CPS, the physical world is linked to the virtual/computing world through a unifying data model. 

The 5C model is proposed in (J. Lee et al., 2015a). In a CPS, physical aspects, which need to be 

integrated into virtual, are described by completely different mathematical characteristics. Another 

challenge is the real-time requirement for data exchange and processing. A three-layer software 

architecture for real-time communication in CPSs is proposed in (Jatzkowski & Kleinjohann, 2016). 

Flexibility can be achieved by the exploitation of the industry 4.0 technological toolbox through the 

availability of information (Stark et al., 2014) and advanced control (Zhou et al., 2013). Modern 

production systems require increased characteristics of intelligence and autonomy (Tang et al., 

2016). However, research in CPS is mostly oriented on the communication between physical assets 

and digital entities (Shi et al., 2011). 

However, advances in ICT can leverage the digitization and automation of the entire value chain of 

today’s production processes (Mark, 2018). This attempt and consequent trend of using ICT 

technologies and digital tools in combination with manufacturing techniques and technologies 

towards improving up to an optimised level production and its transactions are defined as smart or 

intelligent manufacturing (Zhong et al., 2017a). The adoption and application of an intelligent 

manufacturing model to a production site creates an intelligent manufacturing system (IMS), which 

in combination to technical enablers for advanced manufacturing consists an integrated solution for 

future manufacturing and is considered as the next generation of manufacturing paradigm (Y. Chen, 

2017). This includes among others the adoption of new models, techniques, technologies to enable 

as well as facilitate a transition into such a smart production system.
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Hence, industry 4.0 can be conceived as the implementation of a more dynamic value chain, 

improving its abilities through the combination of the physical world with the virtual, through the 

application of automation and information systems. As a result, it can be supported that Industry 4.0 

is a set of tools and technologies to enable intelligence in a system. The system which is based on 

the CPS modelling approach, bridging the physical with the cyber world of a production system 

domain is characterised as CPPS (Loskyll & Schlick, 2013). An industrial application of a CPPS is 

expected to realise smart manufacturing paradigms (Cardin, 2019). 

The capabilities of a smart factory as enabled through a CPPS implementation includes horizontal 

integration across the systems of an organisation as well as vertical integration through different 

layers of the connected manufacturing systems. A smart factory can integrate data from human 

assets, physical and operational systems, digitization of operations through digital twin models 

across the entire production network (Landherr et al., 2016). Thus, more efficient and agile 

production can be enabled with less production downtime and a greater ability to predict and adjust 

to changes, leading to better positioning in the competitive marketplace (Schrauf & Berttram, 2016). 

As a result, through the application of AI with cyber-physical systems, connecting the physical world 

to the digital, and closing the entire digital thread through the involvement of business processes, 

and the entire value chain. Complex optimisation decisions can be made. The vertical integration of 

shopfloor components through an interconnected IT and OT landscape such a smart system can go 

beyond simple automation to a flexible and adaptable to working conditions system (Tamas & 

Murar, 2018). 

As presented in (B. Chen et al., 2017) 

smart factory adopts the combination 

of physical and cyber technology and 

integrates previously independent 

discrete systems. Hence, processes are 

made more complex on one side but 

potentially more precise. An agent-

based framework for implementing the 

smart factory (Figure 12) incorporating 

industrial network, cloud and 

supervisory control terminals is presented in (S. Wang et al., 2016).

 

Figure 12: Smart factory mapping to industry 4.0 

(Yao et al., 2017b) 
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A virtual representation of physical objects simulating their behaviour can be used to bridge the gap 

between physical and virtual worlds. Virtual models of high accuracy capable of simulating the 

behaviour of their physical counterpart are called digital twins (Glaessgen & Stargel, 2012; 

Hochhalter et al., 2014). A digital twin is comparted by three main components: the physical side 

with its assets, the virtual models in the cyberspace and the connected data that enable the 

communication and interaction, forming a closed-loop control system (Nikolakis et al., 2019).  

It is the physical process or object that it is virtualised, and its behaviour is analysed through the data 

analysis communicated to the cyberspace. This is complemented by the reconfiguration of the 

physical process after the analysis and optimisation of the virtual counterpart. In the process of 

interaction between the two sides, the integration of data streams is required. The data recorded 

from the physical world by sensors are transmitted to the virtual world to enable any functionality 

over them. Afterwards, the results are transmitted to the physical world as a response to occurring 

changes and towards improving the operation and increase their value. As such a digital twin 

provides a way of achieving cyber-physical integration in manufacturing (Qi & Tao, 2018). Moreover, 

in actual execution, the real-time monitoring and adjustment of the manufacturing process are 

realised through virtual – physical interaction and iteration. The virtual models update themselves 

based on the data from the physical world, the new conditions are evaluated against multiple 

iterative simulations and the optimal response is then transferred to the physical world, ideally with 

the appropriate reconfiguration of the manufacturing systems and process itself. Hence, the digital 

twin can be conceived as the part fulfilling the cyber-physical production system, envisioned in 

Industry 4.0 (Uhlemann, Lehmann and Steinhilper, 2017). 

At the time that digital human simulations were introduced and began to be studied, information 

was limited, and the data acquisition methods were scarce. However, the innovations in ICT that 

have been realized in the last decade, have provided rich data sources. Low-cost sensors and 

embedded processors, along with advanced storage capabilities, enable the creation of new rich 

representations and realistic models of the physical world. An approach towards improving the 

accuracy of simulation results of virtual machine tools through the integration of sensor data is 

presented in (Cai et al., 2017). The benefits of integrating real-world heterogeneous data into digital 

models, constitute extensive research that has been done during the past years (Stark et al., 2017). 
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This rich digital representation of real-world objects and/or subjects and processes, including data 

transmitted by sensors, is known as the digital twin model. Moreover, even though the future of 

manufacturing companies nowadays is focused in technological advancements and how to integrate 

them to their production lines, the human factor remains critical in driving the sector’s prosperity in 

the new digital era. Therefore, smart production systems should include the human aspect in the 

loop. 

One of the greatest challenges in enabling realistic simulations, is the acquisition and combination 

of real-world heterogeneous data into the digital models, thus creating digital representations of 

real-world situations with high accuracy. Hence, it becomes clear that the digitization of the 

production systems needs to consider versatile production assets that need to operate reliably and 

efficiently under a common workflow. Cyber-physical systems are by nature concurrent. Hence their 

coupling with the computing services requires the concurrent composition of cyber with physical 

processes (E. A. Lee, 2006). 

2.3 CPPS MODELLING AND ARCHITECTURES 

In the context of Industry 4.0, intelligent or smart manufacturing is of great interest for governments, 

companies, and research institutes (Wan et al., 2016). Hence the architectures and patters of smart 

factories are of major importance receiving a lot of research activities. However, there is no standard 

yet available on how to implement a smart factory. A class diagram representing a manufacturing 

system from different perspectives is presented in (Benkamoun, ElMaraghy, Huyet, & Kouiss, 2014). 

According to (Radziwon, Bilberg, Bogers, & Madsen, 2014) smart factory is an application of adaptive 

and flexible manufacturing. An architecture for cloud manufacturing systems is discussed in Lin et al 

(Lin, Yang, Gu, Li, Xiao, Shi & Xing, 2016), facilitating optimal configuration of manufacturing 

resources. Moreover, it guides the use of information technology on improving the management of 

manufacturing resources and quality of services (Wan et al., 2017). To create a smart factory 

enterprise should improve their products enhance the controllability of the production process and 

reduce manual intervention in the workshop, thus achieving higher automation levels. Through the 

appropriate design and analysis of shop floor data, a smart factory can be adapted to changes. In the 

implementation of a smart factory, IIoT is employed as the integration link where all underlying 

equipment is connected. Data analysis and decision-making techniques are 

 



 

Modoni, G. E., Trombetta, A., Veniero, M., Sacco, M., & Mourtzis, D. (2019). An event-driven integrative framework enabling 
information notification among manufacturing resources. International Journal of Computer Integrated Manufacturing, 32(3), 241–
252. https://doi.org/10.1080/0951192X.2019.1571232 
Zhang, D., Wan, J., Hsu, C. H., & Rayes, A. (2016). Industrial technologies and applications for the Internet of Things. Computer 
Networks, 101, 1–4. https://doi.org/10.1016/j.comnet.2016.02.019 
Shu, Z., Wan, J., Zhang, D., & Li, D. (2016). Cloud-Integrated Cyber-Physical Systems for Complex Industrial Applications. Mobile 
Networks and Applications, 21(5), 865–878. https://doi.org/10.1007/s11036-015-0664-6 
CEN/CENELEC/ETSI Joint Working Group on Standards for Smart Grids. (2012). CEN-CENELEC-ETSI Smart Grid Coordination Group: 
Smart Grid Information Security (Issue November). ftp://ftp.cen.eu/EN/EuropeanStandardization/HotTopics/SmartGrids/Security.pdf 
ZVEI. (2018). Reference Architectural Model Industrie 4.0 (RAMI4.0) - An Introduction. https://www.plattform-
i40.de/PI40/Redaktion/EN/Downloads/Publikation/rami40-an-introduction.html 
Lin, T., Yang, C., Gu, M., Li, B., Xiao, Y., Shi, G., & Xing, C. (2016). Application technology of cloud manufacturing for aerospace complex 
products. Jisuanji Jicheng Zhizao Xitong/Computer Integrated Manufacturing Systems, CIMS, 22(4), 884–898. 
https://doi.org/10.13196/j.cims.2016.04.002Industrial Value Chain Initiative. (2016). Industrial Value Chain Reference Architecture, 
1–14. 
Industrial Value Chain Initiative. (2016). Industrial Value Chain Reference Architecture, 1–14. 
National Intelligent Manufacturing Standardization Working Group of the People’s Republic of China, (2015). National Intelligent 
Manufacturing Standard System Construction Guidelines. 

43 

used towards achieving production scheduling, equipment service and quality control of products 

(Modoni et al., 2019). As such the smart factory represents an engineering system constituting of 

three aspects: interconnection, collaboration, and execution (Zhang, Wan, Hsu, & Rayes, 2016). 

According to (Shu, Wan, Zhang, & Li, 2016) a smart factory includes four layers namely: physical 

resource, network, data application and terminal. 

One of the attempts to produce a unified architecture model resulted in the creation of the SGAM 

(CEN/CENELEC/ETSI Joint Working Group on Standards for Smart Grids, 2014). Using this model as a 

basis, a reference architecture for the industry has been created (RAMI 4.0) (ZVEI, 2018), under the 

assumption that a system of systems architecture, which is applied in different domains, have similar 

characteristics. The RAMI 4.0 reference architecture uses the product and production domains, 

while introduces an integration layer to the original SGAM model, merging value stream chain and 

hierarchical levels using IEC62890 and IEC62264/61512 standards respectively. In addition to the 

industrial reference architecture, there have been other attempts to tailor the SGAM model across 

the globe; such as the IIRA from the US (Lin et al., 2016), the IVRA (Industrial Value Chain Initiative, 

2016) from Japan, and the IMSA from China (National Intelligent Manufacturing Standardization 

Working Group, 2015). However, implementations based on these architectures are rare, especially 

ones including the human element. 

The two major industrial consortia advancing the development of the IIoT and the reference 

architectures is the industrial internet consortium and the Platform Industrie 4.0. Both have been 

developing their reference architectures models independently; IIRA and RAMI 4.0. The IIC focus on 

the generic adoption of the industrial internet transforming business and services across multiple 

domains, while Platform Industrie 4.0 focuses on the transformation of the manufacturing value 

chain. Both architectures have been focusing on converging the digital with the physical world, 

specifically the convergence of IT to OT. While industry 4.0 is about making things smarter, the 

industrial internet of things is about making things work smartly. Both of them are reference 

architectures containing concepts and methods for developing concrete architectures but are not 

specific implementations. The application of these concepts and the selection of technologies can 

lead to concrete systems. 
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The key architectures as evolved from the Smart Grid Architecture Model to the IIRA are briefly 

presented in the following subsections to provide the reader with an overview over the related 

developments, their drivers as well as to enable a better understanding on CPPS. 

2.3.1 Smart grid architecture model (SGAM) - 2012 

Empowered by technological advances and towards enhancing the performance of power grids by 

transforming them into smart adaptive to the consumers demand more dynamically, the smart grid 

architecture model has been implemented for presenting functionalities on an interoperable 

manner. SGAM includes 5 layers namely: business, function, information, communication, and 

component (Albano et al., 2015). The detailed information on the SGAM layers is presented in 

(CEN/CENELEC/ETSI Joint Working Group on Standards for Smart Grids, 2012). Each layer is a 2D 

plane considering the electrical energy conversion chain from generation to consumption and the 

other the management from market to process. Mandate M/490. Apart from being extended from 

the NIST model, the SGAM has a strong connection with the other European (ETSI, CEN, and 

CENELEC) initiatives, since it is itself born from a European mandate (M/490). 

 

Figure 13: Smart Grid Reference Architecture (CEN/CENELEC/ETSI Joint Working Group on 

Standards for Smart Grids, 2012) 

Applications mostly to smart grid infrastructure but with changes applied to cyber-physical system 

environments like industrial internet, smart city. Smart home, etc. The SGAM can act as a reference 

designation system for smart grid technical use cases as well as business cases. One of the key 

challenges is to handle complexity in the new distributed systems landscape. Being a system of 

systems is one example of the complexity emerging in distributed 
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systems. It provides the mean to express domain-specific viewpoints architecture models by the 

concepts of Domains, Zones and Layers including the following components: 

• S – Component 

• K1 – communication 

• K2 – Information 

• K3 – Function 

Reference architectures based on SGAM as a basis are presented by (Uslar & Engel, 2015). Some 

examples based on the SGAM are Smart City infrastructure architecture model (SCIAM), Electric 

mobility Architecture model (EMAM) and the concept of the Home and Building Architecture model 

(HBAM). 

2.3.2 CPS with distributed services (2013) 

The association of German engineers presented in 2013 the possibility that the networking of 

production resources will result in data and services not being processed via the common 

conventional automation pyramid to control machinery (Figure 14). 

 

Figure 14: Mapping of conventional automation pyramid to CPPS (Bitkom et al.). 

The breakdown of the automation pyramid into a network could enable process steps control to 

become faster, more efficient, and also significantly less complex. Adaptive, versatile configuration 

and partial self-organization of both production processes and automation systems in real time (plug 

& produce) are required to enable quicker adjustments to new market conditions and product 

variants. This also includes flexible exchange between individual components and plant sections. 
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2.3.3 Reference architectural model industry 4.0 (2015) – RAMI 

The reference architectural model Industrie 4.0 (RAMI 4.0) represents a joint effort by the German 

Federal Association for Information Technology, the German Electrical and Electronic 

Manufacturer’s Association (SVEI) and the German Engineering Federation (VDMA) to build a 

reference architecture for next-generation industrial manufacturing systems (VDI/VDE & (GMA), 

2015). The core of the RAMI 4.0 is a three-dimensional layered model used to classify Industry 4.0 

into technologies. It incorporates parts of IEC62264 and IEC62890 to define the hierarchical levels 

of IT and control systems respectively to include connectivity to the Internet of Services and the 

products. It also covers the entire lifecycle of a product as well as its value stream (design, 

production, delivery, usage, maintenance, etc.) and is based on IEC62890. RAMI is a service-oriented 

architecture breaking down complex processes into small packages including privacy and IT security. 

To solve the interface issue between software programs the IEC62541 is used as a standard, 

providing a standardize middleware for services communication between programs and devices. The 

architecture provides a reference model with one axis referring to vertical integration based on 

IEC62264, the second axis to lifecycle management (IEC62890) and the third the levels of business, 

functional, information, communication, integration, and asset. Hence, the RAMI model is rather a 

model for building architectures (Figure 15). RAMI4.0 consists of an administration shell which is a 

virtual representation of the real assets giving information about the status of the assets and data 

during their lifetime (Hankel et al., 2015). 

 

Figure 15: RAMI 4.0 reference architecture (figure taken from ZVEI – Zentralverband Elektrotechnik- und 

Elektroindustrie e. V.) 
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2.3.4 IIRA model (2015-2017) 

The IIC, which was founded by Cisco, AT&T, General Electric, IBM and INTEL, created a reference 

architecture focusing on the functionality of the industry domain such as business, operations, 

information and application identifying crosscutting functionalities and system characteristics 

(Industrial Internet Consortium, 2017). The IIRA model is a standard-based open architecture under 

the IIS. It is based on ISO/IEC 

42010 specifications for 

complex systems with multiple 

components and multiple 

interconnected systems. It has 

four categories: 

implementation, functional, 

usage and business viewpoint 

(Martin et al., 2015). IIRA 

defines the most important 

industrial internet architecture 

components along with their 

connections categorizing their 

concerns into 4 viewpoints 

based on ISO/IEC 42010 (Figure 

16). 

Concerning the RAMI 

architecture IIRA models the 

development and operation of an IIOT system based on ISO/IEC/IEEE 42010 (42010-

2011ISO/IEC/IEEE Systems and software engineering – Architecture description, ISO Std., 2011, n.d.). 

Also, the IICF extends the IIRA to map the landscape of IIoT connectivity (Bader et al., 2019). IICF 

presents a connectivity interoperability model I which the interoperability between IIoT subsystems 

such as device-to-device, device-to-application and application-to-application can be established. In 

this way, RAMI4.0 compliant or other IIoT subsystems can be integrated and be interoperable using 

standard gateways bridging core connectivity standards such as DDS and web services. TCP/UDP/IP, 

TSN and wireless technologies are some of the core standards that are specified in IICF (Q. Li et al., 

2018). 

 

Figure 16: IIRA model functional domains, crosscutting 

functions and system characteristics 
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2.4 ADAPTIVE PLANNING AND CONTROL 

Planning refers to the action of establishing a set of tasks that needs to be completed, while 

scheduling is less concerned with what is being done and why, and more with when. A plan may or 

may not have time and dates associated with it, whereas a schedule most certainly will. The schedule 

is typically represented in a calendar or as a timeline, in chronological order. 

The problem of scheduling in the presence of real-time events is named dynamic scheduling (Aytug 

et al., 2005; Herroelen & Leus, 2005). Real-time events (Cowling & Johansson, 2002; Vieira et al., 

2003) are considerably affecting scheduling considering various manufacturing systems including 

single machine, parallel machine, flow shops, job shops and flexible manufacturing systems. 

Over the last decade, extensive research has been done on designing flexible production systems 

with adaptive capabilities, able to react and adapt to the fluctuating market’s needs. The 

manufacturing of products in the modern industrial world requires the combined and coordinated 

efforts of people, machines, and equipment (Chryssolouris, 2006). To address the challenges in a 

dynamic environment an assembly system should be adaptive. Reconfigurable assembly systems can 

also provide customized flexibility for a particular product family (Wang et al., 2012). One of the 

main concerns is to find a resolution to the flexibility vs. efficiency dilemma in small-scale, that calls 

for new models and methods of automated assembly planning (Hu et al. 2011; Wang et al., 2011). 

The scheduling of manufacturing operations, which was traditionally based solely on MES, cannot 

demonstrate increased flexibility and scalability to heterogeneous systems (Djurdjanovic et al., 

2017). As manufacturing paradigms are making a shift towards cyber-physical systems (Zheng et al., 

2018), new scalable and distributed solutions are required for managing the production process 

efficiently. In this context, distributed software engineering  architectures such as microservices can 

support scalable and distributed applications (Thramboulidis et al., 2013;
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Mourtzis et al, 2017). 

Moreover, the current industry trends indicate a transition from Service-Oriented Architecture (SOA) 

to Microservices. The decentralized concept of microservices provides the development teams with 

more agility and better offering to their clients. Mourtzis and Vlachou (Mourtzis & Vlachou, 2018b), 

developed an integrated system, under the Industry 4.0 concept, that incorporates data gathered 

from the monitored equipment and alters the maintenance schedule based on the available 

timeslots. Senra et al. (Senra et al., 2017) proposed a scheduling algorithm that considers the 

availability of equipment and technicians, as well as the related processing times. The proposed 

methodology has been validated under a case study but lacks in terms of online equipment 

monitoring as the maintenance activities have been already defined. Nevertheless, new products 

and product varieties require flexible production processes and production configurations.  

Towards automated planning of production processes, first engineers tried to model the production 

process through the functionalities of their controllers resulting in a specific production process. This 

resulted in the creation of the IEC61131-3 (Programmable controllers-Part 3: Programming 

languages Automates programmables-Partie 3: Languages de programmation, n.d.) standard for 

industrial control. Even if a production software seems to be adaptable in the sense that a range of 

products can be manufactured, the variable production processes are statically pre-planned in the 

software. A CPPS should adapt autonomously to newly introduced requirements to reduce the 

manual engineering effort. Hence, an adaptive production plan needs to consider appropriate 

control of the production equipment, at a software and hardware level and manage their efficient 

management. 

Concerning the aforementioned, it makes sense that manufacturing control systems are moving 

from centralised forms, where information is stored and being processed in one location, to more 

distributed approaches (De Alwis & Sillito, 2009). 

In general control systems can be classified into three categories: centralised control, decentralised 

control, and hierarchical, based on the overall system structure (Scattolini, 2009; T. C. Yang, 2006). 

A centralised control system uses a centralised controller to monitor and control several subsystems. 

Sensors capture real-world information and push them up to the controller, which generates 

command signals to the actuators of the shopfloor. To achieve this, the controller should include a 

decision-making mechanism to analyse the incoming data and issue appropriate responses. 
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A widely used centralised control system is the SCADA (Computer Security Division et al., 2015; Sajid 

et al., 2016). SCADA systems have numerous applications in various industries supporting a human-

machine interface and one or more RTUs in connection to the central SCADA server. In the context 

of advanced connectivity such as 5G and concerning multiple devices, the integration of IoT 

architectures with the SCADA can enable interoperability along with optimised resource allocation 

(Hunzinger, 2017). 

The main difference of decentralised or DCS to a centralised one is the existence of distributed 

individual controllers, deployed as individual systems to perform control to one or more specific 

subsystems (Khavari et al., 2018). In production, a DCS can provide supervisory control and process 

control in subsystems (C. H. Yang & Vyatkin, 2008). In a DCS various controllers work together to 

carry out a specific work as supervised by a supervisory control loop. Each subsystem executes a 

segregated task and functions to improve productivity and efficiency. Control usually is implemented 

by PLCs, where at a field level can be combined with radio technologies to improve the flexibility and 

agility of DCS (Vatankhah Barenji & Vatankhah Barenji, 2017). However, the management of large 

scale or complex systems can be difficult to coordinate and supervise through distribute control 

architecture. 

Hierarchical control adopts a multi-layer control structure to perform control of large-scale and 

complex systems (Scattolini, 2009). In this architecture, local controllers such as DCS or SCADA are 

providing their remote results into a higher-level structure for supervisory control and efficient 

coordination.  

However, the complexity and scale of modern industrial systems require advanced control 

approaches (Dotoli et al., 2017). Considering a computing infrastructure perspective, machine 

devices have limited capacity in terms of computation and storage. Hence, an infrastructure that can 

support the storage and processing of large volumes of data is required. In this context, a centralised 

architecture would require all data to be communicated to a centralised node, which could overload 

the network infrastructure. Moreover, using a centralised network/cloud far located could cause 

high latency during data transmission, which can be unacceptable. To increase the modularity and 

flexibility of the production systems, new control strategies are required. However, some challenges 

include system management, synchronisation, and integration with other network technologies. 
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As presented in (Dotoli et al., 2017) the various control techniques may be grouped as follows: 

• Model-based control techniques. 

• Control techniques based on computational intelligence. 

• Adaptive techniques. 

• Discrete-event systems-based techniques. 

• Event-triggered and self-triggered control. 

Towards improving the performance of a manufacturing system, efficient control and management 

should occur in every step. Moreover, resilience to occurring disturbances in an industrial system is 

a key requirement (Wu et al., 2018). In this context, continuous monitoring analysis and awareness 

can support the creation of a response mechanism to dynamically react to disturbances. 

Advances in ICT have enabled a transition of the production systems to Industry 4.0 approaches with 

a close connection between physical and software components (Alexopoulos et al., 2016b; Bordel 

et al., 2017b; L. Monostori et al., 2016b). A cyber-physical oriented modelling of the manufacturing 

systems mandates changes in the pyramid of automation and IT systems (Cupek et al., 2016b). 

As the embedded world of PLCs and sensors meet the cyber world of the internet and web services, 

the capabilities of the physical world can be extended through communication, computation, and 

control (Håkansson et al., 2015b; Molina & Jacob, 2018). In a smart manufacturing context, every 

device and subsystem is a basic element of information (Liu et al., 2019). Thus, the effective control 

of manufacturing systems requires the consideration of cyber-physical Systems features (Suh et al., 

n.d.). Cyber-physical features (Leitão et al., 2016b; L. Wang et al., 2015b) 
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 and ICT based context-awareness services (Jonysberg P. Quintino & Ferraz, 2014; Ziemke et al., 

2017b) are key technologies towards enabling flexible manufacturing systems (Mondal & 

Chakraborty, 2011; Sebastian Scholze & Barata, 2016). 

A CPPS has to consider dynamic behaviours, semantics, and concurrency (E. A. Lee & Seshia, 2011). 

The realisation of these three models solving the controlling task and the used engineering approach 

should be flexible to be tailored to specific needs and use case. Recently the device types in 

automation have become very heterogeneous. This is a result that some devices have been 

developed for a specific task, such as a vibration sensor. As a result, there is a high diversity of the 

used hardware and software. A concurrency is an intrinsic approach of decentralised systems since 

several parts of the overall system will be executed simultaneously. A function block as described in 

IEC61131 and IEC61499 encapsulates reusability features as well as decoupling. A high-level design 

of a CPPS needs to consider synchronous as well as asynchronous eventing. The first is needed for 

local subsystems; specialised, coupled, and high performance while the latter is needed for larger 

systems such as SCADA. Towards that end, event-based communications and control could be 

effective and proved alternative. 

To increase the modularity and flexibility of the production systems, new control strategies are 

required. In this context, decentralized control approaches on heterogeneous systems in the context 

of Industry 4.0, seems promising (Griffor, Greer, et al., 2017), for enabling flexible control and 

intelligent automation of assembly lines (J. Lee et al., 2015b). Advanced flexibility on a CPPS can be 

achieved if all its building blocks become more flexible and reconfigurable, such as machines, legacy 

systems, and controllers (Drath & Horch, 2014; E. A. Lee, 2008). However, the modelling and 

management of such complex systems remain a challenge (Geisberger & Broy, 2012; Mittal et al., 

2019). Moreover, this is enhanced by the in-time supervision, coordination, task reallocation to the 

different operating resources on the shop floor, as well as the management of
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subsidiary systems (Choudhari et al., 2018; Krüger et al., 2017). 

2.5 CONTAINERISATION TECHNOLOGIES AND FOG COMPUTING 

In the Industry 4.0 future, a factory is expected to include heterogeneous computing devices, each 

having different constraints for running any application over it, thus, potentially increasing the 

flexibility and autonomy of the overall system. However, each device is associated with certain 

operational constraints, such as its compiler or operating system. Containerization technologies 

provide the means to create isolated environments for each device over which applications may be 

executed (Kastner et al., 2017). Software containers are also called operating system virtualization 

and have emerged from the field of cloud computing and the need to manage large scale server 

clusters (Zhong et al., 2017b). They are similar to virtual machines, but rather than simulating a 

machine they run their software directly on the operating system kernel and the CPU, thus, isolating 

each piece of software giving the impression of a separated/own machine. These containers are 

usually delivered as images containing all the required software to run a specific piece of code. This 

allows different containers, on the same machine, to rely upon different or even conflicting libraries, 

use any intermediate software that is available, such as Java, Python or NodeJS, and secure isolation 

of processes from one another. A generic architecture for CPSs, based on Docker containers, using 

the robot operating system as middleware is presented in (Tao et al., 2018). The modular 

architecture, tested in a small intelligent AGV for in-plant material handling, revealed the potential 

for better information flow among different network levels as well as increased modularity and use 

of software components. The discussed decoupling can ease the concurrent development of the 

subsystems as well as their runtime control in operation time (Yadav & Jayswal, 2018; Hegyi et al., 

2016).  

Additionally, fog computing can be used to provide several advanced services, such as intelligent and 

adaptive control, fault detection as well as state analysis (Yin et al., 2018). In the aforementioned 

study, the scheduling approach is based on Docker containers supporting better utilization of fog 

nodes towards reducing task delays. 
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Fog computing (Mahmud et al., 2018) can be perceived as the extension of cloud computing to edge 

nodes of a network (Anawar et al., 2018; Mouradian et al., 2018). The distributed architecture of a 

fog network reduces the bandwidth needed for the back-and-forth communication between field 

devices and the cloud-based central management and orchestration node(s) (S. Li et al., 2017). Fog 

nodes provide computation, storage and network resources to devices needing them. Hence, 

distributed control of independently operating devices, providing local data storage, can be 

achieved. However, those resources are limited. Hence, their effective management and utilization 

are becoming imperative for enabling advanced flexibility in a factory. In this context, a few 

approaches are seeking to improve upon more monolithic control and production paradigms via 

virtualization and modern software approaches, such as (Goldschmidt et al., 2018; Wahler et al., 

2015). Moreover, a prioritized scheduling algorithm is discussed in (Yin et al., 2018) using the fog 

layer to achieve shorter response times in the client-side. The results demonstrate merit for 

combining fog computing solutions with cloud applications and scheduling algorithms. A workflow 

management and task modelling approach is discussed in (Valente et al., 2015), in which low level 

robotic operations are executed by the ROS framework, for reducing the time to program and 

increasing component reconfigurability. 

In this context, the IEC61499 standard can model and be used to develop distributed control systems 

and applications (Vyatkin, 2009), supporting multiple programming languages. It provides event-

triggered communication capabilities (S. Wang et al., 2015), supporting the notification of abnormal 

operation, which is valuable for detecting the loss of critical events. Furthermore, an event-driven 

model, such as the IEC61499, can represent any execution control strategy, while the converse is 

not always true (Kesaraju & Ciarallo, 2012). It provides a consistent model of applications in a system, 

allowing the reuse of functionalities and data types while offering a standardized way of defining 

new data types and functionalities. 
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As such, the standard provides a cost-effective and efficient implementation for use in distributed 

real-time industrial process measurement and control system, with some hardware platforms 

already compliant with it.  

Hence, the IEC6199 standard can encapsulate a reconfigurable control and communication logic 

fulfilling the objectives of a CPPS. Additionally, the adoption of automation standards can enable 

easier integration of different systems to the overall architecture and potentially accelerating their 

maintenance. 

2.6 DISCUSSION: GAPS AND RESEARCH MOTIVATION 

In the previous section, the need for achieving flexible, adaptive, and reconfigurable production has 

been outlined. Towards this direction interoperability as a result of horizontal integration of different 

systems and devices as well as vertical between high-level planning and control layers are needed. 

This becomes increasingly complex considering that this needs to be demonstrated under uncertain 

operating conditions. An adaptive and reconfigurable production system that can adapt in a dynamic 

way to occurring changes is an open problem for research (Panetto et al., 2019). In this context, 

cyber-physical features are key enabling technologies that are driving a transition to Industry 4.0 

with the vision of advanced manufacturing and smart applications. Communication, computation 

and modern control approaches can extend the capabilities of physical systems making them 

resilient, scalable and flexible, facilitating productions of reduced cost (Farid & Ribeiro, 2015). 

Besides, the introduction of various new devices with increased connectivity and computation 

capabilities constitute their integration as well as their effective control challenging (Yao et al., 2019). 

However, traditional hierarchical architectures, as well as pure distributed approaches do not 

support agility flexibility and scalability that is required (Givehchi et al., 2017). However, CPPSs are 

still in the design and modelling stage where numerous approaches and architectures are presented 

and outlined with little practical applications being showcased and evaluated. 

Traditionally, the automation pyramid inspires information exchange between different layers of the 

information system. Such concepts serve as pseudo-standardized architectural system patterns in 

ICT for factory automation. However, a CPPS planning and control logic is expected to serve as the 

backbone of the production responsible of orchestrating, managing, controlling and reconfiguring 

or updating physical processes, up to a point. As such an adaptive planning and control system 

integrating vertically several distributed operational subsystems could achieve such an expectation, 

while on the other hand general-purpose software systems are aiming to transform data based on 

interacting sequences of state transformations. 
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Figure 17: Emerging needs and gaps leading to research motivation  
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To effectively model and control a manufacturing system towards achieving increased flexibility and 

situation awareness in runtime, a modular approach in the design of the shop floor intelligence and 

automation is required.  

Towards that end, the proposed work investigates the emergence of CPPSs and through the 5C 

architecture for CPPS facilitating a direct mapping to the ISA95 architecture of automation systems 

examines the monitoring of field operations in runtime through the integration of heterogeneous 

devices, such as sensors, etc. Moreover, data aggregation, filtering, synchronization methods are 

discussed up to the of enabling low-level control and the required decision making, distributed or 

centrally orchestrated. In this context, the required pilot (sub)systems to enable the monitoring, 

decision making and low-level control have been designed and implemented as part of the scenarios 

examined in this work. 

Concerning the aforementioned, the key contributions of this dissertation are listed hereafter: 

• Vertically integrate different layers of the 5C architecture to achieve modularity and 

reconfigurability of the production functionalities towards enabling the creation of a smart and 

sustainable CPPS. 

• Investigate the representation of production systems of different complexity and application 

as CPPS and discuss the methods adopted for dynamic planning and control of the CPPS. At 

this point, it should be mentioned the modular and distributed paradigm of IEC61499 standard, 

through its completely event-based implementation, facilitates the necessary abstraction to 

define various operational states characterizing the behaviour of the system providing a CPPS 

unit 

• Design and integrate heterogeneous devices for monitoring shop floor operations for assembly 

processes facilitating low-level decision making and control 

• Design and implement high-level context-aware decision-making components and controllers 

for orchestrating more complex assembly operations. This includes the implementation of 

digital twin models for manual assembly operations as well as the modelling of systems for 

their effective high-level management. 

• Implement prototype applications testing the integration of inherently different operational 

and information systems through an agnostic middleware enabling reconfigurable CPPS aiming 

at developing a flexible control logic in the cyberspace controlling the physical world in closed-

loop adaptive control. 

• Evaluate and assess the key characteristics of each CPPS concerning each original state 

compared to its future one, as well as in a holistic way. 
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Figure 18: Emerging needs and gaps leading to research motivation
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Figure 19: Emerging needs and gaps leading to research motivation
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The aforementioned methods have been designed and implemented either as standalone 

components or as web applications being part of a cloud-based deployment facilitating adaptive 

planning and control of assembly operations. To achieve this the proposed solution consists of 

different layers and modules. 

In brief, the current work investigates and discusses the following aspects: 

- Investigation of CPPS characteristics and features under three scenarios 

- Design and development of approaches for integrating heterogenous devices on the 

shopfloor for monitoring and data acquisition, supporting low-level control and decision 

making. 

- Design and development of high-level decision making for adaptive planning of assembly 

processes supporting reconfiguration of production operations. 

- Introduction of an agnostic middleware bridging the low-level control and execution 

functionalities with the high-level management and orchestration operations. 

- Implementation of the developed tools and methods to industrial use cases related to hybrid 

assembly operations 

- Assessment of the potential improvements in the flexibility of the under-investigation 

scenarios. 

Finally, through these steps, the current work aims to provide the reader with a viewpoint on 

implementing an end-to-end application encapsulating cyber-physical features to plan and control 

holistically and in a dynamic way a manufacturing process.
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CHAPTER 3. METHODS 

3.1 OVERVIEW OF THE FRAMEWORK WORKFLOW 

In this work, the different layers of the 5C architecture Figure 20 have been integrated into three 

different use cases of progressive complexity, towards achieving reconfigurability of their 

functionalities as well as their logic. The key objective has been to gradually integrate methods from 

all layers of the 5C architecture into end-to-end implementations to evaluate the potential 

contribution of CPPS features into the modern manufacturing paradigm and requirements. 

 

Figure 20: CPS 5C architecture (J. Lee et al., 2015a) 
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To enable dynamic reconfiguration of a CPPS with reduced requirements for human intervention. As 

a result, the automation level, as well as the flexibility of the production process and the overall 

system, will increase. A unified framework connecting the layers of the conventional automation 

pyramid of ISA95 with the 5C architecture for CPS and the hierarchical architecture for 

manufacturing facilities is used (Figure 21). 

 

 

Figure 21: Unified architecture 

 

The automation pyramid is combined with a hierarchy for manufacturing facilities under the 

similarity of the time constraints and mapped to the 5C architecture linking the production assets to 

their smart characteristics via a layered architecture and in turn forming the functionalities of a CPPS. 

In this way the 5C architecture in combination with the other two bridges the gap between a 

manufacturing facility hierarchy and the classical automation pyramid, enabling smart systems in the 

context of smart manufacturing. 

The different methods developed and tested in the three under consideration scenarios are 

illustrated in the following figure.

https://www.isa.org/isa95/
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Figure 22: Methods designed and implemented mapped to the 5C architecture 

The activities reported in this work include the methods for enabling the following: 

- Design and implementation of closed-loop control in CPPS through monitoring and event-based supervisory control 

- Decision making for adaptive planning and scheduling of assembly operations 

- Low-level execution and control of production assets 

- Integrated adaptive planning and control via a technology-agnostic middleware 

- Deployment and test in three industrially oriented use cases 

https://www.isa.org/isa95/
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Figure 23: An overview of the main components of the proposed system 

To this end, the following sections present an approach to vertically integrate functionalities of different 5C layers, towards achieving: 

1. Integration and data processing from heterogeneous devices for: 

o Monitoring 

o Virtual model creation 

o Context-aware supervisory control Adaptive planning of manual assembly operations 
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2. Decision-making modules including 

o Predetermined 

o Rule-based 

o Machine learning 

3. Introduction of a technology-agnostic middleware for bridging the gap between low-level 

control and high-level decision making connecting the physical to the cyber part (Figure 24). 

4. Implementation of the proposed set of methods in three scenarios of increasing complexity 

5. Assessment of the proposed approach contributes to the increase of the automation level and 

thus flexibility of the systems included in the 3 scenarios. 

 

 

Figure 24: Integrated architecture of the proposed methods 
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3.2 INTEGRATION OF HETEROGENEOUS DEVICES FOR LOW-LEVEL CONTROL 

In a hybrid assembly, environment robot may reside in a fenceless area accessible by human 

operators. Therefore, on-time control of the robotic operations is required to safeguard the 

operator. This can be achieved either by alarming the operator or by dynamically changing the 

robotic operations. In particular, the features that need to be affected are the ones that could be 

harmful to the human. As a result, safeguarding human workers, while operating near robotics 

systems, requires the combination of: 

• shopfloor information that captures the real-world conditions of the working space,  

• the data acquisition mechanisms from the operating entities,  

• the communication services for in-time data exchange and  

• the software components, capable of controlling and reconfiguring the state of the CPPS 

entities.  

3.2.1 Architecture 

The preventive actions or safety strategies, once they have been selected by the CPPS’s software 

controller, are applied to the robot control unit, by adapting its speed and kinematic values (Figure 

25). Furthermore, the software control module alerts the human operator/s, through the established 

communication channels, guiding them towards adjusting their behaviour and paying additional 

attention to the robot or a mobile unit approaching them. 

 

Figure 25: High-level conceptual architecture 

Concerning the aforementioned and considering a relatively simple hybrid assembly station, with 

one industrial robot and some operators, the CPPS assets are the human operators and the robotic 

arm. Following the breakdown of the 5C architecture as integrated with the ISA 95 automation 

pyramid along with a hierarchical model of a manufacturing system. The unified architecture is 

presented in Figure 26. In particular it includes and connects: 

https://www.isa.org/isa95/
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1. At the connection level the hardware components for retrieving and reconfiguring real-world 

conditions (sensor systems to monitor the operating area, human mobile devices to support a 

communication interface to the cyber part, the physical robot(s), and its controller). 

2. At the conversion layer, the communication services for data exchange converting field data to 

information required by the cyber part and towards assessing the human proximity and thus 

collision risk mainly to the robot and secondly to any moving object.  

3. All the required algorithms for data processing, evaluation, and control of the physical entities, 

at the cyber level. At this point, it should be noted that to enable any reaction to the physical 

part and evaluation and data processing at this level should be done in low time to allow for any 

decision-making approach to take place on top of it. 

4. In the cognition level, the collision risk of the human(s) is assessed in terms of human proximity 

to a moving object. 

5. In the upper layer, the configuration level includes the reaction strategies and algorithms are 

included controlling or affecting the actions of the physical part, e.g. triggering an emergency 

stop to the robot or dispatching a warning signal to the mobile device of the human operator.  

 

Figure 26: Unified architecture instantiation.
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3.2.2 Integration of heterogeneous devices, data acquisition and processing 

Towards enabling the objectives of the proposed CPPS, data reflecting the human and robot 

behaviour should be used along with the behaviour/actions of both entities that are being controlled 

by it. 

Regarding the robot, the PLC device, used to control it, provides data reflecting its current condition, 

such as speed, the joints’ coordinates etc. These data enable the monitoring and control of its 

behaviour, through appropriate commands dispatched to its control unit. Speed adaptation and path 

reconfiguration are the critical functionalities, concerning human safety. 

In a similar approach, human operators may interact with the CPPS through mobile devices and 

appropriate software interfaces, supported by communication services. During runtime, the human 

workers may receive support for their activities, through mobile devices by a smart system, in the 

form of instructions, guidance, task assignments and collision risk notifications, by alerting workers 

to demonstrate increased caution and/or to adjust their activities. In the context of supporting 

additional mobile entities, there is a monitoring system used, operating in the shared working area, 

and interacting with workers and robots. In the proposed approach, there are optical sensors used 

in support of depth data acquisition (Kinect v2). The depth data provide 3D information about the 

working space and the activities taking place in it, thus enabling human/object detection and 

tracking. 3D data streams include a high volume of digital information requiring complex and time-

consuming processing, but it can enable any evaluation based on the human physical body volume 

which is considered as important in the case of human safety scenarios. The combination of those 

three types of hardware systems (PLC, depth sensors, and mobile devices) provide the required 

insight into the shared workspace conditions in the form of digital information. Through the 

established network connections and communication channels, the data containing information 

about the real-world conditions are transferred from the physical to the cyber part of the CPPS for 

analysis and further process. 

Within the cyber part of the CPPS, depth data acquired by the depth sensors across multiple frames, 

are processed for the identification of humans and moving objects. The motion is detected through 

the comparison of consecutive scene frames. This comparison is performed by subtracting the 

common information. The data produced by a depth sensor are in the form of a point cloud, namely 

the Cartesian coordinate points in the three-dimensional space. There should be a timely human 

detection and tracking process for human safety during collaboration to be secured. It should be 

taken into consideration that the Kinect v2 sensor supports two data streams: the depth data and 

the skeleton structure data. The human-specific depth information can be inferred by correlating 

the two data streams and thus increase the accuracy of human detection due to occlusions. From 

the creation of the depth map and concerning the Kinect position in space, the human point cloud, 

containing numerous points in the three-dimensional space, has been generated. At this point, it 

should be mentioned that the generated point cloud has a coordinate reference system that of the 

local sensor. To enable a near real-time human-related proximity evaluation, the dataset concerning 

the human 3D points is reduced in size by the creation of its convex hull. As a result, only the points 

on the human point cloud envelope are kept for further processing (Figure 27). 
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Figure 27: Human depth data process steps 

Apart from the human operator, a randomly moving object is possible to enter the monitored area, 

i.e. a mobile robot transporting materials. The optical sensor captures the depth map of the entire 

scene, thus the information and the coordinates of the moving object. The moving object is inferred 

from the depth map by subtracting the static scene information and the human-related depth data. 

The convex hull problem in geometry aims at finding the smallest convex set, containing those 

points, which when united, include all other points. The problem can be defined as: 

Given: 

𝑃 𝑤ℎ𝑖𝑐ℎ 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑠 𝑎 𝑠𝑒𝑡 𝑜𝑓 𝑛 𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 3𝐷 𝑠𝑝𝑎𝑐𝑒 

Return: 

 𝐶𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙 𝑜𝑓 𝑃: 𝐶𝐻(𝑃), 𝑖. 𝑒. 𝑡ℎ𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛  

𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠  𝑜𝑓 𝑃 𝑜𝑛 𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 𝑜𝑓 𝐶𝐻(𝑝) 

Some of the most popular algorithmic approaches for handling this problem are reported in Table 1 

along with their average time complexity, where n is the number of points in the set and h is the 

number of points in the hull.  

Table 1: Convex hull algorithms 

No Name Expected Running Time 

1 Gift Wrap algorithm 𝑶 = 𝒏 𝐥𝐨𝐠 𝒏 

2 Graham scan  𝑶 = 𝒏 𝐥𝐨𝐠 𝒏 

3 Kirkpatrick–Seidel  𝑶 = 𝒏 𝐥𝐨𝐠 𝒉,   𝒉 ≤ 𝒏 

4 Chan’s algorithm  𝑶 = 𝒏 𝐥𝐨𝐠 𝒉,   𝒉 ≤ 𝒏 

5 Quickhull 𝑶 = 𝒏 𝐥𝐨𝐠 𝒏 
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Out of the algorithms in Table 1, the Quickhull algorithm has been selected since its implementation 

is more straightforward without any significant time difference for the conduction of experiments. 

Additionally, the Quickhull algorithm implementation allows for GPU processing or parallel 

computations, which were considered for future improvements in the response time of the system. 

3.2.3 Low-level control strategy 

The closed-loop control concerns the design and creation of a digital controller for the CPPS, 

assessing and preventing potential collisions between an operator and a moving object within the 

monitored area. The moving object could be a moving robotic arm or any other object in proximity. 

The safety risk can be estimated based on the intermediate distance between the human and any 

moving object that may cause an injury. For the calculation of the distance values, among the 

entities, the coordinates of the robot’s joints, which correspond to a certain frame timestamp, are 

also imported into the distance calculation algorithm. Since the depth data and the robot joints’ 

coordinates are expressed in different coordinate systems, the transformation between the two 

systems is required. In the approach discussed, the global coordinate system corresponds to that of 

the robot. The transformation of the human coordinates to the global coordinate system and the 

distance calculation approach is presented in Figure 28. 

 

Figure 28: Human coordinates transformation and distance calculation 

Based on the calculated distances, the next step in the cyber part is the evaluation of the collision 

risk, according to a set of predefined threshold values that define the safety zones around the robotic 

operator and any detected mobile robot.  

Three safety zones have been adopted; green, yellow, and red which depend on the distance from 

the robotic arm or mobile robot to the human operator/s. According to the distance values, various 

preventive actions will be enabled by the software control unit of the CPPS (Figure 29) with different 

alarm severity levels, such increasing frequency of audio warnings between audio alert 1 and 2. The 
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audio warnings could be transmitted to any connected to the CPPS shopfloor speakers or mobile 

devices supporting audio warnings such as mobile android devices. Then, they will be applied, 

through communication channels and network services, to the CPPS entities. 

 

Figure 29: Safety enabling control strategies 

3.3 HIGH-LEVEL DECISION MAKING FOR ADAPTIVE PLANNING 

The process plan or list of tasks defines the steps that should be followed, for example by an 

assembly worker, for the accomplishment of the process, such as the product assembly. The 

approach presented below aims towards analysing the manual assembly operations and the shop 

floor where they are performed as a CPPS to improve them and their products in a cost-effective 

and time-efficient way. This is achieved either by integrating operator knowledge in the design and 

planning of the manual assembly stations using a criterion such as ergonomic of the operations as a 

cost function to maximize or by redesigning the entire station/shopfloor through its digital model 

under the same objective. Hence, manual operations are digitally improved, through the following 

steps: 

• definition of the assembly scenario to be carried out,  

• operational data capture and analysis towards the identification of key parameters for the 

manual assembly process,  

• creation of digital twin models, the integration of key parameters and operational constraints 

to them by modelling the behaviour of the physical assets,  

• simulation of the assembly process and its optimization according to a set of constraints.  

3.3.1 Architecture 

3.3.1.1 Physical System 

The physical system is approximated as a discrete event linear and time-invariant (LTI) system. It 

consists of a production station/area, which receives an input, r[k] denoting the product to be 
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assembled with expected production metrics, with k∈ℤ, and generates an output y[k] which denotes 

the evaluated outcome of the assembly, such as the ergonomic score. A schematic block diagram of 

the physical system is presented in Figure 30, where the actuator refers to the operator(s) along 

with the tools/equipment that may be required to perform assembly operations with certain parts, 

p. Additionally, potential disturbances from the environment to the assembly system are denoted 

as d.  

The physical controller 

denotes the function that 

transforms the input r of 

the system along with the 

feedback signal, ym, 

coming from the feedback 

compensation block to the 

system input u. 

3.3.1.2 Cyber system 

The implementation of physical closed-loop control in a manufacturing system relies mostly upon 

trial and error approaches and the experience of senior engineers. This has a significant impact on 

the implementation, running and improvement cost during the entire lifecycle of the system. The 

transformation of the control loop to a digital form would require an appropriate conversion of the 

physical inputs and signals to their digital counterpart, but most importantly an accurate digital 

representation of the physical system, thus an accurate digital twin model. 

The cyber system suggested for replacing 

the physical system’s feedback loop is 

presented in Figure 31, where its input, ydig, 

is the digital representation of the output of 

the physical system and its output, ysim, is the 

result of the simulation through the digital 

twin. In particular, the vector ysim includes 

the evaluation of the simulation in terms of 

optimisation metric(s) and the updated 

station layout. The output then is imported to the cyber controller along with the expected 

target/optimised output, yopt (e.g. the targeted ergonomic score), for reconfiguring the input ydig, 

based on the generated error ye, until ysim converges to yopt. 

3.3.1.3 Cyber-physical system 

The digital twin aims to serve as a virtual controller to the physical system. The integration of these 

two parts, physical and cyber, to a full closed-loop control system, the CPPS, where the physical 

system is controlled by the virtual one through the digital twin. The schematic block diagram of the 

created CPPS is provided in Figure 32, with the output of the physical system, y, after its digitization, 

serving as one of the two inputs of the cyber system. 

 

Figure 30: A schematic block diagram of the physical system 

 

 

Figure 31: Cyber system block diagram 
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The second input is the error 

ye of the closed-loop control. 

The error, ye, is the result of 

the evaluation of the 

generated output of digital 

twin, ysim, and the aimed 

optimal output, yopt. The 

output of the digital twin ysim 

is converted to its physical 

counterpart and imported as 

an input ym to the physical 

system. When ysim has 

converged to the yopt, ym will 

contain the optimal 

configuration of the assembly 

steps and the ideal station layout for the assembly of a specific product. Hence, the CPPS, as a 

composition of discrete-time LTI systems, is also an LTI system. 

Analogue-to-digital conversion (ADC) 

Timestamped sensor data that capture manual operations are used to bridge the gap between the 

physical and virtual parts of the CPPS. In this study, three types of sensors have been considered to 

capture temporal and spatial parameters of the human-centred assembly process; optical, non-

optical (force/pressure and IMUs) and tool (torque) sensors (Figure 33). Captured data are 

temporally stored in a local database. A set of moving average and least-squares fitting algorithms 

are used to pre-process acquired data. Real-world information captured by sensors is transferred to 

the cyber part through web services, thus, serving as the communication channel between the 

physical and cyber part.  

 

Figure 33: ADC conversion approach 

 

Figure 32: A schematic block diagram of the cyber-physical 

system 
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A CNL approach has been adopted for the representation of manual operations for the virtual system 

(Busemann, Steffen, & Herrmann (2016)). The controlled natural language, wrapped by a set of 

optimisation constraints and condition-action rules, supports the execution of the same assembly 

process in different variations, under a different set of motion constraints, but for the same set of 

tasks. The approach presented in Geiselhart, Otto, & Rukzio (2016) and in Rietzler, Geiselhart, 

Thomas, & Rukzio (2016) has been followed for acquiring temporal and spatial information of the 

human-centred operations. Multi-depth cameras have been adopted to compensate the need of 

covering a wide area of the shopfloor and better capturing skeletal information. To compensate the 

fact that optical sensors cannot directly measure linear or angular accelerations or the application 

of forces by a worker to an object, the force, and pressure sensor embedded in a wearable device 

(e-glove | Emphasis Telematics). IMUs have been used for the capturing the displacement and 

acceleration of objects. Moreover, prior to applying the sensor data to the digital model, pre-

processing is required for the transformation of the data into a global coordinate and, additionally, 

filtering and smoothing them. The generated sensor data signals are incorporated into a unified data 

model that is then further analysed for generating key motion spatial and temporal parameters 

which define motion constraints for the digital twin model of the human operator. The digital model 

of the shopfloor environment, created and reconfigured by the 3D scene editor, accompanies the 

digital human model in the cyber part of the system. 

Digital-to-analogue conversion (DAC) 

The conversion of the output of the cyber system, ysim, to its physical counterpart, ym, is achieved 

with human intervention by the responsible design and production engineer. Purpose of the ysim is 

to provide them with the appropriate set of layout modifications and assembly operation details to 

improve the assembly process for a given product under the desired set of optimisation constraints 

such as reduced cycle time, improved ergonomics, reduced risk of collisions with surrounding 

objects, etc. 

3.3.2 Human motion recognition 

The recognition of motions and the generation of parameters/constraints for the virtual 

representation of human-based production tasks is based on values provided by low-cost capture 

devices. It is performed through the accomplishment of a pre-defined set of condition-action rules 

of the form of “If…-Then…” (Pintzos et al., 2016), or through their classification by a machine learning 

algorithm. A high-level overview of the transition from sensor data to motion constraints, for the 

digital twin, is presented in Figure 34. 

https://doi.org/10.1016/j.procir.2015.12.106
https://doi.org/10.1016/j.procir.2015.12.088
https://doi.org/10.1145/2933242.2933263
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Figure 34: Digital twin data connection for replicating a walk motion 

The two methods for human motion recognition are presented in the following subsection in greater 

detail. 

3.3.2.1 Rule-based 

The recognition of motions and the generation of parameters/constraints for the virtual 

representation of human-based production tasks are mostly based on values, which are provided by 

the capture devices. There are 2 types of data being processed: 

1) Sensor data, which include: 

a)  Optical data, which are taken from the Kinect device and include positions (X-Y-Z) for 25 

joints, for each frame, 

b)  Wireless data, which include data from: 

1) the glove: the quantity of pressure applied to three fingers and the palm, the bending 

values of three fingers and the linear acceleration, the orientation and the angular 

acceleration of the hand that wears the glove 

2)  the IMU(s): the linear acceleration, the orientation and the angular acceleration of the 

object on which the IMU is put 

c)  Tool data, which include the angle or the torque of a tool, if any tool is used. This is an 

event-triggered action. 

2) The recorded task list, which includes the tasks’ description to be executed and then correctly 

recognized and their taskId. 

The recording of the movement has been achieved by the use of the Kinect v2 device, which is an R-

G-B-D device that is identifying depth other than a colour map. The device using a depth camera can 

record the motion in a three-dimensional environment, and also recognizes a human body. The 

device produces as output the distances of the joints of the body compared with it in all 3 axes (X-Y-

Z). 
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Kinect v2 device can track up to 25 groups of joints, which contain a total of 69 joints. The supported 

joints are the following:  

Table 2: Joints Naming 

AnkleLeft FootRight Head Neck SpineShoulder 

AnkleRight HandLeft HipLeft ShoulderLeft ThumbLeft 

ElbowLeft HandRight HipRight ShoulderRight ThumbRight 

ElbowRight HandTipLeft KneeLeft SpineBase WristLeft 

FootLeft HandTipRight KneeRight SpineMid WristRight 

 
Even though the quality of the sensor data and especially of the optical ones remains the main 

requirement for successful recognition, the behaviour and robustness of the algorithm have been 

enhanced by applying a data filtering approach in advance of the recognition process (Figure 35).  

 

Figure 35: Filtering steps 

An evaluation and a smoothing step have been introduced. The evaluation step concerns the joints’ 

speed, which has been constrained by an upper limit corresponding to the naturalness of the motion. 

The threshold value for constraining the joints’ speed was experimentally selected. Moreover, the 

data are scanned for empty values (NaN) or double skeletons with no values. Those entries are 

deleted as well. Thus, the remaining data are much more consistent in terms of data quality and 

stable in terms of motion representation. On top of the evaluation step which performs a preliminary 

refinement of the recorded data, a smoothing step has been implemented. Concerning the 

smoothing step, the skeletal X, Y, Z translation signals are smoothed by a moving average filter. The 

implemented filter is used to smooth short-term fluctuations (4-5 frames) by replacing each data 

point with the average of the neighbouring data points. From a mathematical point of view, the 

moving average filter is a low pass filter. 



 

77 

Each task that a human must perform is constituted by EAs. Many EAs, combined, can generate an 

activity, a whole motion taking place. Each EA is constructed by smaller motions which present a 

unique and specific behaviour for at least one joint about another joint. One or more joints 

constitute the key joints for a specific motion type. These motions will be referred to as MEs. 

These data correspond to the coordinates of the human joints, in a three-dimensional space. The 

joint values are complemented by additional sensor data, which are required for the recognition of 

certain operations, such as screws. Simulation reproduction should respect the constraints/ 

parameters of the related recordings. 

The recognition of operation is performed through the accomplishment of a pre-defined set of 

condition-action rules of the form of “If…-Then…”. For the recognition of each operation, only a 

limited predefined set of joints and related data is used. 

For example, regarding the Walk motion, the key joints considered are; left foot joint, right foot joint 

and hips joint, while a simple implementation of a related rule could be “IF (foot accelerates) and 

(hips move in the same direction) THEN store one step and the possibility of a walking operation”. 

In this recognition, the peak values of the displacement and rotation data are evaluated for the 

definition of the transition among the discrete timestamps of the recordings. Only statistically 

significant peak values are considered for further examination since due to noise, lower peaks do 

not correspond to any actual step movement. 

From a physical point of view, for a step to be made, an amount of force is required to move the 

mass of the foot. The result of this force is an acquired acceleration, which is depicted as the rising 

and falling of rotation acceleration curves. Next, the related speed falls to zero and negative values 

during the other foot’s step. Negative values are caused due to the reference joint that moves 

forward in comparison with the examined foot joint. As a result, one step represented by a curve, 

rising from zero to a peak value and then falling to zero again, is detected from the peak values 

between the two zero points. From a recorded walking motion, the walking path may be derived, 

starting from a specific point towards another point, through a collision-free path. The manikin 

should not cover a shorter distance or at a different speed, from that covered in the shopfloor. 

The results from the identification of different parameters of the Walk motion, including the start 

and stop points are presented in Figure 36. The results also include the walking distance and velocity 

as well as the related steps.
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Figure 36: Rule-based walk recognition 

The method followed for the recognition of the Walk motion and the identification of its constraints 

can be extended to other motion types with different sets of rules. Each motion type or operation is 

constructed by smaller segments, which present a unique and specific behaviour for at least one 

joint about another joint. One or more joints constitute the key joints for a specific motion type. By 

adjusting the rules to the existing script, several motion types can be recognized similarly. For 

example, a picking action, e.g. “pick a screwdriver”, the human model should get close to the 

screwdriver, turn towards the object, estimate the next movement regarding the object’s, relevant 

to the subject, position, reach to it, touch it and pick it from the correct grasping point. Picking an 

object can be performed one-handedly or two-handedly. While an object can be picked up from any 

side, it must be first reached. Additionally, the object must be touched before proceeding to release 

it at the release point or carry. These restrictions have been taken under consideration for the 

construction of the rule-based algorithm and its implementation in Java. 

By adjusting the rules to the existing script, several motion types can be recognized similarly. This 

approach allows for the recognition of human motions by processing only a limited subset of 

captured data and not the entire fused set. 

3.3.2.2 Machine learning 

The implemented methodology adopts a CNN (presented in greater detail in Appendix c) 

architecture for skeleton-based motion recognition. The algorithm has been implemented in python 

using the LeNet architecture (LeCun et al., 1998; Rusk, 2015). The input of the algorithm can either 

be a MoCap file in a BVH format or a Kinect file in its native format. Each file has a specific skeleton 

architecture. Moreover, Kinect files contain translation information for each joint while MoCap files 

contain the structure of the skeleton and Euler angles for each joint apart from the hips joint for 

which the translation values are provided as well. The input skeleton data correspond to more than 

one time-series. However, CNNs are specialized in image sequences.  

 

https://doi.org/10.1109/5.726791
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As a result, there should take place a transformation of time series to images to use a learning 

approach based upon NNs (Z. Wang & Oates, 2015). After the transformation to images, CNNs are 

trained to generate automatically motion related features. The activation function or kernel is 

dynamically selected through a greedy search algorithm (Appendix F). The CNNs measures the 

similarity of a pose referring to a motion with a past one mapped to a certain and specified action. 

Hence, input files are represented as images (.png or .jpeg), of equal size (128x128 or 300x300). 

Images can be represented either in greyscale or in RGB colourmap. For performance during the 

training procedure, greyscale images were preferred. Since the purpose is to recognize motion and 

motions are closely coupled with 4 dimensions (3 of space and 1 of time), all dimensions should be 

taken under consideration in the training of the network. For example, to identify walking no single 

timestamp is enough on its own. However, the transition of the human posture between consecutive 

frames is enough for identifying the existence or lack of motion within the related window of time. 

Therefore, and to include the parameter of time in the input images, each image within the dataset 

is generated by merging skeleton data from two consecutive frames. 

As a final step, both outputs will be cross validated through a simple voting mechanism. The result 

of this step is the classification of the current frame into a corresponding motion. An overview of the 

proposed architecture is provided in Figure 37, while the algorithm in Appendix B. 

 

 

Figure 37: CNN classification steps
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During the training of the network, images of size (300x300) or (128x128) have been used to train 

the CNN classifying input images to 4 categories; Walk, Pick, Carry and Place. The data samples are 

stored in a 4D tensor while the labels of the training dataset are stored in a vector. The values of the 

train data representing the pixels of the original image are normalized to have values between 0 and 

255, while the labels are binary coded using the following encoding: 

• Idle = 000 

• Walking = 001 

• Picking = 010 

• Placing = 011 

• Carrying = 100 

For down sampling the input data, max-pooling has been adopted for partitions 3x3. For training, a 

cost function is required. In the presented implantation the cost function that was adopted was the 

negative log-likelihood. The model’s parameters were selected after an iterative process from which 

the target was searching for parameters that would minimize the fitting error of the validation data.  

The main bottleneck during experimentation was that constructing a dataset for one motion and 

concerning only one format, the JSON native or the .bvh, was a highly time-consuming process. For 

creating a dataset with images from optical data the following steps had to be followed: 

• Visualize the skeletal data from each timestamp as an image 

• Manually classify the image, to be used for training or validation 

• Create the training dataset for future usage 

To prepare a small dataset containing 100 images, approximately 1 hour was required for visualizing 

and saving the images and 30 minutes for checking and labelling them. The labelling procedure had 

to be performed manually by optical examination of the images. Therefore, only a small dataset for 

Walk motion and concerning the Kinect skeleton has been feasible to be tested, containing 

approximately 1000 images of either walking or non-walking. 

From a dataset of approximately 1000 images, 70% was used for training, 20% for validation and the 

remaining 10% for testing. At this point, it should be mentioned that attempting to import a slightly 

larger dataset resulted in memory errors. Therefore, and to overcome the reported memory issue 

the training data were split into small mini-batches of 50 images and the network was trained on 

each of them individually or the defined number of epochs. 

The network topology has been created using the Keras package in python with one or two 

convolutional layers. The first layer included 6 feature maps while the second 4. The network has 

been trained for 5, 10 and 25 epochs and for the classification a sigmoid function has been selected. 

Max pooling for 3x3 partitions was selected for implementing the subsampling layer. The dropout 

rate was set to 20%.
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The required process time for training the network for 1 epoch was approximately 40 minutes. The 

classification results of the tests are reported below in Table 3 and were obtained with the default 

parameters on a Core i7-5700HQ CPU clocked at 2.7GHz and using float32 flags. 

Table 3: CNNs preliminary experiments 

Training Epochs Convolutional Layers Classification Score 

5 1 84,76% 

5 2 87.10% 

10 1 86.12% 

10 2 88.95% 

15 1 90.26% 

To sum up, the procedure of creating a dataset, training, and testing the CNNs for human motion 

classification required considerable effort. The created dataset probably was not capable of properly 

training the network. As a result, the results of the approach are not of adequate quality. Further 

experimentation and testing are required to create a proper dataset of approximately 100.000 

images for supporting the classification to walk, pick, carry and place tasks. 

3.3.3 Motion constraints generation 

After the recognition of the motions/operations performed in the shop floor, the parameters are 

evaluated from real-world data to be transferred to the virtual model. The parameters identified 

from the sensor data will be used to constrain and control the behaviour of the virtual system and 

the simulated execution. A list of possible parameters, constraining the behaviour of the virtual 

system based on the acquired real-world knowledge, is provided in the following table (Table 4). 

Table 4: Example parameters for constraining the virtual model behaviour 

Operation Type Motion constraints 

Walking Walking speed, Start and finish point, Walking distance 

Picking Object Number of hands grasping, Reach distance, Standing position, Grasp 

point(s) 

Placing Object Place position, Place surface, Model stance for placement, Reach distance 

Grasp point(s) 

Carrying Object Carry speed, Start position, Carry stance, Carry surface, Grasp point(s) 

As a next step, the identified motion parameters/constraints are evaluated against the pre-stored 

parameters of the motion clips that will be used for the simulation and the replication of the 
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simulated scenario and real-world operations. A motion constraint managing algorithm is 

responsible for the comparison of the real-world motion constraints with the corresponding pre-

recorded motion clips. The implemented version compares the trajectory and keyframe values of 

consecutive recorded with CNL planned one. 

Keyframe constraints described in the CNL JSON file are compared with the corresponding 

elementary actions from the recorded motion. It is evaluated whether the last control point of the 

trajectory of the previous elementary action comes from CNL or recorded motion’s trajectory 

control points. If it is from the recorded motion, then the keyframe constraints of the recorded EA 

are inserted into the final motion’s constraints. If it is from the CNL motion, then keyframe position 

values of the elementary action of the two motions are compared and if they are the same or 

spatially close, the keyframe constraints of the recorded EA are inserted into final motion’s 

constraints as previously. An example is presented in the following figure. 

 

Figure 38: Keyframe evaluation 

The trajectory parameters are evaluated in terms of smoothness, described by a set of rules, and 

provide a set of feasible control points in the 3D space. Next, the 3D points must match the trajectory 

values of the next operation in the motion sequence; consequently, the entire walking path, for 

example, will be a curve generated by having considered these trajectory control points. An example 

of the evaluation of consecutive motion constraints is presented in Figure 39. 

 

Figure 39: Consecutive motions trajectory constraint evaluation 

To achieve the motion constraints generation, first, a cubic Catmull-Rom spline is created for 

interpolating the trajectory control points of the hips joint from the recorded motion clips. The 

generated spline is evaluated in terms of smoothness by calculating the tangent on continuous 

points. In case the smoothness is not satisfactory, a cubic B-spline (Manns & Martin, 2015) is created. 
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If the smoothness target is not achieved, the knots defining the non-smooth area are identified, their 

values are iteratively changed until either a minimum number of iterations has been achieved or the 

smoothness target has been achieved or approximated. Otherwise, a higher degree of the spline is 

created, and the aforementioned steps are repeated. A similar approach is followed for the keyframe 

values, defining the start and stop time instances of the operations, i.e., start_walking, 

start_pick_contact, etc. The steps of the algorithm are presented below in Figure 40. 

 

Figure 40: Motion constraints algorithm 

Finally, one motion referring to the execution of the specific task list is generated after considering 

all available constraints. The final motion is in the same format as the input file containing the CNL 

EAs and constraints, having the same start pose, session and tasks. 

3.3.4 Reconfiguration through data-driven simulations 

The motions can be simulated via a data-driven motion synthesis approach (Herrmann et al., 2017; 

Manns et al., 2018). Motion capture, as well as sensor data, are stored in a hierarchical skeleton 

model, along with parameters of the motion models, representing short motion clips as presented 

in (Min & Chai, 2012). 

The data-driven motion synthesis, in combination with sensor data, can correlate high-quality 

motion captures with real-world assembly operations. The identification of key motion constraints, 

between the physical and virtual operations, realistic simulations can be generated. Simulation 

reproduction should respect constraints/ parameters of the related Motion Type. For a Pick action, 

e.g. “pick a screwdriver”, the human model should get close to the screwdriver, turn towards the 

object, estimate the next movement regarding the object’s, relevant to the subject, position, reach 

to it, touch it and pick it from the correct grasping point. 

https://doi.org/10.1002/cav.1780
https://doi.org/10.1080/0951192X.2018.1466396
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Picking an object can be performed with one hand or two hands. The object can be picked from any 

side. The object should not be picked without reaching it, released before the release point or even 

carried without touching it. From a recorded walking motion, the walking path may be derived, 

starting from a specific point towards another point, through a collision-free path. The manikin 

should not walk a shorter distance or at a different speed, from the one measured in the shopfloor. 

Another example could be the proper placement of an object, e.g. an open box cannot be placed 

with its open surface on the bottom. 

It is evident that the parameters necessary for reproducing a motion belong to two categories: 

• Scene relevant parameters 

• Motion relevant parameters 

The first category has to do with the objects and environment where the motion is performed at and 

the second has to do with the way that the motion was carried out. The first category parameters 

can be used for identifying similar conditions that a motion was performed in, while the second can 

provide useful information for the configuration of similar planned motions in future simulations. To 

obtain these parameters, an identification mechanism should be employed, which, beyond 

identifying the motion, will also provide the kinematic parameters that it was performed with. 

Morphable graphs use a directed graph of parametric models each representing a short motion 

primitive, e.g. left step, to enable parametric motion synthesis. 

Kinematic and time variation, which together forms the “motion space” of a motion primitive, are 

parameterized separately by registering a set of example motion clips of a motion primitive into a 

reference timeline using Dynamic Time Warping. After this registration, a motion clip is represented 

by a single high dimensional vector of a fixed length and a time function, a vector that relates frame 

indices from the reference timeline to frame indices of the example motion clip. 

Principal Component Analysis is then applied on the motion and time vectors to perform a dimension 

reduction of the motion representation, by identifying the mean and the eigenvectors. A new motion 

in the motion space of a morphable model graph can then be synthesized using the mean motion 

and a linear combination of the eigenvectors, which forms a morphable function that takes the 

weights of the eigenvectors as input. 

For each morphable primitive, a statistical model of the parameters in the form of GMM is trained 

using the projection of the original motion examples in the dimensionally reduced representation. 

The GMM can be used to generate natural-looking motions by sampling and evaluate the 

naturalness of motions. Additionally, GP regression is used to find optimal parameters at transitions 

between models. Transition models are created by finding correspondences between start and end 

frames of example motions and using the dimensionally reduced representation of the parameters 

as training samples for the GP. The storage of a morphable model graph requires the storage of a 

skeleton hierarchy, as used for the storage of a normal motion file, e.g. in the BVH format.



 

IEC61499 - international standard for distributed systems. 
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A morphable model contains as described above a morphable function and a statistical model. The 

morphable function is defined by the Eigenvectors and the mean of the kinematic vectors and time 

vectors respectively. In the current implementation, two separate statistical models are used for the 

kinematic and time parameters of a morphable model, each represented by a list of covariance 

matrices, mean vectors and a list of weights. With the currently used GP-library, transition models 

between morphable models are stored in the form of training data for the GP, i.e. parameter 

correspondences. However, this is supposed to be replaced by the parameters of the trained GP. 

This fact results in the improvement of the assembly process, through data-driven simulations 

towards satisfying a set of optimisation constraints and/or criteria that define the desired outcome 

of the virtual system, yopt (Figure 32). 

3.4 VERTICALLY INTEGRATED ADAPTIVE PLANNING AND CONTROL VIA AN AGNOSTIC MIDDLEWARE 

3.4.1 Architecture 

The IEC61499 (“IEC61499 - International Standard for Distributed Systems”) automation standard 

provides the basic tools for integrating the execution specification of manufacturing processes into 

a device interoperable structure. As a distributed system development standard, these FBs provide 

the means for modelling distributed control logic, supporting both interoperability as well as 

reusability. A single FB provides a common interface model in terms of events and data I/O while 

hiding its internal logic that provides a specific execution behaviour. A group of FBs connected 

describe the execution behaviour of a control application and IEC61499 then provides a model for 

how these can be distributed over an appropriate set of devices. 

FB generated and exchanged events during task assignments and fulfilment enable supervisory 

control over the executed manufacturing processes as well as provide insight into the actual 

resources working and systems operating conditions. The characterization of each entity’s event in 

advance allows for the creation of a representative execution control chart for defining the control 

strategies of the CPPS (Figure 41). Since a CPPS includes features from both cyber and physical world, 

an appropriate control strategy should be determined and adapted to the status of both. As a result, 

a holistic and centralized control strategy is enabled by monitoring the status of function block 

execution and running applications on shopfloor devices.
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Figure 41: Closed-loop control system of the CPPS 

Different function blocks can be connected in a sequential, parallel, or mixed approach, enabling 

different assembly planning approaches, through a communication network. Each resource of a 

device provides the necessary interface to allow the function blocks to communicate with other 

function blocks forming a function block network. The scheduling component provides the 

scheduling function to support the correct order of execution within the function block network. 

Each task includes the specific code and constraints for each device or resource to execute the task 

autonomously after its assignment. The function block network forming a higher level of logic is a 

group of function blocks interconnected by event and data flows. This flow enables the control of 

the manufacturing process and the evaluation of its progress. Therefore, a centralized component 

may enable holistic supervision and control over the distributed system. In this way, every action to 

fulfil a given order is integrated into function blocks and dispatched for execution. 

Additionally, the identification of critical systems, such as conveyors transporting the product to a 

table or AGV bringing materials required for the assembly, allows for the implementation of 

reconfigurable schedules prioritizing each time-critical aspects of the production, such as switching 

between different automation levels in the production system. This can be accomplished by 

allocating more tasks to human resources or robots. The software subsystems are monitored by a 

periodic “heartbeat” signal, specifying their operational mode. The initial condition is set to available 

for all the resources of a factory while the status of the connected subsystem is set to not available, 

indicating that their status cannot be known in advance and is assumed to be off. The status changes 

depending on the incoming events. 

3.4.2 Knowledge structure 

In the presented approach, the manufacturing system information is stored in a knowledge 

structure. The main difference to a simple database is that the former allows the addition of rules 

for reasoning, thus, allowing the creation of context. The proposed knowledge structure is 

comparted by five main entities with various internal variables, properties and sub-entities extending 

its information. The set of information stored in each entity is described below:



 

87 

• Factory – refers to the set of information representing the facility, structure of production 

system, geometric characteristics, such as layout dimensions, and other static information. The 

factory entity can be broken down into smaller segments, such as departments, stations, etc., as 

per the organization of each facility creating a hierarchical representation. 

• Resource – captures the characteristics and information of the production assets in charge of 

completing an order within a factory, such as human operators and robots. A resource is 

associated with one or more runtime systems, such as an information system providing 

instructions to operators, which aims to support its production operation. 

• Order – is related to the production target of a facility which is carried out by a set of resources, 

orchestrated by a planning and scheduling system. This entity includes information related to the 

product variation, long-term to short-term production targets, associated with a factory and/or 

resource. The order includes a set of smaller production operations, referred to as jobs which 

can include several tasks. The level of granularity can be adapted to the associated structure of 

the factory entity. 

• Running system – refers to a few production support systems, required for achieving the 

production targets. The running systems are deployed into some factory computing devices, 

included in the factory entity, and being used by resources to fulfil an order. Information such as 

software environment requirements, deployment time, reconfiguration/calibration time, 

versioning, etc. are included in this entity. Hence, a factory “owns” running systems. 

• Runtime information – this entity captures execution time information, mostly related to 

production context, such as production status, alarms of the entire CPPS, transitions of the 

operational condition of resources, devices, software/hardware systems. It serves as a historical 

record of the behaviour of the CPPS associating the individual behaviour of all other entities. 

The presented structure associates, in a semantic way, planning time information, such as layout, 

departments, stations, resources, machines, equipment, etc., to running time data, such as 

execution status, the operational condition of installed software packages, hardware utilization, 

operators’ feedback, alarms, etc. Hence, static information generated by the data sources of the 

production system is enriched with execution data, thus forming the holistic knowledge data 

structure of the CPPS.  

The creation of semantic relations among the data structure tables, allow context-modelling at a 

semantic level. Thus, it establishes a common understanding of raw data, enabling context sharing, 

logic inference, reasoning, and reuse of stored knowledge. The status of the execution as well as 

context information, required for advanced planning and scheduling, can be perceived via the 

analysis of acquired data from shopfloor devices. A reasoning algorithm is used to generate context 

out of manufacturing domain information, by mapping shopfloor data to predefined contexts, such 

as fitting location data to availability context. Data is evaluated and then the relations between the 

entities of the model are updated. This analysis of the model’s information enables a production 

context-aware application, where context is generated on top of stored information.
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3.4.3 Planning and scheduling 

The planning and scheduling application is based upon a multicriteria evaluation scheme for a 

heuristic algorithm based on a ranking technique (G. Chryssolouris et al., 1991; Papakostas et al., 

2010). Scheduling tasks are directly mapped to assembly features denoting the steps of the assembly 

process providing a bridge between production planning and scheduling, such as inserting a screw 

from point A to point B. Assembly features are extracted from the CAD model of the product model 

via the approach described in (Kardos et al., 2017). Each task can be executed by resources with or 

without the support of certain devices, such as screens, tools, such as grippers and/or support 

systems. A station can support more than one resources capable of being assigned more than one 

tasks. 

The decision-making framework used for scheduling selects which resource will be assigned for the 

execution of a task based on the suitability of the resources. The alternative solutions selected by 

the decision-making framework are evaluated against multiple criteria to select a good solution in a 

short time frame for the selected criteria. The criteria selection is based on the requirements and 

specifications of the user. There is no restriction on the kind and number of criteria that can be 

selected.  

The decision-making framework, in this study, is adapted to integrate additional criteria for the 

evaluation of context information, correlating the location of a resource to its task execution 

suitability to a certain assembly table and machine. Additionally, running time data from the 

deployment of Docker containers at the edge devices, such as the latency time required to set up an 

application, are evaluated as well. Therefore, the scheduling component may generate a holistic 

production schedule based on actual working conditions and software/hardware requirements and 

capabilities and based on that either reconfigure the existing software infrastructure or update the 

production plan according to the physical constraints of a given manufacturing system. 

3.4.4 Deployment to the edge devices and reconfiguration 

A distributed application can be defined as a collection of IEC61499 function blocks and their related 

connections. The standard indicates that the logic of the application is not tied to specific devices, 

but that this is given later, during their deployment. Such a deployment will place the function blocks 

on appropriate devices so that network communication is minimized, processing capacities of the 

devices are not oversubscribed and all function blocks that talk to specific equipment such as sensors 

and actuators are appropriately located. Hence, given such a distributed application the tasks of the 

deployment process are; to push the function block units out to the edge devices, configure them 

with appropriate communication settings, tear down (remove) an application from the system and 

select the device-function block assignments in such a way as to optimally configure the system. 

These tasks become more important the more dynamic a factory environment becomes. 

Considering a line is set up to perform the same operations for several years, reconfiguring it and 

https://doi.org/10.1080/09511929108944491
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planning the software manually can be a time-consuming process. However, as factories tend 

towards demand-driven lot size one, the requirement for the reconfiguration will become 

increasingly important, while preserving the stability and efficiency of the overall production system. 

One approach that can be taken is for the devices themselves to directly support the IEC61499 

standard. However, this limits each device to supporting function blocks which use those languages 

that the implementation is coded to handle. In practice, this tends to be only a small number of 

standard engineering languages and a single computer programming language, which is the same as 

that which the system was built. Hence, instead of requiring each device to support the standard 

directly, this paper approaches the dynamic deployment question using software containers.  

Docker (Docker, 2018) is one of the most popular containers tools at present. While the use of a 

container architecture for the device management capability is investigated in this study, it is not 

stated that Docker is the best choice at this time. Docker, in addition to the basic properties of a 

container engine, provides several other useful features and elements of its ecosystem as follows: 

• Layered images: each container is a series of layers allowing for the sharing of common parts 

of a container in terms of deployment and storage, though not runtime. For example, if several 

containers use Java, Java will only be downloaded once. 

• Repositories: Docker has public repositories providing a rich library of base images to build 

upon. Additionally, it provides the repository technology itself as a container, allowing the 

creation of secure private repositories for managing local libraries. 

• External API: Docker can be configured to provide its API openly as a REST service, with 

usernames or password systems as required. This can be used to allow a management system 

to instruct a device running Docker to download (or delete) specific images and activate 

downloaded images with specific configurations. 

These capabilities of the Docker environment provide the support structure for the deployment, 

activation, and tear down requirements of the system. The Docker ecosystem already includes tools 

for managing multiple Docker enabled machines as a cluster, known as Docker Swarm. This is further 

supported by Docker-Compose, a tool that allows for a single definition of a potentially distributed 

application. These tools have not been used in this work for two reasons. The first is that these tools 

are intended for use in the creation of scalable cloud services rather than the management of many 

single instances of smaller pieces of logic running on individual machines as is seen in factory control. 

The second is that these services, intended to be used today in cloud provision, intentionally hide 

details from the developer to speed their use and deployment. This is an issue in research where 

greater control over the tools is required to examine what is happening. Hence this work has 

implemented a new system, making direct use of the low-level Docker API, to provide the link 

between the scheduled tasks from the top-level planning system, through to a deployed distributed 

control system running on the devices at the edge of the system (Figure 42).
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Figure 42: From process to docker deployment 

It should be noted that there are other cluster orchestration tools, similar to Docker Swarm (Docker, 

2017), such as Google Kubernetes (Google LLC, n.d.). These other tools also provide management of 

a collection of containers intended to run on a group of devices and when described a set of services 

request download and activation of these services. At this time the full capabilities of each of these 

possible platforms have not been evaluated by this work. 

3.5 CPPS FLEXIBILITY ASSESSMENT 

The assessment of the impact of the presented approach to a production system from a CPPS 

perspective is difficult to be performed objectively since there are no standardized metrics or 

performance indicator to be considered. However, for completeness reasons and to provide the 

reader with a clearer comparison between the potential contribution of the proposed set of 

methods to the current state, a set of performance indicators have been adopted using the 

evaluation approach discussed in (Weyrich et al., 2017). 

As a result, the following evaluation card (Table 5) has been created to enable the evaluation 

between the state before and after the application of the methods proposed in this work to the case 

studies presented in section 5.

https://doi.org/10.1111/j.1468-0114.2008.00333.x
https://cloud.google.com/kubernetes-engine/
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Table 5: Case study evaluation indicators and evaluation ranking. 
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CHAPTER 4. IMPLEMENTATION 

4.1 INTEGRATION OF HETEROGENEOUS DEVICES FOR LOW-LEVEL CONTROL 

To test the performance and functionalities of the proposed architecture, a prototype was created. 

The cyber components, which include human and object detection, distance calculation, decision 

making and control logic of the CPPS, have been implemented in C#. The distance calculation module 

processes depth data captured by one or more sensors. Moreover, the human skeleton’s 

information and the coordinates from the robot end-effector are imported as well. Modified Kinect 

SDK libraries were used for the processing of the captured depth data.  

Depth data are correlated to the skeletal information using a proximity interpolation method to 

generate the human point cloud. Next, the points were reduced for achieving shorted response 

times by generating the convex hull of the human point cloud, keeping only a small amount of the 

outer 3D points. The movement detection is performed by comparing sequentially captured frames 

of human convex hulls. For the moving object, a similar approach was followed. The output of the 

implemented software is the minimum distance among a human operator and an industrial robot or 

an object moving in the monitored area, such as an AGV moving in the shared manufacturing 

environment. In Figure 43, the processing steps of the prototype application are described, where 

Input_1 is acquired from the sensor devices and Input_2 refers to the robot controller. The current 

implementation supports the detection of up to seven workers operating in the same working zone. 

Furthermore, it supports multiple Kinect sensors with the application of data fusion via the 

Livescan3D libraries. The fusion of multiple sensors facilitates the minimization of blind spots in the 

tracked area. 
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Figure 43: Overall workflow of distance calculation functions 

For the experimental setup, asynchronous TCP/IP sockets were established in a robotic controller 

and an android device, enabled by a wireless network. For the minimization of data transfer delays, 

the network is established over limited space and for a small number of nodes. The sockets in the 

robotic controller are used for the retrieval of the robot end effector’s coordinates and dispatching 

speed-related commands (slow down, stop) to it from the cyber system, depending on the safety 

strategy enabled. Moreover, through the socket in the android device, audio warnings, alerting its 

user about an object moving to proximity, are triggered. 

One of the primary objectives of the current implementation was scalability. In case that one sensor 

is used, all the computations of the cyber part are performed locally in one computer. However, 

when multiple sensor systems are used, the steps of depth data processing, the coordinates’ 

transformation and the distance calculation are distributed among the various nodes. Afterwards, 

the results are transferred to a central node, which is responsible for the control of the CPPS physical 

entities (human and robot). Then, it applies the selected safety policies according to the average 

values of the calculated distances. The computer systems that are connected to the sensors must 

meet some minimum requirements, regarding 3D graphics processing. Thus, this approach enables 

short computation times and fast system response. A high-level overview of the established network 

is presented in Figure 44. 

 

Figure 44: CPPS connectivity 
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The distance calculation component has been wrapped with all the functionalities and deployed as 

a standalone windows application. Communication is enabled via TCP/IP sockets, thus, enabling 

decision making, based on real-world conditions and the selection of appropriate control strategies 

in near real-time. Finally, the application supports limited interaction with the Unity framework, 

which can be used for robot simulations and interaction with the point clouds and convex hulls of 

the sensor systems. 

In Figure 45, a screenshot is 

presented of the running 

application, with the Unity 

visualization demonstrating the 

use case layout. The human 

point cloud is depicted in red and 

the convex hull in green. The part 

being transferred was not in the 

monitoring zone of the Kinect 

sensor. 

4.2 ADAPTIVE DECISION MAKING FOR HOLISTIC RECONFIGURATION AND CONTROL 

In this section, an implementation of the approach discussed in subsection 3.3 is presented. The 

implemented software system can be divided into two main parts: 1) the physical world data 

acquisition and management and 2) the data processing for linking them to the virtual part. The 

software discussed in the following paragraphs has been implemented in Java. The overall system 

architecture is presented in Figure 46 and discussed in the following paragraphs. 

 

Figure 46: Software architecture 

Figure 45: Use case visualization 
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Real-world data acquired from the shop floor are stored in the data layer. Each sensor network 

(optical, wireless and tools) provides its data format and timeline and it is supported by its software 

infrastructure and communication services. The number of cameras and other sensors depends on 

the actual tracking situation. The time synchronization of all sensor nodes is achieved by using the 

NTP. For a basic capture setup, without occluding objects in the scene, a circular setup of 6 depth 

cameras, the Kinect v2 in our case, is suggested while for the other sensors can vary according to 

the number of tracking objects and actors. MoCap is a recording of the movement, which was 

currently achieved using Kinect v2 devices and pressure sensors. The pressure data are processed 

separately but are synchronized to overlap them to the Kinect data. Kinect v2 device allows tracking 

up to 25 joints. The supported joints are presented in Figure 47. Similar joints to the Biovision model 

for motion synthesis (Meredith et al., 2001) are used for the identification of motion constraints. 

 

Figure 47: Kinect v2 model joints 

In order to facilitate further data communication and processing, the shop floor data are 

accumulated in a common JavaScript Object Notation (JSON) format, combining the different data 

schemas, {OpticalData: [<Data>], WirelessData: [<Data>], ToolData: [<Data>]}, where the <Data> 

tag includes sensor data in a proper format for each sensor’s network. The JSON format is the 

wrapper of the generated constraints that will constitute the body of the Sv information of the virtual 

system. An example of the JSON format is provided in the following figure (Figure 48). 
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Figure 48: Example of JSON data format for optical (1) and tool (2) sensor data 

The real-world data are stored in the data layer. This layer provides an API for CRUD operations in 

the form of RESTful services. The physical layer in which data are kept is a Non-SQL database and 

specifically the Apache Cassandra. The Apache Cassandra was selected in this study due to its ability 

to manage JSON formatted data and more specifically, to query JSON data using the JSON attributes. 

The generic schema implemented in the Cassandra database to enable data management of 

different scenarios consists of the actual data to be stored and a “Meta-Model”. The “Meta-Model” 

contains three properties that allow the quick retrieval and correlation of data by indexing these 

specific fields, namely: 

• “id”: Representing each data unique identifier. This is an auto-generated value to ensure 

uniqueness. 

• “domain”: A field representing the domain that data comes from. It is used to distinguishing 

data, generated from sensors (sensor domain), data generated by the closed-loop control 

(constraints domain and cost functions domains) and data generated for the digital twin layer 

(control domain and execution domain). 

• “group_id”: A field that correlates data from different domains that are generated from the 

same single scenario/project. This value is also used as the scenario/project identifier. 

Another major component of the data layer is its workflow engine. The use of Camunda Business 

Process Management (BPM) engine has enabled the implementation of the “Closed-Loop Control” 

layer (by integrating the relevant services) along with the “Digital Twin” layer’s Control Function into 

a single workflow resulting in the “Digital Twin” simulated execution.  
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4.3 VERTICALLY INTEGRATED ADAPTIVE PLANNING AND CONTROL VIA AN AGNOSTIC MIDDLEWARE 

4.3.1 High-level planning and scheduling component 

The main platform along with its plugins aim towards planning and scheduling the manufacturing 

process that needs to be executed on the shop floor. These functionalities enable the planning and 

allocation of tasks to resources. Then the tasks are wrapped into device-specific function blocks 

and/or function block networks, wrapping the tasks to be executed. Additionally, devices and 

equipment are associated with resources for the execution of the assigned process. This is reflected 

and included within the task structure and implemented as a FB queue connected to a corresponding 

FB generated event queue, serving for execution control. 

4.3.1.1 Server-side 

The scheduler component is responsible for making task-resource allocations based on product 

orders, available resources as well as the status of connected software systems, such as safety 

subsystems. It is integrated via a public API that offers the following functionalities: 

• Schedule or reschedule tasks, based on available resources and production status; as inferred 

by the FB generated events through the supervisory control component. 

• Set the production rate target in parts per hour 

• Set training mode for newcomers, prioritizing the assignments to less experienced operators 

(newcomers) regardless of the production cycle time. 

4.3.1.2 Client-side 

The task planner user interface allows the processing of product features to enable the generation 

of a task sequence. It communicates with the server-side via RESTful APIs. It supports the following 

functionalities: 

• List of product information (i.e. id, name, etc.) 

• Generate assembly tasks based on the product assembly features 

• Generate assembly and task sequences 

• Interact with the user for editing a selected task sequence 

• Save task sequence and dispatch for scheduling 

The scheduler user interface facilitates access to the scheduler features on the server-side for task 

scheduling and is also responsible for visualizing task assignments to resources. It communicates 

with the server-side via RESTful APIs. It has the following functionalities: 

• List of workstations (i.e. id, name) 

• Selection of product 

• Schedule calculation and assignments 

• Gantt chart visualization 

• Selection of production mode (training or meeting production rate) 



 

98 

4.3.2 Deployment service 

The deployment services are responsible for taking the plan of a distributed control application 

(represented as a set of FBs and information about how they are connected) and turning this into a 

running application. The components of the application are expected to be executed on edge 

devices, which are all programmable devices running Docker. These devices are located on the 

factory floor close to the sensors and actuators that can be interacted with. Connecting logic may 

be placed either on the same devices or other intermediate devices depending upon the needs of 

the application and the availability of computing power. The proposed deployment plan includes the 

following steps: 

1. Be given the distributed application description 

2. Identify the network of available programmable devices 

3. Perform an assignment process, so that each FB is assigned to a device; more details are 

provided in section 5.3. 

4. Place the FBs in a location that can be accessed by all programmable devices for download 

5. Instruct each device to download the correct set of FBs. The information about which FBs are 

supposed to be on which device is provided by the assignment process in step 3. The 

instructions are sent using the Docker remote API. 

6. Once all devices have completed their download of blocks, activate each block of the 

distributed application. 

Many parts of this process are supported by existing Docker tools and capabilities, this being part of 

the reason it is proposed using containers and Docker in particular.  

• Docker has an existing infrastructure to support a Repository. This is a running piece of 

software that stores several container images, the package of information that is needed to be 

downloaded to make a working container. It makes this image set accessible and searchable 

from other services. This supports steps 4 and 5 in the sequence above. 

• Docker can make the API accessible (with security and passwords) over an active network 

connection. Assuming each device makes this service accessible it is then possible to search a 

network for devices that can be contacted, “instruct” a device to download software from a 

repository and “instruct” a device to activate the software with appropriate initialization 

parameters. This supports steps 2, 5 and 6 in the sequence above.  

Hence the implemented deployment strategy includes an IEC61499 model of the distributed 

application, provided as Step 1 in the above list and the automated assignment of these FBs to 

devices in step 3. A graphical illustration of the final process, in the form of a UML diagram, can be 

seen in Figure 49 below. 
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Figure 49: UML chart of the deployment process. 

The exact implementation details presented in this diagram are not prescribed by this paper. Many 

of these components could be combined into a single monolithic service running on a single 

machine, or they can be provided as modules and services. In this study, the implementation that 

has been used at the current time is presented, taking a modular service approach. 

• Repository: This part of the system is prescribed by our use of Docker. The component is a 

Docker container itself and provides upload and download services via an HTTP interface. This 

HTTP interface provides the download method used by individual machines and devices. 

• Deploy service: The deploy service takes an assignment plan from the primary service, a list of 

which images should be on which devices (identified by IP address) and how they are to be 

connected. It uses the HTTP-based Docker API to instruct each device to download a set of 

images, and then tells each device to create containers (Docker refers to this as running the 

image) based on those images. It is at this stage that the presented approach passes a 

connection configuration to each container as a startup parameter in the form of a JSON 

message. 

• Scanning service: The scanning service looks for devices on the network that can be deployed 

to. A UDP scanning service is made use of to a special local application on each machine. This 

application can also be asked to run a latency connection scan on other machines to provide 

statistics on communication speeds between devices. All this information is gathered and 

collated by the scanning service to provide a model of the network of machines at any given 

time.  

• Primary service: The primary service provides REST services and a web GUI for human 

interaction. It collects information from the scanning service and issues requests to the deploy 
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service using REST requests. The assignment process has been included here as a part of this 

component, but that could be separated later as a further modular service. 

4.3.3 Application Execution 

The application execution model follows the event-driven approach used in the IEC61499 standard, 

which is used to model the distributed application logic. That is, each block accepts an input event 

with a set of parameters to set on its inputs, it runs some internal process for each event that arrives, 

and this can set zero or more output parameters and zero or more output events. Each output event 

is then propagated to the blocks that it has been connected to. It should be noted that this 

propagation of events is very similar to the publish/subscription approach taken in other frameworks 

like ROS. 

However, and in comparison, to other implementations of IEC61499, a global sequence of events is 

not predefined or forced. Each block will maintain a queue of unprocessed events, and each event 

reaching the block will be added to the queue and these will then be processed in sequence, but 

blocks can run on any device and hence can run in parallel. In terms of implementation and 

execution, the expectation is that the act of receiving an event and adding it to the queue will be a 

very quick operation, hence not blocking the originating block for a significant period. Additionally, 

all data transmitted with an event go to the same next block allowing data to be received from many 

possible sources (since it is directly linked to events) rather than only a single source. 

The advantage of using the IEC61499 model is that it provides a fine-grained expression of the 

control logic while also providing a clear description of the interface and communication channels 

in the system. It is expected that these function blocks match microservices which are then 

implemented as Docker containers, which could be called micro containers. These micro containers 

can act as device controllers, legacy connectors or provide other computation services such as 

database access, decision support or event filtering.  

In keeping with the IEC61499 model the users can use the language of their choice, and this language 

will be transported with the block as part of the container image. The use of Docker container 

infrastructure supports this, where a container is created from a series of layers each layer building 

on those below. The language choice will provide the base layer, which could be a Java virtual 

machine or a Python runtime or compile a C program statically and only deliver the compiled C file 

to the container. The latest would require more knowledge over the device where the FB would be 

sent to properly configure the parameters of the compiler. 

To support the FB model of the logic blocks, a standard library implementation can be provided for 

each language, which the programmer will use to implement the logic he/she requires. This library 

carries the communication framework that is to be used for the incoming and outgoing events, 
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including serialization formats and protocols. This library is provided as a separate layer in the 

container image which also allows it to be easily replaced by the server.  

Hence, this infrastructure means the communication system is not prescribed by the framework but 

is provided by an interchangeable layer. This can then be exposed during the application design 

process, allowing the designer to request specific formats for specific communication channels, or 

even left to the deployment optimization process, though this has not yet been developed. In the 

current test system, the implemented communication system uses Zero Message Queue (IMatix 

Corporation, 2015) and JSON serialization, for simplicity and readability. 

The blocks being deployed can vary from generic components to legacy connectors to device 

controllers and specialized code logic for the specific control application. Blocks describing the path 

information for robots at different stages in a specific process and the instructions for the human 

operators, as seen in section 4.3.1, can be created in this way. These application-specific blocks can 

then be included directly in the control logic and deployed to the edge of the network. 

Where several pieces of control logic have been assigned to the same device, running on the same 

language and communication layers then rather than delivering several containers, a single merged 

container can be provided. Communication between the blocks within this container need not go 

through the network stack and indeed in the future use of compilation techniques such as code 

fusion could be used to merge this modular control logic into single more efficient execution blocks. 

Such techniques can be seen in other branches of computer science such as functional programming 

where there has been a great deal of interest in the techniques of stream fusion in recent years 

(Mainland et al., 2017). These models of micro containers can be seen in Figure 50. 

 

 

Figure 50: Models of Function Blocks as micro containers.

http://zeromq.org/intro:start
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4.3.4 Control 

The supervisory control has been implemented in a separate component, which is responsible for 

maintaining the state of each workstation. This includes the presence and status of resources, task 

execution progress, and issuing alerts about a task, system, and resource failures. On the server-

side, the supervisory control functionalities are realized by the context engine with the following 

services; Heartbeat monitor, Messaging and Event handling. In a like the scheduler approach, these 

components offer public APIs. 

4.3.4.1 Server-side 

The Event handling service manages the following events: 

• Resource availability 

• Resource presence/location 

• Task status (Start/Finished/Failed) 

• Components going offline (e.g. safety system) 

• Container status and installed environment 

• Container deployed to devices and resources level of use (CPU, Memory, etc.) 

• Generated alarms 

The Heartbeat monitor service offers the following methods: 

• Registering systems for heartbeat monitoring 

• Monitoring heartbeat to determine what systems are running 

The context engine provides the following functionalities: 

• Add/remove/access tasks/resources (i.e. names, status) 

• Add/remove components for heartbeat monitoring 

• Add/remove components heartbeats 

• Add/remove task schedule 

• Updating context based on events 

The messaging service consumes events and publishes messages to appropriate queues that will be 

monitored by the various modules of the platform. 

4.3.4.2 Client-side 

The supervisory control user interface visualizes the status of a workstation. It provides information 

to the user about the resources, task execution, and alerts (e.g. task failure). This component follows 

a twofold approach for communicating with the server-side. 

First, it may access the RESTful APIs that provide access to functionalities such as: 

• List of workstations (i.e. id, name) 

• Workstation layout in SVG format 
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• The initial status of the workstation (i.e. resources present and their status, deployed 

containers) and scheduling information (i.e. tasks scheduled, completed, failed, and ongoing) 

Furthermore, considering that not all components communicate via RESTful APIs, it can subscribe to 

messaging queues to intercept messages coming from shopfloor deployed systems monitoring its 

working conditions, such as: 

• Status of resources 

• Presence of resources 

• Task execution (completed, failed, and ongoing) 

• Components going offline (e.g. safety system 

The localization modules communicate with the cockpit server-side via RESTful APIs. The following 

functionalities are supported: 

• Access/update/delete localization zones for each workstation 

• Dispatch 2D coordinates of sensor monitored shopfloor personnel 

4.3.5 Connectors 

The connectors for the system fall into two categories, the database connectors and 3rd party 

connectors, which includes legacy system connectors. The database connectors are based on an 

Object Relational Mapping (Hibernate) approach and include data access objects and domain 

objects. The 3rd party connectors are implemented with IEC61499 interfaces and managed as Docker 

containers. Hence any language can be used to implement these connectors, or even legacy code 

directly where appropriate, however for this project we have used Java following the appropriate 

integration specification. This use of Docker means that all components in the integration layer can 

be integrated using a common approach and hence managed and reused by higher-level 

components such as the planning & scheduling and control applications. 
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CHAPTER 5. CASE STUDIES AND RESULTS 

In this section, the integration of the methods presented in section 3 and through the prototypes 

discussed in section 4 have been implemented in three different use cases of complementary 

requirements, towards implementing adaptive planning and control in the final use case. At the end 

of the chapter, a comparison between all the cases in terms of automation level . as well as 

contribution in terms of the methodology presented in section 3.5 is presented as illustrated in the 

following figure (Figure 51). 
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Figure 51: Overview of the industrial case studies 
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5.1 CLOSED-LOOP CONTROL OF HUMAN-ROBOT INTERACTION IN A SHARED WORKING AREA 

5.1.1 Case study description 

The current implementation has been tested in a case study related to the automotive 

industry in a laboratory machine shop. Purpose of the testbed is to evaluate the performance 

of the software control system intended for safeguarding the human operator by triggering 

different safety policies. The safety policies are used to alter the speed of the robot when the 

operator approaches it. The scenario involves a human operator moving close to the robot 

for performing a screwing task to an object on a table after the robot placed it there. In 

particular, it includes a human operator approaching a COMAU racer 7 robots in a short 

distance at walking speed, while the robot is moving at normal speed. Furthermore, the 

moving object class has not been included in the testbed as it needs further improvement to 

reduce its response time. For safety reasons, a human was always present close to the 

emergency stop button of the industrial robot, during the experiments.  

Various tests were conducted using one or more sensors, placed near to the robot’s base for 

evaluating the repose time of the system. In Table 6, the specifications of the computers 

connected to the sensors and the central computation node are listed. 

Table 6: Use case hardware specifications 

 Computer 1 Computer 2 Computer 3 

CPU Intel core i7 – 4770HQ 
Intel core i5 – 
5200U 

Intel core i5 – 
5200U 

GPU 
Intel HD Graphics 4600 

Intel HD Graphics 
5500 

Intel HD Graphics 
5500 

NVIDIA GeForce GTX 650 2GB 
NVIDIA GeForce 
920M, 2GB 

NVIDIA GeForce 
920M, 2GB 

OS Windows 10 Windows 10 Windows 10 
RAM 8 GB 4 GB 4 GB 

5.1.2 Experiments 

The performance of the proposed approach, thus the software control system, is presented 

in terms of average response time calculated with one or two Kinect sensors established to 

detect a moving operator within its predefined zones.  

The metric being used for the comparison is the response time of each system. This includes 

the time required by each system, with fusion or without, to detect the presence of a human 

and trigger a signal for enabling a reaction, such as an emergency stop of the robot. The 

reaction is measured by detecting the event in the software terminal window. 

Safety zones were pre-set to 1.5, 3.0 and 4.5 meters from the robot base so that the Kinect 

sensors could track the human entering each one of them (Figure 52). Within the yellow and 
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red zones, the robot can reach the human. Robot’s safety reactions were configured to 

reduce the robot speed by 60%, when the human enters the yellow zone, and stop it entirely 

in the red zone. 

 

Figure 52: Prototype testing 

5.1.3 Results 

The results of the experiments are presented below in Table 7. 

Table 7: Experimental results on human/motion detection response time 

Distance in mm 
from the base of the 
robot 

Zone 

CPPS response time 
for human 
detection in msec 
(no fusion) 

CPPS response time 
for human 
detection in msec 
(with fusion) 

1430 Red zone 8.2 260.5 

1530 Yellow zone 8.3 273.5 

1730 Yellow zone 8.2 282.5 

1930 Yellow zone 8.9 299.5 

2130 Yellow zone 9.3 296.5 

2330 Yellow zone 10.7 304.0 
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Distance in mm 
from the base of the 
robot 

Zone 

CPPS response time 
for human 
detection in msec 
(no fusion) 

CPPS response time 
for human 
detection in msec 
(with fusion) 

2530 Yellow zone 9.8 317.5 

2730 Yellow zone 12.0 323.5 

2930 Yellow zone 12.2 324.5 

3130 Green zone 13.1 329.5 

3330 Green zone 16.8 334.5 

3530 Green zone 17.3 342.5 

3730 Green zone 16.9 345.5 

4030 Green zone 17.5 350.5 

Average 
Response Time 

- 12.09 313.18 

From the above results, it can be supported that the proposed approach enables triggering a 

reaction strategy in a very short time, approximately 10-15 ms with one sensor and 320 ms 

with multiple sensors via Livescan3D. As a result, the proposed approach with its prototype 

implementation achieved in closing the loop between the human operator and the robotic 

manipulator in a laboratory environment, hence implementing a CPPS through the 

integration of production assets and as tested in a related use case. 

The response time in both cases increases proportionally to the distance due to the volume 

of acquired data that must be processed and correlated to the skeletal data. In other words, 

as the distance increases from the sensor, the depth resolution decreases. This requires 

additional time for human detection and background removal.  

Additionally, from the experiments, it can be concluded that the head-on time added by the 

fusion library is approximately 280-300ms, including both the fusion time as well as the data 

transmission delay between the laptops in use. Latencies may be also caused through the 

communication channels, but this has not been the focus of this research as it has been 

assumed that if needed alternative communication protocols and hardwired channels could 

reduce it. 

As mentioned above, moving objects were not part of the evaluation since the corresponding 

development was not considered robust, the response time was much higher of the human 

detection functionality and making their execution parallel requires additional time and 

effort. Apart from that, the human detection is performed in two steps; first on the device, 
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which has the skeleton identification libraries; and second on the proposed system, based on 

data captured by the Kinect sensor; skeleton and depth data. This approach eliminates any 

potential false human detections. The mapping of cloud points to skeletal data allows for an 

accurate representation of the human envelope. The coordinates in space may be inaccurate 

at a scale of mm. Considering the response time of the application and its purpose, deviations 

of mm have been considered and compensated in the implemented algorithm, towards 

prioritizing human safety and not the production. Hence, the robot might be operating at a 

slower speed than its normal for the greater part of an operation and while the human is 

inside the yellow safety zone when the proposed system is running. 

5.1.4 Assessment 

To evaluate the automation level incurred to the CPPS described above the state before and 

after the application of the aforementioned approach as described in section 3.2 has been 

performed. The evaluation has been performed according to the approach described in 

section 3.5. The results are presented below (Table 8). 

Table 8: CPPS evaluation 

Indicators Current state Future State 

IT integration & communication 

ability 

2 3 

The ability of automatic 

scheduling 

1 1 

Knowledge creation and 

reasoning ability 

1 3 

Social interaction 1 1 

Perception ability 1 3 

Data processing ability 1 2 

 

It is noticed that there has been an impact on the reasoning and perception capabilities of 

the overall system as a result of the integrated functionalities and its increased IT integration 

and communication ability. The increased connectivity did not only allow for higher 

knowledge and environmental perception creation but also facilitated faster data processing 

supporting a more dynamic control of the robotic manipulator. This fact in combination with 

the application of alternative control and safety policies resulted in the creation of safe 

shared working space for the human operator, as tested in a laboratory environment. 
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5.2 ADAPTIVE PLANNING OF MANUAL ASSEMBLY OPERATIONS 

5.2.1 Case study description 

The case study presented in this paper involves a pick and place process of warehouse 

components from a rack and to a trolley. The purpose of this pilot case is (a) to record the 

real-world information as to the way the operations are performed by an operator, (b) having 

this information transferred to the digital twin and (c) evaluate the ergonomic and cycle time 

of the current process along with the identification of potential improvements through 

consecutive reconfigurations of the digital twin. It should be noted that the implemented 

links, enabling the digital twin, are only a part of the presented software application platform, 

which integrates all the required functionalities to enable the evaluation of the scenario. 

5.2.2 Experiments 

The evaluated scenario comprises an industrially relevant environment of approximately 10 

square meters, representing the corresponding warehouse. The environment was arranged 

to have two racks of different heights, where the actors would pick and transfer objects from 

one to the other. The performed motions were tracked by two Kinect v2 as well as one e-

glove. The pilot case setup, as well as the warehouse environment and its 3D model, are 

presented in Figure 53. 

 

Figure 53: Experimental setup 
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The scenario was executed five times by 3 actors with different physical characteristics. 

 

5.2.3 Results 

The following table (Table 9) demonstrates the results of the proposed motion recognition 

approach, of each actor, as evaluated in the use case presented. 

Table 9: Results of recognizing the performed motions 

 Height (cm) Weight (kg) Walk Pick Carry Place 

Actor 1 195 120 16/20 20/20 12/20 14/20 

Actor 2 168 74 19/20 19/20 16/20 15/20 

Actor 3 172 62 18/20 20/20 19/20 18/20 

From the recognized motions, the motion constraints, corresponding to the data recorded 

from the physical environment, are generated. The time required for the transformation of 

real-world recordings into motion constraints information, including the coordinate 

transformation and time synchronization, was approximately 5-10 minutes. Then, the motion 

synthesis model, through these constraints, can simulate the behaviour of the actual operator 

through the 3D human model in the virtual environment. An example of walk motion 

constraints, represented as blue dots on the floor, is provided in Figure 54. 

 

Figure 54: Digital manikin walking path constraints 

Different motion and environmental/scene constraints result in different simulations. The 

spaghetti chart, as well as the ergonomic evaluation of the scenario, are presented in the 

following figure (Figure 55). 
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Figure 55: (a) Spaghetti chart and (b) ergonomic evaluation of the two pick operations 

The ergonomic evaluation or a different type of evaluation of the performed assembly 

operations in the corresponding environment enables the reconfiguration of both the 

operations themselves as well as the layout. As a result, offline adaptive manual assembly 

planning is achieved along with layout planning, in a CPPS enabling the minimisation of the 

corresponding cost function, which in the presented use case, is the ergonomic evaluation of 

the performed assembly operations. 

5.2.4 CPPS assessment 

In a similar approach to the one followed in section 5.2.4, the results are presented below 

(Table 10). 

Table 10: CPPS evaluation 

Indicators Current state Future State 

IT integration & communication 
ability 

2 3 

The ability of automatic 
scheduling 

1 2 

Knowledge creation and 
reasoning ability 

2 4 

Social interaction 1 2 
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Perception ability 1 2 

Data processing ability 1 1 

Based on the results presented above, again the knowledge creation and reasoning 

capabilities of the system have been significantly increased. This result can be justified by the 

development and integration of the digital twin model and its wrapping functionalities virtual 

closing the control loop of the manual assembly operations in a shop floor. 

5.3 ADAPTIVE PLANNING AND CONTROL OF A HYBRID ENGINE ASSEMBLY STATION 

5.3.1 Case study description 

The implemented system has been tested in a case study coming from the automotive 

industry. The scenario involves the partial assembly of a vehicle MBS at a workstation, initially 

operated by two human operators and an industrial robot (Figure 56). 

 

Figure 56: Case study workstation layout in a) physical world, b) simulated environment 

using ABB Robot Studio and c) the supervisory control component of the planner in a 2D 

representation using SVG format. 

5.3.2 Experiments 

The evaluated scenario includes the assembly of two MBS products by the workstation 

available resources. This includes the assignment of a set of 22 assembly tasks, two products, 

to one robot and two operators. The operators are assumed to have the same set of skills 

and capabilities. The tasks for the assembly of the MBS product as well as the suitability of 

either resource and their expected time for completing an individual task are provided in 

Table 11. 
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Table 11: MBS assembly task and resources suitability. 

No Task 
Precedence 

relation 
Suitability 

Robot 

Average 

Time 

(in 

seconds) 

Human 

Average 

Time 

(in 

seconds) 

1 

Move MBS part A 

from buffer to 

table 

- 

Human 

and/or 

Robot 

10 15 

2 

Examine 

machined 

surface of part A 

1 Human  5 

3 

Move MBS part B 

from buffer to 

table 

- 

Human 

and/or 

Robot 

10 15 

4 

Examine 

machined 

surface of part B 

3 Human  5 

5 
Attach part B to 

part A 
1, 2, 3, 4 

Human 

and/or 

Robot 

7 13 

6 

Take screws from 

buffer, insert to 

part B and 

tighten 

5 Human  8 

7 

Examine 

machined 

surface of part C 

6 

Human 

and/or 

Robot 

10 15 

8 

Move MBS part C 

from buffer to 

table 

7 Human  5 

9 
Attach part C to 

part A 
1, 2, 7, 8 

Human 

and/or 

Robot 

7 13 

10 

Take screws from 

buffer, insert to 

part C and 

tighten 

9 Human  8 

11 

Move assembled 

product on side 

table 

10 Human 6 22 
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The initialization event is triggered by a pressure sensor at the arrival of a new item at the 

picking position on a conveyor. The arrival event is communicated through the monitoring 

system to the scheduling tool, triggering the generation of a new schedule to fulfil the 

assembly requirements of the specific item, as included in its database.  

5.3.3 Results 

Triggered by the arrival event of the MBS parts to the robot picking position of the conveyor, 

the assembly tasks are then assigned to the resources under the constraint of minimizing the 

station cycle time and for the given assembly (Figure 57). 

 

Figure 57: Views of the supervisory control and scheduling components regarding the 

assignments and task execution at the MBS assembly workstation. 

After the virtual task assignments by the scheduling tool, the FBs are created wrapping the 

task information with process planning and execution parameters depending on the specific 

device to be deployed. The related information is also stored in the database of the 

scheduling tool out of manual editing. Then, the FBs are dispatched to the containerization 

layer. 

For deployment, each FB must be implemented as a container, as described in section 4.3.3, 

including all appropriate language, library, and networking support. A library of available 

blocks is stored in the repository component of the system, which also provides download 

access to the running devices. At present all blocks must be manually implemented, which 

involves the creation of a section of code describing the behaviour that will be within the top 

level of the container stack, but in the future, this process could be further automated. The 

containers are then deployed and started in sequence creating the execution network. At 

runtime, the blocks predominantly communicate by sending events directly between the 

edge devices using socket communication. Where the blocks need to report data to the 

central planning and control nodes, to allow for holistic workstation supervision and 

evaluation of status, then events are also sent directly to those systems. 
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While a demonstration system that finds devices and deploys software to them has been 

created and tested on a small number of devices, it has only been tested using simple test 

networks, rather than tested with the more complex functionality that is required for this 

example. Despite this limitation, we wish to present how the deployment process should act 

and so have tested the deployment process using a combination of a simulated network of 

devices and some practical tests of the deployment process of a code block using Docker. The 

simulated network was 5 devices including 1 device for each human that would interact with 

the system interaction and 1 device for the robot. One primary interface block was provided 

for the robot while a screen and button were provided for the human. 

The schedule was translated into a control application using some standard code 

transformations. The first is the connection of a robot task to the robot control block, 

illustrated in Figure 58, Figure 59, and Figure 60, show increasingly complex patterns for the 

code generation. It should also be noted that this is where the current approach diverges 

from the IEC61499 standard, in that it allows the input of data from several previous blocks. 

This is because the function block definition is treated as an interface definition and require 

that data is always associated with an event. 

The full schedule for the first case above resulted in a network of 29 blocks. The optimal 

pattern for deployment was found in 3.64 seconds on a test machine. 

 

Figure 58: Standard code block for the connection of a robot task with a robot controller. 
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Figure 59: The standard code pattern for connecting human tasks both to the human 

interface system and to each other. 

 

Figure 60: A larger example of the code generation process where human and robot tasks 

are sequenced, with their respective interface components. 

Deployment time costs were as follows. To deploy the basic infrastructure of a given language 

(Python in this case) took on average 40 seconds. The deployment of a function block once 

the infrastructure was locally available was 1 second, including starting the block. Since these 

events happen in parallel on as many machines are as requested a worst-case time of 57 

seconds (including optimisation) would be required for this example, without any pre-existing 

infrastructure. With the infrastructure in place and spread over several machines, the process 

would be some number of seconds. 

It must be noted that this all happens without the human engineer taking any part. The 

central planning and scheduling system define the proposed plan of action, the deployment 

system selects where to place the code, Docker is then used to place and activate the code. 

To investigate the potential reconfiguration capabilities it can offer to a CPPS, in a simulated 

environment, as well as the merit for a potential future application in a real-world situation, 

the departure of an operator at the workstation during the execution of the first MBS 
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assembly is simulated. The event is communicated to the supervisory control component and 

through the context-engine, the event is translated to a resource unavailable. Then, the 

updated status is used from the scheduling component in the generation of a new schedule, 

considering the newly introduced working conditions. 

In the presented case, the second operator leaves the workstation after starting to assemble 

the second MBS product, and after completing his/her first task. The resource absence is 

received by the planning and scheduling tool and interpreted by the context-engine to a 

resource unavailable triggering a new decision point for the scheduling service. As a result, a 

new schedule is generated based upon one human and one robot (Figure 61). 

 

Figure 61: Views of the supervisory control and scheduling components regarding the re-

assignment and task execution at the MBS assembly workstation when human 2 becomes 

unavailable. 

For redeployment, each block must be stopped and follow the aforementioned approach. 

Some must be deleted, others deployed. The current research has not focused on this part 

of the process and so it is not optimized, however, timing tests suggest it takes 10 seconds to 

stop and remove an existing block. Hence the process of full redeploy could take up to three 

minutes. However, given the saving in terms of reengineering, and if the system is not 

reconfigured too often, the presented approach remains practical. 

The modified network was 26 nodes, for only 1 worker and 1 robot. The system was optimized 

for deployment in 2.85 seconds. Total time for the change to the CPPS is then estimated at 

4.2 seconds for the high-level planning component, 3 seconds for the deployment planning, 

10 seconds to stop the existing system and 30 seconds to deploy a new set of functionality. 

This is 47.2 seconds in total, which is entirely automated and does not require the human 

engineer to act on the system. It is however still quite high and if carried out too frequently 

would be a practical problem. This presents room for further development in the future. 

Dynamic planning and control of assembly operations were presented via means of event-

driven FBs, corresponding to individual assembly activities, and Docker containers. The 

implemented workflow implements a two-step production orchestration mechanism: 
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1. A higher level one governing the business logic, which relies upon a multi-criteria decision-

making algorithm responsible for the planning and scheduling the production process, 

wrapped into FBs that are modelled after IEC61499 standard, and  

2. A lower-level runtime orchestration managed by the containerization layer which creates 

the runtime execution logic. 

In this way, the proposed hierarchical structure enables holistic production plan, supervision 

and control. 

The results from the case support that the use of a hierarchical control architecture as the 

one presented in this study, combined with function blocks and container technologies can 

enable advanced control and flexibility with an easier and more dynamic reconfiguration of 

the production process, with less direct human involvement. Moreover, optimization in the 

deployment and execution of the production plan can be achieved more easily via means of 

the docker container platform. The use of docker also simplifies the management and 

integration of different programming technologies and underlying platforms, such as Java 

and Python, in a modular way, thus enabling greater flexibility for the developers. The system 

implemented and presented in this study can be extended to include more assets and 

gateways, hence enabling an extendable and scalable CPPS. 

5.3.4 CPPS assessment 

In a similar approach to the one followed in section 5.2.5. In this case, an evaluation was 

performed in collaboration with technicians of the real use case. the results are presented 

below (Table 12).  

Table 12: CPPS evaluation 

Indicators Current state Future State 

IT integration & communication ability 3 4 

Ability of automatic scheduling 3 4 

Knowledge creation and reasoning ability 1 4 

Social interaction 1 2 

Perception ability 1 3 

Data processing ability 2 1 

This evaluation shows as expected that the focus of this work has been the scheduling, the IT 

integration for the edge computing and the knowledge creation and reasoning for the 

support of the scheduling rather that in social/human interaction and perception. The 

increase in the social interaction and perception aspects are required to support the other 

capabilities but are not the focus of this work.  
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CHAPTER 6. DISCUSSION AND OUTLOOK 

6.1 CONCLUSIONS 

In the current study, the integration of different layers of the 5C CPS architecture has been 

integrated towards enabling the reconfiguration through adaptive planning and control of a 

CPPS. The corresponding methods have been investigated and implemented into prototype 

(sub)systems to actively test the dynamic reconfiguration of production processes of versatile 

complexity, as reflected by the three use cases. 

With regards to the presented use cases and their results, the vertical integration of 5C layers 

enabled the creation of digital controllers to the physical systems allowing for the integration 

of smart features. Hence, adaptive planning of the underlying processes as well as adaptive 

control to the environmental conditions and volatile production constraints/requirements 

have been enabled. Towards that end, the application of microservices-based architecture, 

as well as the use of containerisation technologies offering an abstraction middleware, have 

been of major importance to the reconfiguration of the production processes with reduced 

human intervention. 

As a result, this study through the integration of various levels of the automation pyramid 

allowed for an increase in the automation level of the investigated CPPSs and their flexibility 

which was the focus of this thesis. It should be noted that the introduction of a virtualisation 

middleware has been an enabling technology of major importance in such vertical and 

horizontal integration. 

The three presented CPPS applications presented in the above sections are presented all 

together in the following radar plot (Figure 62) to better visualise the contribution of new 
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technologies and the proposed methods in the automation and upgrading of existing 

systems. 

 

Figure 62: CPPSs automation levels comparative analysis 

Based on the results from applying the methods presented in chapter 3 to the case studies 

discussed in the above subsections, it can be supported that the vertical integration of 

technologies and methods from the 5C architecture, resulting in the creation of CPPSs, 

increases its overall automation level. As a result, this has a direct effect on the way it is 

planned and controlled. In fact, through the integration of advanced technology, enabling 

increased connectivity and data processing functionalities, and in the scope of this work, do 

enable adaptive planning and control of the overall investigated system. This in return, 

enables more flexible and responsive production systems. 

6.2 LIMITATIONS 

The limitations of the presented method and system are summarised below along with 

potential approaches to overcome them: 

• The vertical integration of heterogeneous systems and the distributed control is 

dependent on a common data model. In this work, the IEC61499 standard function 

block structure has been adopted for formulating as block networks high-level tasks 

consisting of one or lower-level operations as simple or basic function blocks. Function 

blocks do allow for the creation of dependencies as well as event-driven control logic 

that is executed by the controllers of shopfloor resources such as robotic PLCs and 

machines. However, the creation of FBs that can be directly mapped to tasks and 

operations as well as their mapping to executable code, even if simpler to write the 

code, and reusable requires an effort that increases depending on the number of 

different devices. Recent IDEs such as eclipse 4DIAC in combination with simulation 
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tools such as ABB robot studio which has the capability of autogenerating code from 

simulation can significantly simplify the overall process of creating new function blocks. 

• Another limitation is related to the deployment of the function blocks, which in the 

current study have been wrapped in docker containers, that can be improved 

depending on the network characteristics, the workload, the criticality of the 

deployment etc. This aspect even though highlighted has been partially investigated 

and discussed but it is worth noting that achieving a vertically integrated system of 

systems should concern with the analysis and consideration of its connectivity and the 

deployment/update of new functionalities to the distributed nodes that allow the 

reconfiguration, supervision and orchestration of the entire CPPS. 

• Additionally and concerning the containerisation technologies that currently are a topic 

of increased research ad investigation, it should be highlighted that there is no industrial 

container system, but only prototype solutions which are not at the same level of 

confidence or robustness when compared to the existing industrial automation 

networks. On top of that docker containers are system and device specific. Hence a 

docker or similar image is required for every device where a function block should be 

executed. However, and at the moment, there not docker images for every possible 

device. A potential alternative would be building the image if and when needed but this 

would require both effort and certain skills. 

• Concerning the aforementioned and with consideration to the web-based nature of the 

developments mentioned in the previous sections along with the use of web services 

over TCP/IP, a limitation that has not been examined or discussed is the security of the 

data exchange as well as the robustness of the proposed methods and prototype 

solutions in case of critical operations. Moreover, the reliability of the proposed 

methods is under question since they have not been tested specifically for this. To 

compensate these limitations, extended testing improving the resiliency and robustness 

of the proposed tools could increase the reliability levels while for ensuring data security 

and additional security layer would need to be introduced to the CPPS layered 

architecture that would affect the design and development of the systems. 

• Finally, even though achieving a vertical integration of different systems allows for their 

central orchestration and distributed execution enabling reconfigurable manufacturing 

processes as well as their extension, maintenance and update up to a completely 

autonomous level, in theory, the complexity of designing, building and maintaining the 

overall system in operational condition becomes increasingly complex. Modern 

container or similar cloud orchestration tools can facilitate the management of such 

systems, such as Red Hat, Kubernetes, vRealize. 
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6.3 OUTLOOK 

The points for future work below include ways to advance research on the topic: 

• A network model can be created to supervise, control, and optimise the deployment of 

new functionalities to the shop floor resources and effectively manage their 

reconfiguration through the deployment of updated functionalities, in terms of new 

function blocks or otherwise. 

• Concerning the previous point, optimisation techniques can be adopted for workload 

balancing the deployment optimisation. 

• The work presented in this thesis investigates and assess the contribution of industry 

4.0 technologies in the automation level as well as the flexibility of CPPS by approaching 

a vertically integrated system of systems and examining the reconfigurability potential 

of existing systems. However, a limited number of assets has been considered including 

maximum one assembly station and its systems. The extension of a CPPS and its 

vertically integrated systems to include more distributed nodes and the investigation of 

the performance and effectiveness of the proposed solutions can be part of a future 

research effort. 

• The presented control methods concern asynchronous event-driven methods. 

Nevertheless, large systems are highly complex to manage only with asynchronous 

control approaches. Hence, mixed asynchronous and synchronous techniques should 

be considered in the future enabling hybrid control approaches and their benefits 

should be investigated and assessed for the automation level and flexibility of a CPPS. 

• Finally, even though highly complex, future endeavours could include the creation of 

contribution into an industrially certified container and container orchestration 

solution. 

 

Figure 63: Main limitations and outlook points  
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APPENDIX A: DISTANCE CALCULATION ALGORITHM 
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APPENDIX B: DISTANCE CALCULATION PROCESS TIME 

The calculated distances from the tool are presented in the tables below. In particular: 

• In the first table (Table 13) depth data were acquired using one Kinect sensor with no 

fusion enabled. 

• The results in the second table (Table 14) were acquired with the fusion functionality 

enabled and through the LiveScan3D platform. The computers communicated via a local 

network. 

The coordinates of the robot TCP were acquired via a wireless TCP/IP connection with the 

robot controller with a delay of 40msec which has been subtracted from the time values 

mentioned in Table 13. 

Purpose of these results is to validate the stability and performance of the implemented tool 

in a period bigger than a few seconds. Due to the amount of acquired data, the sampling rate 

was manually set to 15 seconds and the overall period was set to 15 minutes with no fusion 

and 10 minutes with fusion. 

Table 13: Distance calculation with no Kinect fusion 

Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. 

(msec) 

Human–Moving 

Object-distance(m) 

00:00:10 10.0 0.653070788383482 300.0 0 

00:15:00 9.5 0.670585115253956 300.0 0 

00:30:00 9.5 0.671331998705843 300.0 0 

00:45:00 9.0 0,693034378767189 300.0 0 

01:00:00 9.0 0.732625424861982 400.0 0.9970098003745073 

01:15:00 8.5 0.785660296678435 400.0 1.0823158919811294 

01:30:00 9.0 0.836994275450063 450.0 1.2730574190616639 

01:45:00 9.0 0.889361575248573 300.0 0 

02:00:00 9.0 0.942632079145515 300.0 0 

02:15:00 8.5 0.973000049510671 400.0 1.9350650858306914 

02:30:00 8.0 0.996000051494101 400.0 2.0199999809265141 



 

127 

Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. 

(msec) 

Human–Moving 

Object-distance(m) 

02:45:00 8.0 1.101103946665862 400.0 1.8581101354217569 

02:00:00 8.0 1.226388564758492 400.0 1.5446107295639667 

02:15:00 8.5 1.349059156031526 400.0 1.4783400209808472 

02:30:00 9.0 1.51162606477374 400.0 1.3113314986228942 

02:45:00 9.0 1.647604652593028 400.0 1.1429999828338652 

03:00:00 9.5 1.971000075340202 450.0 1.1070901125335735 

03:15:00 9.5 2.047000169754034 450.0 1.2340000629425441 

03:30:00 9.5 2.126000022888186 350.0 0 

03:45:00 10.0 2.392005007629391 350.0 0 

04:00:00 10.5 2.50200953674332 350.0 0 

04:15:00 11.5 2.788529859127813 450.0 1.5138501096725563 

04:30:00 11.5 2.925032009536743 450.0 1.6525010339915752 

04:45:00 12.5 3.136411198973656 450.0 2.0127763839233487 

05:00:00 13.5 3.275029054284096 450.0 1.9852021335144583 

05:15:00 13.5 3.416993764042854 400.0 0 

05:30:00 14.0 3.506812790036201 400.0 0 

05:45:00 14.5 3.712000026702882 400.0 0 

06:00:00 15.5 3. 84238242805004 400.0 0 

06:15:00 16.5 3.991508992016311 550.0 0.8533207118511214 

06:30:00 16.5 4. 

074059921503062 

550.0 0.7745063483715062 

06:45:00 17.0 4. 

280246436595912 

550.0 0.6861577779054644 

07:00:00 17.0 4.300052285194399 600.0 0.4781298339366914 

07:15:00 16.5 3.951336481256487 550.0 0.7250424202544487 
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Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. 

(msec) 

Human–Moving 

Object-distance(m) 

07:30:00 16.0 3.893592822400161 450.0 0.7171541684378185 

07:45:00 15.0 3.721894245505074 450.0 0.1845188711059552 

08:00:00 14.5 3.621567764945042 450.0 0.2449774709266684 

08:15:00 14.0 3.611382131147154 450.0 0.9455245707472457 

08:30:00 13.5 3.414543643611059 450.0 0.6118687871388613 

08:45:00 13.5 3.309118648734266 400.0 0.4885848888445834 

09:00:00 13.0 3.207889314766472 400.0 0 

09:15:00 13.0 3.154344455374486 400.0 0 

09:30:00 13.0 3.087277138233185 400.0 1.993603972041013 

09:45:00 13.0 3.151335787773132 400.0 2.006942612584683 

10:00:00 12.5 3.488334047794342 400.0 1.170188367366791 

10:15:00 12.5 2.91314684876088 400.0 0 

10:30:00 11.5 2.809021158237972 400.0 0 

10:45:00 11.5 2.727155222382316 400.0 0 

11:00:00 10.5 2.503545433484124 400.0 0 

11:15:00 10.5 2.393645432012935 400.0 1.2871541385342042 

11:15:00 10.0 2.279005140256718 400.0 1.4110591803214891 

11:30:00 9.5 2.058879618486723 400.0 1.5792660221548488 

11:45:00 9.5 1.948531856809335 400.0 1.7874720134279724 

12:00:00 9.0 1.754823389812492 400.0 1.8138860471749164 

12:15:00 9.0 1.52196185682518 400.0 2.0599722147899774 

12:30:00 8.5 1.416972165828251 400.0 2.2131764149942542 

12:45:00 8.5 1.381542434744219 400.0 1.5432125440041467 

13:00:00 8.5 1.186125648490991 400.0 2.0307210434124164 
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Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. 

(msec) 

Human–Moving 

Object-distance(m) 

13:15:00 9.0 0.944384872488846 400.0 0 

13:30:00 9.0 0.821434853383875 300.0 0 

13:45:00 8.5 0.74748847867551 300.0 0 

14:00:00 8.0 0.591329001544485 300.0 0 

14:15:00 8.0 0.548468370378869 300.0 0 

14:30:00 8.0 0.698210278952614 300.0 0 

14:45:00 8.5 0.721534633010957 300.0 0 

15:00:00 9.0 0.99433847701407 300.0 0 

Table 14: Distance calculation with Kinect fusion enabled 

Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. (msec) 

Human–Moving 

Object-distance(m) 

00:00:10 282.0 1.778040116348274 400.0 0 

00:15:00 295.0 1.886311435699463 400.0 0 

00:30:00 299.0 1.90211858134245 400.0 0 

00:45:00 296.0 2.130548457194553 400.0 0 

01:00:00 300.0 2.210254878445614 400.0 0 

01:15:00 312.0 2.46997844547510 415.0 2.130305439233783 

01:30:00 323.0 2.575249882456586 418.0 2.774871438919292 

01:45:00 323.0 2.782012436962359 426.0 2.437237128320013 

02:00:00 312.0 2.402148876546807 415.0 1.937853280992185 

02:15:00 300.0 2.241056754537397 405.0 1.748502021974021 

02:30:00 300.0 2.271018984180165 400.0 0 
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Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. (msec) 

Human–Moving 

Object-distance(m) 

02:45:00 300.0 2.129558554587141 400.0 0 

02:00:00 295.0 1.844387897293538 400.0 0 

02:15:00 282.0 1.7425875885499887 454.0 0.588373216128738 

02:30:00 287.0 1.6846813848054928 418.0 0.736341823743927 

02:45:00 260.0 1.4138746936561147 425.0 1.448739989233824 

03:00:00 266.0 1.3145215580065144 427.0 1.483984399032821 

03:15:00 262.0 1.1258788340369672 434.0 1.69392893123723 

03:30:00 261.0 1.0031785220367813 500.0 0 

03:45:00 261.0 0.9021314254261645 500.0 0 

04:00:00 260.0 0.7115485484460515 500.0 0 

04:15:00 260.0 0.6211210189964644 450.0 0.973421638982101 

04:30:00 260.0 0.678416329847017 550.0 0.723849375356989 

04:45:00 260.0 0.6206545647765492 550.0 1.174871248378328 

05:00:00 260.0 0.7835886831330927 450.0 0 

05:15:00 261.0 0.9478741087236485 450.0 0 

05:30:00 262.0 1.1883674929265843 450.0 0 

05:45:00 265.0 1.3449327489252411 400.0 0 

06:00:00 260.0 1.4378472347646273 427.0 1.494873282378912 

06:15:00 273.0 1.5741910987198391 420.0 1.858963783980821 

06:30:00 282.0 1.797101873873153 454.0 1.148372990215314 

06:45:00 298.0 1.9873271982382455 400.0 0 
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Clock Human 

Recognition(msec) 

Human–robot 

distance (meters) 

Mov. Object 

Recogn. (msec) 

Human–Moving 

Object-distance(m) 

07:00:00 296.0 2.1648570236465185 400.0 0 

07:15:00 304.0 2.3844383428731249 400.0 0 

07:30:00 317.0 2.5384754828730653 400.0 0 

07:45:00 321.0 2.6674707848130071 423.0 2.466793872318514 

08:00:00 312.0 2.4734989238209511 415.0 2.248792198213983 

08:15:00 323.0 2.7873278231024897 400.0 0 

08:30:00 324.0 2.9864609238748416 400.0 0 

08:45:00 329.0 3.1746558467362409 400.0 0 

09:00:00 331.0 3.2197635657939965 460.0 1.87381982592722 

09:15:00 340.0 3.4393892381245614 484.0 2.598398218712098 

09:30:00 329.0 3.1875472238951068 450.0 2.278385125893701 

09:45:00 327.0 3.0567873289335862 441.0 2.187392588129128 

10:00:00 321.0 2.8764762988362359 432.0 1.953728760154280 
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APPENDIX C: CONVOLUTIONAL NEURAL NETWORKS (CNNS) 

CNNs are multi-layer supervised networks which can learn features automatically from 

datasets. A CNN can either be feedforward or recurrent neural network. Their primary 

disadvantage is that they require very large amounts of training data. However, studies have 

shown that state of the art performance can be achieved with networks trained using 

“generic” data, raising the possibility of developing a motion recognition system based on 

features learned from datasets with a classification focus. CNNs are similar to ordinary neural 

networks. They are made of neurons that have learnable weights and biases. The main 

difference is that the CNN architecture assumes that the inputs are images, which allows the 

encoding of certain properties into the architecture enabling more efficient feedforward 

implementation by reducing the number of parameters in the network. The network still 

expresses a single differentiable score function with the raw image pixels from one side to 

the class scores at the other.  The layers are built up so that the first layer detects a set of 

primitive patterns in the input. The second layer detects patterns of those patterns and so 

on. Typical CNNs use 5 to 25 distinct layers. Finally, in the last layer, a loss function exists. 

Training is performed using a labelled dataset of inputs that are tagged with their intended 

output response. 

A simple CNN architecture uses three main types of layers: 

• Convolutional layer 

• Sub-sampling Layer 

• Fully Connected layer 

 

 

Figure 64: Simple CNN architecture 

These layers enable the transformation of the original image from the original pixel values to 

the final class scores. Each layer accepts an input of a 3D volume and transforms it into an 

output 3D volume through a differentiable function. The parameters, whose activation is 

used for the final classification are used in the various layers of the feature maps. 
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In the traditional model of pattern/image recognition, a manually designed feature extractor 

gathers relevant information from the input and handles variabilities. The extractor then is 

followed by a trainable classifier, usually a standard neural network. In a CNN, the 

convolutional layer plays the role of the feature extractor which is configured during the 

training process. There can be many convolutional layers. The first one extracts low-level 

features like edges, lines, and corners. Higher-level layers extract higher-level features. 

 

Figure 65: Representation of convolutional process 

The pooling/subsampling layer reduces the resolution of the features. Moreover, it makes 

them robust against noise and distortion. There are two approaches for pooling: max pooling 

and average pooling. In both cases, the input is divided into non-overlapping two-dimensional 

spaces. For average pooling, the average of the values within each space is calculated. For 

max-pooling, the maximum value is selected. 

 

Figure 66: Representation of max and average pooling 

Neural networks and CNNs, in particular, rely on the non-linear trigger function to activate 

identification of likely features on each hidden layer. CNNs may use a variety of specific 

functions, from which the most commonly used are the following: 

• Rectifier linear units (ReLu), like y=max(x, 0) 

• Continuous trigger functions, like sigmoid, tangent, hyperbolic tangent etc.  
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APPENDIX D: KERNEL SEARCH 

The search process is based on evaluating all or a subset of possible kernel or kernel 

combinations concerning the user constraints. The user inputs include: 

• Kernels:    selecting kernels to be evaluated and combined 

• Iterations:    defines searching area from the initial values 

• Search depth:    defines the number of kernels that will compose the 

final kernel 

• Step: variance    increase is based on step value 

• Initial Variance  

• Initial Degree 

• Initial length scale 

• ARD:     Takes the arguments ‘True’, ‘False’ 

The simple kernels, as implemented in GPy, can be one of the following: 

Table 15: GPy Kernel names 

Simple Kernels 

RBF linear 

exponential White 

poly spline 

Matern32 Brownian 

Matern52 Finite_dimensional 

bias Periodic_exponential 

The algorithmic process includes the sequential increase of variance parameter as many 

times as defined by the iteration’s parameter. The search process includes three sub-

processes. The first increases the variance by step value. If the mean error does not decrease 

from the default mean error, which is set to a high value, then the search process continues 

to the second sub-process where the step increases. When the iterations come to an end, 

the parameters by which the kernel has achieved the minimum error are selected. 

After all the kernels have been tested, as referred above, the one with the minimum mean 

error is selected to be the base to construct the final kernel. 

Afterwards, the base kernel is combined with each one of the base kernels as many times as 

denoted by the search depth parameter. All possible combinations within the predefined 

constraints are evaluated. Again, in the end, the kernel with the minimum error is selected to 

be used in the next step where it will be combined with a new kernel. 
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Figure 67: Search Algorithm Sequential Chart 

Regarding the developed script in python, search depth parameter can take values starting 

from 0. In other words, if 0 is selected as a depth search, the outcome shall be one of the 

base kernels. However, the evaluation procedure takes some time. As a result, the search 

process had to be as fast as possible to provide a solution as soon as possible. For that reason, 

the search process finds a local minimum error according to the variance parameter. The 

initial variance parameter is set by the user. Afterwards, the algorithm attempts a better 

result with small alterations to the parameter.  

Finally, the results are compared at each step, to find the minimum error kernel at each step. 

The variable that stores the intermediate results are presented below (Figure 68 and Figure 

69). There are 3 methods to evaluate a kernel, pose Distance, distance, negative log-

likelihood. 
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Figure 68: Used Variables for search depth = 0 

 

Figure 69: Used Variables for search depth > 0 
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APPENDIX E: CNN BASED MOTION RECOGNITION ALGORITHM 
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APPENDIX F: ASSEMBLY SEQUENCE PLANNING 

The algorithm imports the product’s assembly plan. The assembly plan consists of the following 

components: 

• Assembly tasks 

• Assembly parts 

• Features 

• Resources 

• Workstations 

An ontology model is created and used to temporarily store and handle the assembly plan’s 

information. The model consists of five main classes, each one referring to the assembly tasks, parts, 

features, resources, and workstations respectively. The representation of the ontology model’s 

classes and properties is presented in the following figure. 

 

Figure 70: Assembly sequence planning ontology 
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Algorithm 

A graph search algorithm that runs on the assembly features precedence relations graph has been 

implemented, to find the total feasible assembly sequences for a product’s assembly. 

 

Figure 71: Assembly sequence generation example 

The graph vertices represent the features and the connection vectors the precedence relations. The 

features that can be inserted into the sequencing are shown in orange colour and the features that 

have already been sequenced in grey colour. At first, the algorithm finds all the possible roots of the 

graph, in other words, the vertices that have no incoming edges. These features declare that the 

parts that they connect can be joined together at any time independently on the other parts.  

In this example there are two roots, features 1 and 3, and the algorithm randomly selects features 1 

as the first feature to be executed. Then the possible features that can follow feature 1 are feature 

2, the parts of which can be connected only after the connection of the parts related to feature 1 

and feature 3 which is the root of the graph. Subsequently, feature 3 is randomly selected from 

possible next features and so on until all features have been sequenced. In this example feature, 2 

will always be the last feature in features sequence as it can be started only after the connection of 

the rest features’ parts. 

Out of the previous stage, all feasible sequences are generated. Afterwards, it is the job of the 

engineer to evaluate them and select the one he/she wants. Towards generating a feasible assembly 

sequence an evaluation procedure has been designed and implemented according to the following 

steps: 

1. Assembly schema, parts list, Assembly features 

2. Generate Liaison diagram 

3. Use/ask Precedence relations 

a. Identify local and global constraints (local→ the part is trapped by its neighbors, global 

→ if there is no way out, like inside a box or if the way out is too narrow) 

b. Result in something like: 

Part a-to-part B > Part c – to – part B >… 

c. Unprecedented liaisons should be first 
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4. Generate AND/OR tree Graph of sequences 

5. Sequence selection process 

a. Stability 

i. Start with the part that is in the fixture and mark it as stable 

ii. Inspect each other part connected to the first one if it is stable (if it relates to 

fasteners, press fit, etc.) then mark it as stable 

iii. Repeat step 2 for all parts considering unmarked liaisons 

iv. If the entire sequence is stable, then the algorithmic process is completed 

v. Otherwise, the entire sequence is stable then consider alternative 

combinations to have a stable sequence 

b. Complexity 

i. Maximum numbers of subassemblies that are moving concerning one another 

by an assembly operation 

ii. Monotonicity (regardless if operations of intermediate placement of 

subassemblies are required) 

iii. Linearity (whether all assembly operations involve the insertions of a single part 

in the rest of the assembly or more than one part must be simultaneously 

inserted) 

iv. Optimality criteria (as low as possible) 

v. Number of directions in which parts must be displaced 

vi. Number of tools and tool changes 

vii. Number of non-linear steps 

viii. Depth of an assembly sequence 

ix. Efficiency (energy needs) 

c. Graph search Algorithm 

i. Guided GA with mutations to handle product variations 

 

Criteria 

1. No of Stable Subassemblies (NSS) 

𝑁𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑠𝑡𝑎𝑏𝑙𝑒 𝑠𝑢𝑏𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑖𝑒𝑠  

2. No of Part re-orientations (NPO) 

𝑁𝑃𝑂 = 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡 𝑟𝑒 − 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 
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3. Number of Tool Changes (NTC) 

𝑁𝑇𝐶 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑜𝑙 𝑐ℎ𝑎𝑛𝑔𝑒𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 

4. Consecutive tool usage (CTU) 

𝐶𝑇𝑈 = 𝑀𝑎𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑡𝑖𝑣𝑒 𝐴𝐹𝑠 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑡𝑜𝑜𝑙 𝑖𝑛 𝑎𝑛 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝐴𝑆 

× [1 −  (𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑎𝑠𝑡 𝐴𝐹 − 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑎𝑠𝑡 𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑡𝑖𝑣𝑒 𝐴𝐹)] 

 

Assembly Sequence Auto-Evaluation Indicator (ASAE) 

𝐴𝑆𝐴𝐸 =  
(𝑤1 × 𝑁𝑆𝑆 + 𝑤2 × 𝐶𝑇𝑈) − (𝑤3 × 𝑁𝑃𝑂 − 𝑤4 × 𝑁𝑇𝐶)

100
% 
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APPENDIX G: EVENTS MODEL SUPPORTED BY THE SUPERVISORY 

CONTROL 
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APPENDIX H: SUPERVISORY CONTROL MAIN STATE DIAGRAM 

  



 

145 

APPENDIX I: INTEGER LINEAR PROGRAMMING OPTIMIZATION 

A potential deployment can be considered sensible if it fulfils the following two criteria: 

• The first criterion concerns key constraints on communication speed. In a factory setting, this 

is vital for the safety of certain systems which need to comply with the ISO standards. 

Therefore, the model of the distributed application must include annotations that specify 

when a connection should have an upper limit on performance and all such constraints 

should be satisfied by the final solution.  

• Once the key constraints are satisfied, it is generally of interest that the usage of vital 

resources like networking is minimized and, similarly that the time delay between 

functionality is also minimized. This is of interest in terms of the optimal deployment of a 

schedule of tasks for the workers and robots. However, it is not safety-critical if the time 

delay between task completion and the beginning of the next is unusually high. Nevertheless, 

it is preferable if it is kept to a minimum. Hence an assignment will be considered sensible if 

the summation of the latencies is as low as possible, given an adequate search horizon. 

 

The model 

Given the devices being used are relatively powerful relative to the complexity of the function blocks, 

at this stage, the demonstration of this system will not consider the availability of the CPU or 

memory. The focus of the model will be on networking as this is the key bottleneck. 

The approach will be to take the set of machines and test the latency of IP connectivity between 

them. This allows an association to a cost with the action of placing communicating blocks placed on 

different machines. The model will represent the assignment of a block to a specific machine as a 

set of binary variables, where each block can be on any machine. These variables are then made 

exclusive using a constraint allowing only 1 to be set. This gives rise to a matrix of variables and 

constraints. The connections between the blocks are an additional matrix and these will be used for 

the objective function and additional constraints on the performance of any given connection. 

The template of the model can be automatically populated with data by a computer program, 

subsequently optimized and the solution read off, thus automating the assignment process. In the 

rest of this section, the model will be presented. 

 

Constants: 

• The time latency of IP between machines. This would be expected to be a symmetric matrix. 

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡 = [
𝐿𝑎𝑡𝑒𝑛𝑐𝑦00 ⋯ 𝐿𝑎𝑡𝑒𝑛𝑐𝑦0𝑛

⋮ ⋱ ⋮
𝐿𝑎𝑡𝑒𝑛𝑐𝑦𝑚0 ⋯ 𝐿𝑎𝑡𝑒𝑛𝑐𝑦𝑚𝑛

] (1) 

Where; 
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- 0 ≤ 𝑚, 𝑛 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 of machines 

• For the given distributed application some blocks are connected. This is an asymmetric matrix. 

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐸𝑥𝑖𝑠𝑡𝑠 =  [
𝐸𝑥𝑖𝑠𝑡𝑠00 ⋯ 𝐸𝑥𝑖𝑠𝑡𝑠0𝑐

⋮ ⋱ ⋮
𝐸𝑥𝑖𝑠𝑡𝑠𝑏0 ⋯ 𝐸𝑥𝑖𝑠𝑖𝑡𝑠𝑏𝑐

] (2) 

Where; 

- 0 ≤ 𝑏, 𝑐 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 of code blocks 

Variables: Assignments of function blocks to machines 

𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠 =  [
𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡00 ⋯ 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡0𝑏

⋮ ⋱ ⋮
𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑚0 ⋯ 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑚𝑏

] (3) 

Where; 

- 0 ≤ 𝑚 ≤ number of machines 

- 0 ≤ 𝑏 ≤ number of code blocks 

- All assignments are discrete binary variables 

Constraints: Every code block must be assigned, and each block can be assigned to only 1 machine. 

⋁ 𝑏

𝑏=0

𝑁𝑜.  𝐶𝑜𝑑𝑒 𝐵𝑙𝑜𝑐𝑘𝑠

∑ 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑚𝑏 = 1

𝑚=0

𝑁𝑜.  𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑠

 (4) 

 

Objective/Cost function Z: minimize average network latency between each pair of devices 

𝑚𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑚𝑏 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑛𝑐𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡𝑚𝑛 (5) 

Where; 

- 0 ≤ 𝑚, 𝑛 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 

- 0 ≤ 𝑏, 𝑐 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑑𝑒 𝑏𝑙𝑜𝑐𝑘𝑠 

Additional constraints: 

• Specification on the cost of a specific connection 

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐸𝑥𝑖𝑠𝑡𝑠𝑏𝑐𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑚𝑏𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑛𝑐𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡𝑚𝑛 ≤ 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑜𝑠𝑡 (6) 
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Where; 

- 0 ≤ 𝑚, 𝑛 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 

- 0 ≤ 𝑏, 𝑐 ≤ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑑𝑒 𝑏𝑙𝑜𝑐𝑘𝑠 

• Specific block assigned to a specific machine. 

𝑚𝑖𝑚𝑖𝑧𝑒 𝑍 = ∑ 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑚𝑏 𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑛𝑐𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡𝑚𝑛 (7) 

𝐴𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠𝑚𝑏 = 1 (8) 

Where; 

- 𝑚 denotes the index of the machine 

- 𝑏 denotes the index of the code block 
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