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SUMMARY 

Several high-tech manufacturing technologies are emerging to meet the demand for mass customised 

products. These technologies include configurable robots, augmented reality and the Internet-of-

Things. Manufacturing enterprises can leverage these new technologies to pursue increased 

flexibility, i.e. the ability to perform a larger variety of activities within a shorter time. A robot with 

multiple alternative end-effectors is substantially more versatile than a conventional robot, thus able 

to perform a larger variety of tasks. This versatility can be further enhanced by the collaboration of 

humans and robots. However, the flexibility offered by these new technologies isn’t fully exploited, 

because current operations management techniques are not dynamic enough to support high 

variability and frequent change. 

The research presented in this thesis explores the use of business process management (BPM) to 

manage dynamic manufacturing processes. It is argued that BPM can complement current operations 

management techniques by providing dynamically adjustable control, depending on the type of 

activities and resources in the manufacturing processes. BPM is also utilised to drive integration 

between business management, operations management, and the activities performed by humans, 

robots and other machines. Lastly, BPM is positioned as an enabler for human-robot collaboration. 

The technology-agnostic nature of BPM allows for flexible selection and assignment of resource 

coalitions to perform manufacturing activities, based on the requirements of the activities and the 

capabilities of resources. 

Design science research is performed to investigate how BPM can be applied in smart manufacturing 

operations. Thus, existing knowledge is adapted and extended for a new problem domain. The 

research results in packages of knowledge, named artefacts, that can be utilised by practitioners to 

apply BPM in manufacturing. The following three artefacts are presented in this thesis: 1) guidance 

on the modelling of manufacturing processes to support the dynamic process management, 2) 

guidance on the definition of versatile, collaborative human and robotic resources, and 3) a method 

to select and assign resources to perform tasks. These three contributions are incorporated into a 

process management system and demonstrated at three diverse factories across Europe. This 

demonstration serves as proof of concept and leads to the conclusion that BPM, enhanced with 

allocation of humans and robots, can be used to manage smart manufacturing processes. 

 

  



 

vi 

PREFACE 

I will not attempt to disparage the challenge I experienced during the four years that culminated in 

this dissertation. More surprisingly, rather, is the source of the challenge. Despite the intricacies of 

the scientific scope of my work, I consistently overcame technical problems and maintained steady 

progress throughout the four years and, perhaps, even did too much in the end. Instead, it was the 

duration and unfettered freedom that posed the real challenge. The PhD programme offered by my 

supervisors, and the Eindhoven University of Technology in general, offers astonishing freedom to 

craft your research objectives and activities. Even though my work was part of the affectionally named 

HORSE Project, I still had ample space to manoeuvre and settle on my eventual research topic. Such 

freedom inevitably leads to uncertainty, at least in my case. Although my supervisors frequently 

allayed my fears, I could never quite dispel my concerns about the novelty and significance of my 

work. Looking back now, I recognise that such concerns are not helpful, but perhaps natural. Attaining 

a PhD is meant to demonstrate your capability as an independent scientific researcher, after all. That 

independence is accompanied by the responsibility to make difficult decisions and stay the course, 

even in the face of uncertainty and fatigue. Fortunately, independence does not equal solitude and I 

am quite certain that this dissertation would not exist without support from the many colleagues, 

friends and family who helped me over the last four years and before. 

I don’t often have a chance to express gratitude quite so permanently and will therefore use this 

opportunity as best I can. I must start with those who contributed most directly to my work. To Irene, 

as my co-promotor and daily supervisor, your fortitude and “no-nonsense” approach to getting things 

done kept me on track and allowed me to focus on the content, rather than getting tied down with 

administration. I realise that I am not always the easiest person to work with, but your ability to see 

the structure in the chaos helped me to keep things ticking over and eventually reach the end. 

Complimentarily, Paul, as my promotor and mentor, you provided invaluable guidance through the 

thought process and helped me to find my voice in the complex and confusing intersection of business 

process management and manufacturing operations management. Your incessant praise and humour 

also helped me to quickly regroup when doubt crept in. And then to my closest colleague, Kostas. I 

have no doubt that this dissertation, in its final form, would not exist without your collaboration. I 

truly hope you can build on what we have done so far and gain some personal benefit from it. After 

all, you deserve to be rewarded for your patience and perseverance. 

I was fortunate to be part of two larger groups of colleagues. I thank my colleagues in the TU/e 

Information Systems group for sharing your extraordinary knowledge and for enduring my cynicism. 

A special thanks to Bilge, Caro, Jason, Paulo, Rick and Sander (in alphabetical order) for your friendship 

and camaraderie in a new career, new country and new continent. To my HORSE colleagues, I thank 

you for extensive collaboration over the last four years, without which my thesis would have remained 

an idea, instead of the demonstrable results that we achieved together. A special thanks to Ruud 

Keulen; you unwittingly became the hidden heart of my entire thesis. Your ceaseless passion for your 

work, your colleagues and manufacturing in general inspired me to develop something that, I hope, 

can be applied to solve problems. 

Moving to the people closest to me. None of this would be remotely possible without the 

opportunities afforded to me by my mother and father. It is impossible to list everything I am grateful 



vii 

for, but I hope that using the opportunities that you gave me does at least partially offset your many 

sacrifices. You devoted so much of your lives for the sake of my brother and I, that all we can really 

do is thank you and do the best with what you gave us. Speaking of my brother, Eraum, I do not need 

to say much. You are my oldest friend and I fully expect that we shall be part of each other’s lives until 

time eventually catches up with us. 

Lastly, and most importantly, my wife Trish. I will forever be grateful for your unwavering support. 

You never complained about my many moments of lament and dread. I still maintain that ‘doing a 

PhD’, as it were, is selfish. I found it to be such an isolated endeavour that I couldn’t even properly 

explain the challenge. Nevertheless, you kept me motivated and your patience never depleted. I can 

only promise that I will continue to do my best to make you happy. 

As for the reader, I hope you find value in this dissertation. I can’t claim that it is an easy read, but it 

is certainly filled with many interesting developments and, I hope, compelling results. I did my best to 

present the work in a digestible and comprehensible fashion, but unfortunately science does not 

always play nice. Although I wanted to simplify the useful parts of the work, it is my solemn duty to 

protect the integrity of the work, rather than enhance the presentability. In the end, I will be content 

if my work somehow contributes to the manufacturing industry, the lifeblood of any economy.  
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Chapter 1 
1. INTRODUCTION 

Manufacturing enterprises have sought process improvement since the dawn of the industrial age. 

Production lines and division of labour brought early gains in productivity. Automation further 

increased productivity, especially when paired with computer control systems. Now, a new wave of 

technologies, centred around the ubiquitous internet, is expected to further enhance the prowess of 

manufacturing facilities. Manufacturing enterprises want to harness these new technologies to 

improve their processes and increase customer satisfaction. 

Customer satisfaction is inherently a vicious cycle though. As with most human endeavours, the 

satisfaction derived from the consumption of a service or acquisition of a product tends to be short 

lived. The consumer shifts focus to a next source of satisfaction almost as soon as the previous goal is 

attained (Sutton and Davidson, 1997; Haidt, 2006). This fleeting nature of consumers causes a 

situation where products and services must improve indefinitely. In the domain of business 

management, this is often termed continual improvement and it is widely recognised as essential to 

sustained success (Bessant et al., 1994, 2001). Along with our inherent curiosity, this fleeting nature 

is also one of the fundamental forces behind the success of humanity. We always strive for more or 

better on our insatiable drive for comfort, pleasure and satisfaction. 

When considered systemically, this phenomenon can be described as an "escalation" archetype, with 

multiple competitors vying for a finite number of customers (Senge, 2006). The escalation archetype 

is quite common in free market systems, due to the competitive nature of capitalism. Simply put, 

competing vendors stubbornly reduce their prices or improve their offering to attract more 

customers. The global arms race can be used to explain this archetype, with multiple countries 

competing for military superiority, ultimately resulting in an exponential increase in the total stockpile 

of weapons (Mrotzek and Ossimitz, 2008). Fundamentally though, the escalation archetype consists 

of two or more reinforcing loops, where action is taken by one party to control an outcome relative 

to another party. Each party attempts to gain relative control, but the net result is an escalation of the 

total system magnitude, whether it is an increase in quality, price or the stockpile of weapons 

(Wolstenholme, 2003). 

Comparing healthy competition in the marketplace to an arms race is perhaps a bit unkind, but the 

underlying systemic structure is similar. However, the similarities end with the stimuli that drive the 

reinforcing loops. Where an arms race is motivated by negative stimuli such as fear and destruction, 

capitalistic competition is driven by market share and revenue – profoundly more positive motivators. 

Product vendors and service providers persistently improve the value of their offerings to either 

increase the satisfaction of their current customers or to satisfy the expectations of additional 

customers. 

From the customer’s perspective, the value of the offering is essentially the ratio of benefits to 

outlays, even though those two quantities are most often only based on the customer’s perception 

(Naumann and Jackson, Jr, 1999). This measure of customer satisfaction is the consumer orientation 
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to quality, focussing on human expectation and the performance of a product in the market (Shewfelt, 

1999). Zeithaml (1988) showed that this perception of quality is also heavily influenced by factors such 

as brand name, advertising and the price of the product. In contrast, enterprises tend to take a more 

objective view of quality, essentially boiling down to conformance to requirements and the 

prevalence of defects (Crosby, 1979). This product orientation to quality, based on the attributes and 

ingredients of the product, may be more objective than the consumer orientation to quality, but both 

orientations are based on the values of the consumers and managers (Zeithaml, 1988). 

Values are changing though, for both customers and managers. Personalisation is quickly gaining 

importance alongside high performance and low price. Increasingly, customers expect the 

opportunity to customise a product to suit their personal needs (Kroes et al., 2009). This customer 

expectation can be an opportunity for a manufacturing enterprise. The customer can be embraced as 

a collaborative partner, gaining better understanding of unique customer behaviour and co-creating 

more innovative products  (Salunke et al., 2011; Herrera, 2015). Managers are also under increased 

scrutiny for the working conditions of personnel and the environmental impact of their factories. 

Although automation shows no sign of slowing, new technologies such as wearable devices and 

augmented reality are also changing human-centric operations. 

Changing expectations and new technologies are particularly disruptive to the manufacturing process. 

New tools and techniques are introduced to produce more varied products, while maintaining high 

volume and quality. The extent of the variation is also increasing, with customers exploring the 

possibilities of truly personalised products (Wang et al., 2017). Such variability necessitates greater 

process flexibility and versatile production resources. Factories must modernise and embrace the 

internet in their operations, forming one of the cornerstones of the fourth industrial revolution 

(Carvalho et al., 2018). 

1.1 Research context 
The demand for manufactured goods outpaces population growth. Traditionally, this placed most of 

the focus on production efficiency. Manufacturing systems were optimised to produce faster and 

cheaper. Eventually, product quality gained more importance, as customers came to expect reliable 

products (Chryssolouris, 2006). As efficient systems and high-quality products became the norm, 

consumers became more sophisticated and individualistic. The focus is shifting towards highly 

customisable products, while maintaining the high production output and low defect rate of modern 

manufacturing systems. This shift in focus is forcing manufacturing systems to become more flexible, 

to produce more varied products (ElMaraghy, 2005). The extent of the variation is also increasing, 

with products now differing in size, shape, material composition, surface treatment or even function 

(Landers et al., 2001). 

Increased product customisation and variation places new demands on manufacturing systems. The 

following effects have been identified, but more adverse effects are expected (Khan and Turowski, 

2016): 

• Batch sizes are shrinking to accommodate more product variation, leading to frequent 

production downtime for system reconfiguration and tool change-over. 

• More product variation necessitates more versatile production operations, as a larger 

variety of material and product transformations are needed. 
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• A wider range of product specifications and more production possibilities introduce 

significantly more complexity into the planning and operations management. 

• More complexity leads to uncertainty, because the manufacturing processes and resources 

have a more unpredictable impact on the product. 

The pursuit of more flexibility in manufacturing is an enduring trend (Gerwin, 1987; Mishra et al., 

2014). The need is even strengthening with the accelerated rate of change in the market and customer 

expectations. Demand fluctuation and mass customisation pulls manufacturers towards volume and 

product flexibility. Meanwhile, new technologies push factories towards technology and equipment 

flexibility. Thus, we see a requirements-pull force and a technology-push force that reinforce each 

other (as shown in Figure 1), leading to increasing speed in developments. 

 

Figure 1: Interacting forces towards flexibility (adapted from (Grefen, 2015) 

The push and pull forces can be elaborated a bit more, by referring to the specific stimuli. Table 1 

shows a few stimuli but makes no attempt to be exhaustive. 

Table 1: Push and pull mechanisms driving manufacturing flexibility (Ahuett-Garza and Kurfess, 
2018; Monostori, 2014; Oztemel and Gursev, 2018). 

Market pull Technological push 

• Increased product sophistication and 
complexity. 

• Increased product variety due to higher 
demand for customisation and 
personalisation. 

• Stricter regulations to account for health, 
safety and environmental concerns. 

• Fluctuations in demand for products and 
supply of parts and materials. 

• Versatile and collaborative robotics. 

• Ubiquitous connectivity and the Internet-
of-Things. 

• High performance and cloud computing. 

• Augmented and virtual reality. 

• Wearable and handheld devices. 

• Composite structures. 

• Additive manufacturing. 

 

Responding to both push and pull mechanisms, various types of manufacturing systems have been 

created. A manufacturing system is “the arrangement and operation of elements (machines, tools, 

materiel, people and information) to produce a value-added physical, informational or service product 

whose success and cost is characterized by the measurable parameters of the system design” (Suh et 

al., 1998). Dedicated manufacturing systems led to the rise of mass produced and more affordable 

products. Flexible manufacturing systems (not to be confused with the concept of manufacturing 

flexibility, i.e. the drive for more responsive operations) responded to the need for factories that can 

produce a large variety of products at small scales. These systems represented two extremes: 1) 

Technology 
push

Requirements 
pull

Manufacturing 
flexibility
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dedicated manufacturing systems with low flexibility and low cost per product, and 2) flexible 

manufacturing systems with high flexibility and high cost per product. 

Eventually, the need arose for dedicated manufacturing systems to be more flexible, to be able to 

respond to fluctuations in market demand and availability of materials and resources (Koren et al., 

1999). The response was a new class of manufacturing systems that make use of configurable tools. 

Reconfigurable manufacturing systems have the following three important characteristics (Landers et 

al., 2001): 

• The system and its machines are designed for adjustable structure that enable system 

scalability in response to market demands. 

• The system and its machines are adaptable to new products. The structure may be adjusted 

at the system level and at the machine level. 

• The manufacturing system is designed around the part family, with the customized flexibility 

required for producing all parts of this part family. 

Figure 2 indicates how reconfigurable manufacturing systems compare to dedicated and flexible 

manufacturing systems. This chart is purely indicative, as it illustrates the trade-off between cost, 

volume and flexibility, with reconfigurable systems aiming for a good middle ground between 

dedicated and flexible manufacturing systems. 

 

Figure 2: Indicative comparison between dedicated, flexible and reconfigurable manufacturing 
systems, based on cost, flexibility and volume. 

Reconfigurable manufacturing systems are well suited for fluctuating market demand and inventory 

availability (Koren and Shpitalni, 2010). The systems achieve small production runs and reasonably 
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quick change-over between production runs. However, the desire for personal and individual products 

is leading to a rapid increase in the demand for mass customisable products. Mass customization and 

personalization is approaching a state where every instance of a product may be unique. For example, 

certain luxury vehicles are offered with such an extensive list of options and extras that it is 

conceivable that no two instances of that vehicle will have exactly the same specifications. This is most 

certainly more evident in high-tech products of high value, such as automobiles and aircraft, but the 

phenomenon is even spreading to traditional products (Kroes et al., 2009). 

Variation in the product specification clearly has manufacturing implications. It is exceedingly 

laborious and expensive to adjust dedicated manufacturing systems for product variations. Flexible 

manufacturing systems are purpose-built for high levels of variation but are marred by an unkind cost 

to volume ratio. High quality is achievable, but only at high cost and lengthy throughput times. 

Reconfigurable manufacturing systems were introduced to combine the high performance (in terms 

of quality and throughput) of dedicated manufacturing systems with the adaptability of flexible 

manufacturing systems. These reconfigurable systems have been highly successful at dealing with 

variability between production batches, by making use of modularized tools and other equipment that 

can be swapped out between batches. 

With customers expecting more personalised products, the production batches are shrinking to an 

individual level. Manufacturers again responded by introducing smaller cells in the manufacturing 

process. A piece of equipment can apply a wide range of effects if that particular step in the process 

is granular enough. For example, a robot can install a wide range of screws if it is only installing screws. 

Thus, high flexibility can be achieved by combining many small steps with dedicated equipment for 

each step. Plainly though, this will result in high capital and operating cost, which is unacceptable for 

smaller enterprises. It is also a high-risk situation because the probability of equipment failure is 

directly proportional to the amount of equipment. The unavailability of any of the high number of 

manufacturing cells will halt the entire process. Equipment is not easily swapped or replaced in such 

an aggregated system. 

To keep cost down while reaching for more individualised products, manufacturers want to do more 

with less equipment and operating personnel (Mehrabi et al., 2000). Modern industrial robotics offer 

the versatility needed to perform the wide range of activities necessary to produce highly 

customisable products (Jeschke et al., 2017). The versatility can be leveraged by the ubiquitous 

connectivity offered by the IoT, resulting in a manufacturing system that is smarter. Davis et al. (2012) 

proposes that smart manufacturing assists with management of complexity in manufacturing, 

dynamic demand and product variability. Gilchrist (2016) argues that a smart manufacturing system 

can dynamically configure itself according to production requirements, drastically decreasing the 

change-over time between product variances. 

The rise of smart manufacturing indicates that a new age of manufacturing is upon us. In Europe, this 

age is designated as Industry 4.0, signifying its place in the fourth industrial revolution. This new 

industrial age stems from the rise of the internet-of-things, cyber-physical systems and cloud 

computing (Lu, 2017). It is expected that mass customized products will be produced by advanced 

robotics in dynamic processes, promising significant gains in production output, product 

customizability and manufacturing flexibility (Hofmann and Rüsch, 2017). However, any change is 
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accompanied by uncertainty and unexpected problems. This is especially true for a disruptive change, 

such as the revolutionary change brought about by Industry 4.0. 

1.2 Problem description 
Market pull and technological push are increasing uncertainty and the demand for manufacturing 

flexibility. Sawhney (2006) assimilates these two concepts, uncertainty and flexibility, into the 

framework shown in Figure 3. The argument is made that flexibility is coping mechanism against the 

uncertainty inherent to any manufacturing enterprise. Uncertainty is present at every stage of an 

enterprise and flexibility can help to alleviate those uncertainties. More importantly, the overall 

flexibility of an enterprise is a function of the flexibility at its input, process and output stages. Input 

flexibility is affected by the flexibility of suppliers and, thus, uncertainty can be reduced with surplus 

inventory or strategic partnerships. Output flexibility is necessary to deal with the uncertainty of 

demand and customer expectations. Process flexibility is determined by its components, including the 

flexibility of human resources, equipment and operations. By extension, increased process flexibility 

is an attempt to minimise the impact of uncertainties associated with process components. For 

example, the uncertainty of machine reliability can be mitigated with the flexibility afforded by 

multiple machines or the ability to reroute operations to a different machine. 

Figure 3: Framework depicting various types of flexibility in manufacturing (Sawhney, 2006) 

Pérez et al. (2016) uses the framework to delineate external and internal flexibility. External flexibility 

takes a broad perspective, focussed on the supply chain (supplier flexibility) and time to market 

(customer flexibility), shown outside of the box in Figure 3. In contrast, internal flexibility refers to the 

ability of a firm to economically and effectively change operations, with a focus on the flexibility of 

alternative process configurations and technologies. In Figure 3, internal flexibility is shown inside the 

box, composed of input, process and output flexibility. 



7 

This research is primarily interested the internal flexibility of an enterprise. More specifically, in 

process-related issues that inhibit the flexibility needed for Industry 4.0. By focussing on the process 

stage in the Sawhney (2006) framework, the process-related issues can be identified on the following 

three levels: 

1. Poor interoperability of the input, process and output stages of a manufacturing system 

limits the capacity to respond to demand and supply uncertainties. 

2. Insufficient process flexibility decreases the ability to adapt to changes in the manufacturing 

system caused by internal or external uncertainties. 

3. Inflexible utilisation of resources (humans, equipment, tools, etc.) limits the versatility 

needed to produce varied products. 

Interoperability has a significant impact on flexibility (Panetto and Molina, 2008). Internal flexibility, 

as defined by Pérez et al. (2016), is affected by the interoperability of the input, process and output 

stages of the manufacturing system. Stated differently, flexibility is affected by the broad 

manufacturing process, stretching across multiple business functions, including supply chain 

management, operations, product delivery and after-sales support. Consequently, cross-functional 

process integration is a crucial step towards smart manufacturing, but remains a problem with no 

clear solution (Malte et al., 2011; Qin et al., 2016; Weyer et al., 2015). 

Cross-functional process integration helps a manufacturing system respond to fluctuating demand 

and supply factors, but it does not address the higher product-mix demanded in Industry 4.0. Product 

flexibility is dependent on production flexibility. As such, the process itself must be sufficiently flexible 

to achieve the expected product-mix flexibility. However, current manufacturing process 

management techniques are notoriously rigid (Kim et al., 2003; Qu et al., 2016a). In fact, the rigidity 

of traditional graphical process models has been considered as the main source of process inflexibility 

(Kowalkiewicz et al., 2008; García-Domínguez et al., 2012). Furthermore, the information systems that 

manage process execution are often blamed for process inflexibility (Lindley et al., 2008; Tenhiälä and 

Helkiö, 2015). 

Lastly, the people and machines that participate in the processes must be able to adapt to the changes 

caused by demand fluctuation, product customisation and dynamic reconfiguration. In fact, the 

increased versatility offered by smart devices and mobile technology are expected to be a key enabler 

for Industry 4.0 (Heyer, 2010; Longo et al., 2017; Rus et al., 2002). However, the control systems of 

machines and robots are not well suited to frequent changes in the environment and production 

specifications (Newman et al., 2008). Control systems are typically dedicated to a specific set of 

activities in a predefined area of a factory. Allowing operators and equipment to cross functional 

barriers goes beyond the capabilities of current control systems. These systems also tend to be 

proprietary, resulting in fragmented resource control in a technologically heterogeneous factory 

(Bruyninckx, 2001). Thus, a factory seeks the ability to dynamically alter the configuration of human 

operators, machines and activities, but can’t effect such changes from a central point of control. 

In summary, the following process-related problems emerge in smart manufacturing, all contributing 

to an inability to increase of flexibility in an enterprise: 

• Process management in manufacturing is fragmented, with different techniques applied to 

different parts of the enterprise. 
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• Smart technologies, such as versatile robots and autonomous guided vehicles, are under-

utilized, because the rigid process design and management does not encourage rapid 

reconfiguration and reassignment of resources. 

• The number of hardware and software systems continue to increase, based on different 

control regimes from different vendors. These systems are difficult to integrate and utilise 

together in the same process. 

The three emerging problems can be distilled into a single problem statement, by focussing on 

manufacturing process management as the common factor. Therefore, the following problem 

statement is used as the central motivation in this thesis: 

Current manufacturing process management techniques and technologies are not well equipped for 

the flexibility needed in Industry 4.0. 

1.3 Proposition 
Business process management arose from the positive results achieved by industrial process 

engineering to improve performance and decrease cost of operations (Dumas et al., 2013; Lindsay et 

al., 2003). It is odd then, that the two practices have drifted apart so quickly. Today, the competencies, 

methods, standards, techniques and tools applied are remarkably different, even though both 

practices are applied with the same goals. 

Although industrial process engineering has been practiced considerably longer than business process 

management, most of the scientific and professional progress has been confined to localised 

optimisation and improvement (Cameron and Ingram, 2008; Moro, 2003). The focus is typically on the 

technological development of specific nodes or portions of the process, to improve overall process 

efficiency and effectiveness. In contrast, business process management, as the name suggests, is more 

concerned with the management of the large number of processes typically found in a modern 

enterprise (Dumas et al., 2013). Business processes re-engineering is usually motivated by a change 

in business objectives or driven by alignment to the information technology of the enterprise. The 

most optimal sequence of tasks is sought, to achieve business objectives. It is this integration of 

business processes and the orchestration of the various tasks that is of interest here. 

It is proposed that business process management (BPM)1 can be applied for manufacturing processes, 

to alleviate the problems encountered in smart manufacturing. Indeed, BPM holds distinct advantages 

of interest in this research, especially for small and medium enterprises. Table 2 shows how BPM may 

help to alleviate the problems identified in Section 1.2 of this chapter. 

Table 2: Indication of how BPM may help to alleviate some of the problems identified in smart 
manufacturing. 

Problem Solution 

Process management in manufacturing is fragmented, 
with different techniques applied to different parts of 
the enterprise. 

BPM is often deployed to improve 
enterprise integration (van der Aalst, 
2013). 

                                                                        
1 A list of terms and abbreviations is available in Appendix A. 
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Smart technologies are under-utilized, because the 
rigid process design and management does not 
encourage rapid reconfiguration and reassignment of 
resources. 

BPM is often used for dynamic 
processes (Krumeich et al., 2014; von 
Ammon, 2009). 

The number of hardware and software systems 
continue to increase, based on different control 
regimes from different vendors. These systems are 
difficult to integrate and utilise together in the same 
process. 

BPM can orchestrate the activities of 
different resources, because it is 
technology agnostic (Hepp et al., 2005). 

 

The solutions listed in Table 2 often rely on a business process management system (BPMS). Such a 

system can be used to manage hundreds of unique process instances across multiple business units 

and can assign work items to specific resources, based on the logic encoded into the process models. 

Furthermore, a BPMS can utilise general-purpose technology integration approaches (e.g. 

middleware) to interact with a variety of enterprise information systems. These information systems 

are versatile and mature, prompting the proposal that they might benefit manufacturing. 

To be clear, this research proposes the addition of BPM in manufacturing, rather than replacing 

current techniques and technologies. Manufacturing processes are typically performed according to 

a strict schedule and in adherence to policies and procedures. BPM techniques and technologies can 

be used to define and enact the manufacturing processes, in accordance to the schedule, policies and 

procedures. Thus, the BPMS supports execution of the manufacturing operations as planned in the 

schedule. 

1.4 Research scope 
As discussed in Section 1.3, this research proposes the application of BPM for manufacturing 

processes. To ensure clear understanding of the proposition and research, the concepts of 

manufacturing process and BPM are briefly explored. As an addendum, a section is also devoted to 

introducing the HORSE Project, because the research presented in this thesis was performed under 

the auspices of this research and innovation project, funded by the European Commission under the 

H2020 program. 

1.4.1 Manufacturing operations management 
‘Manufacturing processes’ as the research object (the concept, activity or system under 

consideration) is somewhat vague. A manufacturing enterprise is an enterprise as any other, and 

therefore includes a variety of processes. To help identify the specific processes under consideration, 

the widely adopted IEC62264 international standards series is consulted. This series of international 

standards is a long-running development dedicated to the pursuit of integration in manufacturing 

enterprises (Chen, 2005). The first part in the series advocates a functional hierarchy to classify the 

various types of control found in modern factories, ranging from control of complete enterprises to 

control of individual devices, as shown in Figure 4 (IEC, 2013). 
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Figure 4: Functional hierarchy of control in manufacturing enterprises (IEC, 2013). 

At the top of the hierarchy, level 4 is concerned with the broader business management, including the 

resource, financial and supply chain management functions. Level 3 is responsible for the planning, 

directing, coordinating and monitoring of operations in the factory. Levels 1 and 2 are shown together, 

representing the actuators and sensors (on level 1) and their control systems (on level 2). Finally, Level 

0 is not a control level, but represents the process itself, i.e. the flow of material and product through 

the factory. 

Medina-Mora et al. (1992) advocates a differentiation between business process and material 

processes, based on the processing of information and physical items, respectively. Level four is 

concerned with strategic and administrative control of the enterprise and therefore contains only 

business processes. Level three is concerned with control of the workflow on the factory floor and 

therefore contains material processes, in addition to business processes. Levels zero to two represent 

activities performed by single humans or machines, thus of less interest from a BPM point of view. 

BPM is sufficiently proven and substantially adopted for level four of the functional hierarchy (Wohed 

et al., 2006), seeing as this level contains only business processes. Therefore, the research presented 

in this thesis will focus on the management of processes situated at level three of the functional 

hierarchy, named manufacturing operations management. The primary focus is on the manufacturing 

operations processes of small and medium enterprises. 

1.4.2 Business process management 
BPM is a broad discipline with many facets and independent lines of inquiry. To delineate the research 

scope better, clarity is provided regarding business processes, business process management and 

lastly which parts of business process management are used in this research. A business process is 

defined as the following (Aguilar-Savén, 2004): 
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“A business process is the combination of a set of activities within an enterprise with a structure 

describing their logical order and dependence whose objective is to produce a desired result.” 

Business processes enable the achievement of corporate objectives and often start by a trigger, which 

initiates a set of predefined workflow steps. Every enterprise must manage its business processes to 

deliver a product or service to its customers (Dumas et al., 2013). The set of activities regarding the 

management of business processes can be captured in the term Business Process Management (BPM).  

The following definition for BPM is provided by Van der Aalst et al. (2003): 

“Supporting business processes using methods, techniques, and software to design, enact, control, and 

analyze operational processes involving humans, organizations, applications, documents and other 

sources of information." 

Dumas et al. (2013) also gives an overview of the BPM lifecycle, shown in Figure 5. The lifecycle starts 

with identification of all the business processes performed in an organisation. Any organisation 

performs business processes, whether documented or not. Next, the processes are investigated to 

understand their structure and logic. This phase typically results in a set of models describing the 

current situation. Process analysis follows, to find problems and opportunities. Those problems and 

opportunities are then used to drive re-engineering of the processes, typically in the form of a set of 

process models describing the targeted future situation. Implementation entails changes to the 

organisation to transform the current situation into the targeted situation and, finally, the new 

situation is monitored to identify deficiencies and identify more opportunities for improvement. 

Those deficiencies and opportunities are then used to drive a new cycle, establishing the practice of 

continual improvement. 

 

Figure 5: BPM lifecycle according to (Dumas et al., 2013). 

The research presented in this thesis covers the entire lifecycle shown in Figure 5, except for Process 

identification. The practical cases that serve as problem inspiration and evaluation environments 

(introduced in Section 1.6) already have operational processes and therefore do not require 

identification. Nevertheless, the research includes process discovery, analysis, redesign, 

implementation and evaluation, to varying degrees, with the purpose of demonstrating improved 

manufacturing flexibility. 
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In the interest of clarity, process implementation is often supported with a BPMS. Such a system will 

be used as a testbed for concepts and developments of this research. The following definition of a 

BPMS is provided by Van der Aalst et al. (2003): 

“A software system that is driven by explicit process designs to enact and manage operational business 

processes.  The system should be process-aware and generic in the sense that it is possible to modify 

the processes it supports. The process designs are often graphical, and the focus is on structured 

processes that need to handle many cases.” 

1.4.3 The HORSE Project 
The research presented in this thesis is part of the HORSE Project (www.horse-project.eu), a multi-

year research and innovation project funded by the European Commission under the Horizon 2020 

program. The project aims to make advanced manufacturing technology more accessible to small and 

medium enterprises, improving their flexibility and competitiveness (Vanderfeesten et al., 2016). 

These technologies, including collaborative robotics, teaching-by-demonstration and augmented 

reality, are developed and integrated as a modular cyber-physical system, named the HORSE System. 

This system makes it possible for a manufacturing enterprise to select and deploy only those 

technologies that might be beneficial to the enterprise. 

The project consortium includes fourteen organisations across Europe, including universities, research 

institutions and commercial enterprises. Three of the fourteen organisations are commercial factories 

located in The Netherlands, Spain and Poland. These three factories will serve two purposes related 

to this research: 1) Serve as inspiration for the problems encountered when introducing smart 

manufacturing technology, and 2) Serve as appropriate environments to implement and evaluate the 

research in this thesis. The scenarios that serve these two purposes are discussed in Chapter 2. 

The research presented in this thesis forms a core part of the HORSE Project. The processes of the 

three factories in the consortium are designed using the guidance set out in this thesis and the various 

manufacturing technologies are orchestrated by the process management system presented in this 

thesis. 

1.5 Research objective 
Applying BPM in manufacturing has seen some attention. Its integrative potential has not gone 

unnoticed by researchers in the manufacturing domain. Prades et al. (2013) make the case for 

integration between enterprise resource planning (on level 4 of the functional hierarchy) and 

manufacturing operations management (on level 3), by using Business Process Model & Notation 

(BPMN) for process modelling in both levels. Gerber et al. (2014) also pursue integration, but rather 

opt for translation from level 4 BPMN models to level 3 sequential function charts. Comparatively, 

subject-oriented business process management (S-BPM) has been demonstrated as an enabler of 

integration in smart manufacturing (Kannengiesser et al., 2015; Kannengiesser and Müller, 2013; 

Neubauer and Stary, 2017). 

This research compliments and builds on those previous efforts, but aims for a more comprehensive 

theory on the application of BPM in smart manufacturing operations. This work is more 

comprehensive because it adds the following elements that remain unaddressed until now: 

http://www.horse-project.eu/
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1. Modelling of manufacturing processes is approached from an exhaustive, theoretical 

perspective. 

2. The resources that participate in a process will be considered, in addition to the process 

itself. 

3. The manufacturing processes are modelled with execution as the primary purpose, with 

emphasis on the flexible allocation of resources to perform activities. 

4. The theory and technology are applied to and evaluated with real cases in the 

manufacturing domain. 

This research proposes the use of BPM in manufacturing operations management. Manufacturing 

operations management is undergoing disruption though, with the advent of smart technologies. As 

such, the existing knowledge of BPM is applied to the new problems encountered in manufacturing. 

Gregor and Hevner (2013) refer to this type of research as exaptation, as a subset of design science 

research. Figure 6 shows the four types of design science research defined by Gregor and Hevner 

(2013). Exaptation is a term borrowed from evolutionary biology, referring to the repurposing of 

existing traits for new problems. 

 

Figure 6: Knowledge contribution framework of design science research, as proposed by (Gregor 
and Hevner, 2013). 
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In conclusion, the stated objective of this research is the following: 

To develop a theory for the exaptation of business process management in smart manufacturing 

operations. 

1.6 Research design 
The research presented in this thesis entails several activities to achieve the stated objective. 

Verschuren and Doorewaard (2010) recommends creating a research framework to determine the 

required activities and ingredients (e.g. scientific literature and practical cases) to achieve the research 

objective. The framework makes use of six core research concepts to clearly describe the research. 

The core concepts are extracted from the relevant sections in this chapter and repeated in Table 3 to 

ease readability. 

Table 3: Core concepts of this research. 

Core research 
concept 

Concept description Core concept for this research 

Research 
context 

The domain, in practice or 
science, within which the 
problem is observed. 

Increased complexity in manufacturing due to 
mass customisation and the rise of smart 
technologies. 

Research 
object 

The concept, activity or 
system under consideration. 

Smart manufacturing operations processes 
populated by versatile actors, especially in 
small and medium enterprises. 

Problem 
statement 

A singular statement that 
adequately expresses the 
observed deficiency or 
discrepancy. 

Current manufacturing process management 
techniques and technologies are not well 
equipped for the flexibility needed in Industry 
4.0. 

Research 
perspective 

A point of view applied to 
find solutions to the stated 
problem. 

Consider the complete, cross-functional 
manufacturing process, rather than localised 
improvements. 

Proposition An assertion that is suggested 
as a potential solution to the 
stated problem. 

BPM can be applied for manufacturing 
processes, to improve integration and 
flexibility. 

Research 
objective 

A singular statement that 
adequately expresses what 
the research purports to 
achieve. 

To develop a theory for the exaptation of 
business process management in smart 
manufacturing operations. 

 

The information systems research framework of Hevner et al. (2004) is used to frame and position the 

core concepts listed in Table 3. This framework, shown in Figure 7, advocates for due consideration 

of the business needs from the environment and applicable knowledge from the scientific knowledge 

base. The environment and knowledge base also serve as avenues for the output of the research. 

Developments should be applied in an appropriate environment and generated knowledge should be 

added to the knowledge base. 
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Figure 7: The information systems research framework of Hevner et al. (2004). 

The environment, research and knowledge base lanes of the Hevner et al. (2004) design science 

research framework are used to structure the ingredients, activities and core research concepts 

advocated by Verschuren and Doorewaard (2010). The environment provides the business needs to 

be addressed and an appropriate environment for evaluation of the research. The research lane 

depicts the two major activities to be performed: development and evaluation. Lastly, the knowledge 

base provides established scientific literature and methodologies.  Figure 8 shows the four symbols 

used in the framework. The core research concepts, as listed in Table 3, are depicted in orange and 

activities are coloured green. Ingredients are shown in two colours, differentiating between 

ingredients that exist and those that must be developed as part of this research. 

 

Figure 8: Legend for symbols used in the research framework 

Figure 9 shows the resulting research framework. At the top, it starts with identification of problems 

encountered in the stated research context. These problems are sourced from both real-world 

practice and scientific literature. The problem is framed by designating the object under consideration 

and applying a novel research perspective. This framing leads to the proposition that BPM can help to 

alleviate the problems encountered in smart manufacturing. This proposition is then followed by 

enhancing existing BPM technology with essentials for the research object (manufacturing processes). 

The enhancement requires the following three ingredients: guidance on the modelling of 

manufacturing operations, guidance on the description of resources, and a mechanism to enable 

dynamic allocation of resources to activities. The enhanced BPM technology is implemented and 

evaluated in real-world manufacturing scenarios, finally yielding the pursued theory for the exaptation 

of BPM in smart manufacturing. 

Activity Existing ingredientCore research concept Required ingredient
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Figure 9: Framework for this research, based on a combination of Verschuren and Doorewaard 
(2010) and Hevner et al. (2004). 

As with all scientific research, the purpose of design science research is to create useful knowledge. 

The knowledge created in this case is prescriptive knowledge to help practitioners solve problems, 

rather than descriptive knowledge used to explain observed phenomena. The research framework 

illuminated a few ingredients that are currently unavailable, but necessary to reach the research 

Environment IS research Knowledge base

Research objective: 
Develop a theory for 
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business process 

management in smart 
manufacturing 

operations.

Modelling of 
manufacturing 
operations as 

business processes.

Description of 
resources that 
participate in 

manufacturing 
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Enhance existing 
BPM technology for 

smart 
manufacturing 

processes.

Mechanism to 
allocate resources to 

manufacturing 
activities.

Business process 
modelling notation.

Literature on the 
characteristics of 

manufacturing 
resources.

Problems 
encountered in 

smart 
manufacturing.

Literature on 
manufacturing 

operations.

Problems 
encountered in 

practice at three 
factories.

Manufacturing 
processes of three 

factories.

Resources at three 
factories

Evaluate in a real 
manufacturing 

system.

Proposition: BPM can 
be applied for 
manufacturing 

processes, to alleviate 
the problems 

encountered in smart 
manufacturing.

Perspective: 
Consider the 

complete process, 
rather than localised 

improvements.

Context: Increased 
complexity in 

manufacturing due 
to mass 

customisation and 
the rise of smart 

technologies.

Research object: 
Smart 

manufacturing 
operations 

processes populated 
by versatile actors.

Problem statement: 
Current manufacturing 
process management 

techniques and 
technologies are not well 

equipped for the flexibility 
needed in Industry 4.0.

Literature on 
resource allocation

Analyse problems 
encountered in 

smart 
manufacturing 

processes
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objective. These unavailable ingredients can be formulated as research questions, to guide the 

creation and codification of knowledge. The following two research questions are answered in this 

thesis: 

1. How can manufacturing operations processes be designed and enacted using established 

business process modelling notation? 

2. How can resources (both humans and machines) be dynamically allocated to manufacturing 

activities, to enhance process flexibility? 

The two questions represent the two aspects of manufacturing processes. Processes consists of 

activities that transform inputs into outputs (International Organization for Standardization, 2015), 

but resources are necessary to perform the activities. 

For information systems research, Hevner et al. (2004) argues that design science is inseparable from 

behavioural science. Behavioural science attempts to explain phenomena related to business needs, 

through the development and justification of theories. In contrast, design science aims to meet the 

identified business need, through the building and evaluation of artefacts. These artefacts are 

packages of prescriptive knowledge that help practitioners confront problems encountered in 

practice. March and Smith (1995) define the following four types of artefacts: 

• Constructs: A language or framework within which problems and solutions can be studied, 

analysed and communicated. 

• Models: Applied constructs that represent a real-world scenario or phenomenon. Models 

are used by practitioners to aid understanding of problems, solutions or the relationship 

between elements of a system. 

• Methods: Guidance on actions to be executed in practice. The guidance can range from 

textual descriptions of activities to be performed by humans to formal, mathematical 

algorithms to be executed by computers. 

• Instantiations: Implementations of constructs, models or methods. Implementations enable 

more thorough assessment of artefacts. 

Adhering to this naming convention, the following artefacts are developed as part of this research 

thesis (artefacts one and two correspond to question one, and artefacts three and four correspond to 

question two): 

1. An architecture model of an information system to design and enact manufacturing 

processes. 

2. A set of models that can be used as building blocks to design executable manufacturing 

operations processes. 

3. A method that guides the user to describe resources that participate in manufacturing 

processes. 

4. A method that enables automated assignment of resources in dynamic manufacturing 

processes. 

Gregor and Hevner (2013) use Table 4 to explain that design science research can also deliver different 

levels of contributions. The four artefacts presented in this thesis are each at level two, individually. 

Each level two artefact provides knowledge that helps the user to address specific problems in 
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practice. For example, artefact three guides the user through several steps to describe a resource such 

that it can be determined whether that resource can perform certain manufacturing activities. 

Table 4: Levels of contributes in design science research, according to (Gregor and Hevner, 2013). 

 Contribution levels Example artefacts 

More abstract, complete, 
and mature knowledge. 

Level 3: Well-developed theory 
about embedded phenomena. 

Design theories (mid-range and 
grand theories). 

 Level 2: Nascent design theory 
(knowledge as operational 
principles / architecture). 

Constructs, methods, models, 
design principles, technology 
rules. 

 
More specific, limited, and 
less mature knowledge. 

Level 1: Situated 
implementation of artefact. 

Instantiations (software 
products or implemented 
processes). 

 

The four artefacts together form a design theory on the application of BPM in smart manufacturing 

operations, i.e. a level three contribution. It is argued that the four artefacts together provide enough 

knowledge to define and enact manufacturing processes, as shown in Figure 10. Artefacts 1 and 2 

correspond to the activities side of the equation, to help the user define the processes and the 

information system that can be used to enact the processes. Artefacts 3 and 4 correspond to the 

resources side, guiding the user through the definition of resources and then using those definitions 

to assign resources to activities. The four artefacts are then implemented in an information system 

and deployed at three factories to demonstrate the application of the theory as a whole. 

 

Figure 10: Amalgamation of four artefacts into a design theory for the application of BPM in smart 
manufacturing operations. 
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In summary, this research investigates the applicability of BPM knowledge and technology for 

manufacturing, resulting in four artefacts that together form the theory for the exaptation of BPM in 

smart manufacturing operations. 

1.7 Thesis outline 
The chapters of the thesis correspond to research framework presented in Section 1.6. The framework 

shows three activities and three unavailable artefacts in Figure 9. The three activities and three 

artefacts correspond to chapters two to seven. Figure 11 shows the mapping of the research activities 

and artefacts to the chapters of this thesis. 

 

Figure 11: Indication of the content contained in the thesis chapters. 
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The resulting structure of the thesis is reminiscent of the V-shape often used in systems engineering 

(Erasmus et al., 2015). Chapter 1 explores the implications of new technologies on manufacturing 

operations and proposes the BPM solution. Chapter 8 mirrors the problem and solution identification 

by completing the relevance cycle with reflection on the problem and solution. Chapter 2 presents 

problem analysis to define system requirements, while Chapter 7 completes the rigor cycle by 

verifying the solution against those requirements. In between, Chapter 3 can be thought of as the 

conceptual design of the system, followed by chapters 4, 5 and 6 as the detailed development of 

individual components of the system. Figure 12 shows the chapters of the thesis portrayed on a V-

model flattened to a U-shape, to emphasise the different levels of the research. 

 

Figure 12: V-model showing the mirrored structure of the thesis. 

1.8 Publications related to this thesis 
The research presented in this thesis are also published, or soon to be published, in several scientific 

outlets. Table 5 shows the four articles and one book chapter produced from this research and the 

thesis chapters that those publications are based on. 

Table 5: Scientific publications and associations to chapters in this thesis. 
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1 Vanderfeesten, I., Erasmus, J., Grefen, P., 2016. The HORSE Project: IoT and Cloud 
Solutions for Dynamic Manufacturing Processes, in: ESOCC 2016 Workshops. Springer 
International Publishing, Vienna, Austria, pp. 303–304. https://doi.org/10.1007/978-3-
319-72125-5 

2 Vanderfeesten, I., Erasmus, J., Traganos, K., Bouklis, P., Garbi, A., Boultadakis, G., 
Dijkman, R., Grefen, P., 2019. Developing process execution support for high tech 
manufacturing processes, in: Empirical Studies on the Development of Executable 
Business Processes. Springer International Publishing. 

3 and 7 Erasmus, J., Vanderfeesten, I., Traganos, K., Grefen, P., 2018b. The Case for Unified 
Process Management in Smart Manufacturing, in: EDOC 2018. Presented at the 22nd 
International Enterprise Distributed Object Computing Conference, IEEE, Stockholm, 
Sweden, pp. 218–227. https://doi.org/10.1109/EDOC.2018.00035 
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Chapter 2 
2. PROBLEM ANALYSIS 

The topic of this research is the application of BPM for manufacturing processes to alleviate some of 

the typical problems encountered in modern manufacturing. The research results in four artefacts 

that provide prescriptive knowledge that help practitioners alleviate the encountered problems. As 

explained in the research design (see Section 1.6), the research must be grounded in scientific theory 

and based on problems encountered in practice. Therefore, this chapter explores the scientific 

literature to provide background and identify problems commonly encountered in smart 

manufacturing. Thereafter, three practical cases are investigated to identify problems encountered in 

factories pursuing smart manufacturing. The problems from literature and practice are then 

compared and combined to form a set of requirements that the artefacts must satisfy. Lastly, the 

chapter is concluded with a view of the chapters that follow. 

2.1 Background and the state of manufacturing 
As with any research endeavour, it is necessary to understand relevant concepts that frame the 

discourse and gain a good understanding of the current state of practice. This section takes a top-

down approach, starting with the manufacturing industry and moving inward towards individual 

technologies utilised in factories. First, the manufacturing industry is classified to identify the 

applicable class of manufacturing under consideration in this research. Second, manufacturing 

operations management is examined, as the technical scope of this research. Third, the typical 

technology utilised in operations management is discussed to understand the potential impact of the 

research. Fourth, the different types of manufacturing systems are discussed, based on the dynamism 

of operations. The types of manufacturing systems then lead into the introduction of smart 

manufacturing, as the next step in the evolution of manufacturing. Smart manufacturing is further 

explored by looking into the key technologies that enable smart manufacturing and a brief overview 

of recent developments. Lastly, the discussion on the background and state of manufacturing is 

distilled into a set of problems that impede smart manufacturing. This set of problems then lead into 

the next section where problems are identified directly from practical cases. 

2.1.1 Classification of production 
An early and highly influential study of the manufacturing industry was conducted by Joan Woodward, 

a British industrial sociologist (Woodward, 1980). This study presents a classification of production 

systems according to the technical complexity of the manufacturing process. Figure 13 shows the 

classification, with ten classes of production in three groups, ranging from low complexity at the top 

to high complexity at the bottom. 



23 

 

Figure 13: Woodward's classification of production (Woodward, 1980). 

The three groups shown in Figure 13 can be described as the following: 

1. Small batch and unit production: systems that produce a single or a few products 

collectively, such as artwork, facility construction or aeroplane fabrication. 

2. Large batch and mass production: systems that produces a large number (in the order of 

thousands or more) of identical products based on routines and standard procedures, such 

as automobile assembly and consumer electronics production. 

3. Continuous process production: systems that execute ongoing, non-discrete, capital 

intensive production processes that require minimal manual involvement, such as chemical 

plants and oil refineries. 

Manufacturing, as an abstract term, generally refers to groups 1 and 2 of the Woodward classification 

(see Figure 13). Continuous process production (group 3) tends to be used in oil refineries and 

chemical production plants, thus not usually considered as part of manufacturing. This research does 

not explicitly exclude continuous process production, but it is firmly focussed on the types of 

production systems that produce batches or discrete products (groups 1 and 2). Indeed, the discourse 

will mostly revolve around unit and small batch production (group 1 in Figure 13), as these systems 

pursue the flexibility needed to produce mass customised products. 

The technical complexity referred to in Figure 13 is related to the manufacturing process only, 

irrespective of the complexity of the larger business or supply chain. For example, Woodward (1980) 

argues that the complexity of the following attributes are higher for mass production (group 2) than 

for unit production (group 1): span of control, formalized procedures, centralization and routine. 

Inversely, group 1 production relies more on the expertise of workers and the use of verbal 

communication. 
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Figure 14: A indicative comparison of the manufacturing process complexity of unit production 
(group 1) and mass production (group 2) according to Woodward (1980). 

Woodward (1980) finds strong correlation between the technical complexity and the degree of 

mechanisation, where unit technology is the least mechanised and the process production is almost 

entirely automated. As a result, unit and small batch production requires more non-routine behaviour 

and human intervention, while mass and process production rely heavily on automation technology 

and standard operating procedures. Figure 14 shows the difference of technical complexity between 

group one and two production systems according to Woodward (1980). 

The limited mechanisation in unit and small batch production is rapidly changing though. Industrial 

robots are becoming affordable, even for small and medium enterprises (SME’s) (Lucke et al., 2008). 

Such robots unlock many opportunities for factories, such as higher production volume and decreased 

physical burden on the personnel. However, robots also introduce new complexity into a factory. 

Robots are controlled by software systems and require detailed commands to perform tasks, as 

opposed to humans who learn organically. Software and data can be somewhat foreign to 

manufacturing personnel, especially in smaller factories. Thus, some manufacturing operations 

managers now face the daunting prospect of introducing robotic technology into factories devoted to 

rapid change in response to fluctuating demand and mass customisation.  

2.1.2 Manufacturing operations management 
Introducing new technology into any system has far-reaching implications. A new robot does not 

simply take over a task previously performed by a human. Typically, the surrounding work centre must 

be adjusted to accommodate the robot, new tasks may be necessary before or after the automated 

portion of the process and new operations management protocols may be necessary. To assist with 

the design of manufacturing systems, the widely adopted international standard series IEC 62264 (IEC, 
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2013) provides standardised terminology and ontology for the manufacturing domain (Chen, 2005). 

It advocates physical and functional hierarchical views of a manufacturing system to facilitate 

understanding and communication. 

The physical hierarchy, as shown in Figure 15, is a reference framework that helps to designate the 

equipment utilised in manufacturing facilities. Equipment in this case refers to all non-human objects 

used to process material or products during manufacturing operations, including machines, tools, 

vehicles and containers. The hierarchy advocates five levels of aggregation to refer to physical objects. 

It is aggregation instead of composition, because the constituent parts exist even if not part of the 

system. For example, a manufacturing site persists, without existence of the enterprise. The site can 

therefore be transferred between enterprises. The physical hierarchy and the concept instilled therein 

are revisited in Chapter 3, as part of the information system architecture development. 

 

Figure 15: Reference physical hierarchy of manufacturing equipment (IEC, 2013) 

The functional hierarchy is already referenced in the research scope delineation in Section 1.4 and 

shown in Figure 4. This hierarchy is a reference framework to classify the various types of control 

found in modern factories, ranging from the management of a complete enterprise to control of 

individual devices (Chen, 2005). To reiterate, the research presented in this thesis is concerned with 

the management of manufacturing operations processes, located in level 3 of the functional 

hierarchy.   

Both the physical and functional hierarchies refer to the classification of production discussed in 2.1.1. 

Levels one and two are divided into batch, continuous and discrete control, signifying different types 

of control applied for different classes of production. Unfortunately, the IEC62264:2013-1 standard 

does not provide further information on different types of control. Compensatory, Leitão (2009) 

considers how resources (e.g. humans, machines, robots and tools) are controlled in manufacturing 
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systems by placing the control architectures of Dilts et al. (1991) in the context of manufacturing. The 

following four types of control architectures can be distinguished: 

• Centralised control is characterised by single decision-node for all data processing and 

decision-making. This control architecture allows extensive optimisation of resources but 

suffers in terms of speed of response, tolerance to faults and expansibility. 

• Hierarchical control is characterised by levels of control, by allowing distributed decision-

making across hierarchical levels. This control architecture provides better robustness, 

predictability and efficiency, but performance may suffer in case of disturbances in the 

system. 

• Modified hierarchical control attempts the response to disturbances by adding horizontal 

interfacing between resources at the same level of the hierarchy. This addition also 

improves the extensibility of the control architecture, at least in terms of addition of 

resources. 

• Heterarchical control is characterised by local decision-nodes in autonomous resources, 

without the global optimisation of the other control architectures. This control architecture 

provides better response to system disturbances and easy extensibility, because only the 

affected part of the system is concerned with changes. 

The control applied largely depends on the class of production. Mass production systems employ 

centralised control in the interest of optimisation of the entire system. Small batch and unit 

production facilities typically apply hierarchical control, relying on the competence and performance 

of individual resources to fulfil the expectations from the next higher level in the hierarchy. However, 

the need for higher manufacturing flexibility and the opportunities afforded by modern technology 

make the modified hierarchical and heterarchical control architectures more attractive. 

Communication between resources allows improved collaboration and localised decision-making in 

response to disturbances in the system (Leitão, 2009). However, interaction between automated 

resources is dependent on the computer hardware and software that facilitates such interaction.  

2.1.3 Manufacturing information systems 
Since this research explores the use of BPM, and by extension a BPMS, in manufacturing, it is 

worthwhile to explore the most prominent information systems utilised in factories. Banker et al. 

(2006) refer to the following three classes of information systems, based on the resource-based 

topology of Wade and Hulland (2004): resource planning systems, electronic data interchange 

systems and operations management systems. These system classes are commonly realised as 

enterprise resource planning systems, product lifecycle management systems and manufacturing 

execution systems, respectively. 

2.1.3.1 Enterprise resource planning 
An ERP system typically integrates enterprise level information – i.e. financial, accounting, human 

resources, supply chain management, and customer information. The goal of ERP software is to mirror 

the business functions of the enterprise and enable management of key parts of the business at an 

enterprise level. In the context of a manufacturing enterprise, the following business functions are 

typically associated or managed as part of the scope of enterprise resource planning: 

• Sales order processing and tracking 
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• Human resource management 

• Materials and inventory management 

• Production planning on a monthly, weekly or daily basis 

• Supplier interactions 

• Parts purchasing and payments 

2.1.3.2 Product lifecycle management systems 
Resource planning and production depend on product configuration information maintained by the 

engineering centres. In large enterprises, PLM is a software solution used to keep product information 

consistent across the entire product lifecycle. This includes management of data produced and 

consumed during product development, fabrication, deployment, utilisation and disposal. In modern, 

complex supply chains, a single PLM system is often installed, to ensure product data consistency and 

accuracy as generated and used by multiple supply chain partners. 

The content of PLM data includes the Engineering Bill of Material (eBOM), technical data, 3D models 

and manufacturing specifications. From a factory floor perspective, PLM is an engineering system 

which maintains product descriptions, drawings, models, technical data, etc. Some of this information 

will undoubtedly be used to conceive the activities necessary to produce a product. 

2.1.3.3 Manufacturing execution systems 
An MES is the factory floor execution system. Its primary purpose is to enable run-time control of the 

activities in the shop floor. The operator directly interacts with the MES to step through the execution 

of the work to produce the product. The MES provides the workflow, visibility and event notification 

required to ensure that manufacturing is meeting enterprise demands. The following aspects of 

production are typically specified within the MES layer: 

• The list of work to be performed; 

• Specific instructions to execute the work; 

• Data points to be collected; 

• Quality inspections of the work. 

The MES is meant to act as a messenger between the factory floor, engineering (PLM), and planners 

(ERP). Ideally, an operator should be able to request data via the MES, which in-turn fetches the 

necessary data from either the ERP or PLM and presents it to the operator. Additionally, the MES 

provides the ERP system with the real-time data needed to maximize enterprise processing, planning 

and scheduling activities. Ugarte et al. (2009) presents a depiction of the role and functions of MES, 

as shown in Figure 16. 
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Figure 16: Primary functions of the MES (Ugarte et al., 2009) 

The eleven MES functions shown in Figure 16 are based on the findings of a survey (MESA, 1997) by 

the Manufacturing Enterprise Systems Association (MESA). These eleven functions are thought to 

adequately capture the full purpose of an MES, but it is acknowledged that an MES does not 

necessarily have to provide all eleven functions. MESA provides the following descriptions of the 11 

functions: 

1. Operations/Detail Scheduling: sequencing and timing activities for optimised plant 

performance based on finite capacities of the resources. 

2. Process Management: directing the flow of work in the plant based on planned and actual 

production activities. 

3. Document Control: managing and distributing information on products, processes, designs 

or orders, as well as gathering certification statements of work and conditions. 

4. Data Collection/Acquisition: monitoring, gathering and organising data about the processes, 

materials and operations from people, machines or controls. 

5. Labour Management: tracking and directing the use of personnel during a shift based on 

qualifications, work patterns and business needs. 

6. Quality Management: recording, tracking and analysing product and process characteristics 

against engineering ideals. 

7. Dispatching Production Units: giving the command to send materials or orders to certain 

parts of the plant to begin a process or step. 

8. Maintenance Management: planning and executing appropriate activities to keep 

equipment and other capital assets in the plant performing to goal. 

9. Product Tracking and Genealogy: monitoring the progress of units, batches or lots of output 

to create a full history of the product. 

10. Performance Analysis: comparing measured results in the plant with goals and metrics set 

by the corporation, customers or regulatory bodies. 

11. Resource Allocation and Status: guiding what people, machines, tools and materials should 

do, and tracking what they are currently doing or have just done. 
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2.1.4 Types of manufacturing systems 
Manufacturing systems can also be described in terms of targeted delivery of the product. Olhager 

(2003) uses the concept of order penetration point to distinguish the four product delivery strategies 

shown in Figure 17. Make-to-stock is common for mass production products, such as consumer 

electronics or clothing, because these products offer little to no customisability and can therefore be 

stored as finished products. However, volatile markets discourage large inventory holding. Instead, 

assemble-to-order or make-to-order strategies are embraced, where production is initiated in 

response to predicted demand or actual orders from customers (Sarkis and Parsaei, 1999). 

 

Figure 17: Different order penetration points used to show different product delivery strategies. 
Forecast-driven activities are depicted with dotted lines, whereas order-driven activities are 
depicted with solid lines. 

The positioning of the buffer is also influenced by the customisability of the product. Small batch or 

singular products, such as modern luxury automobiles or industrial equipment, offer extensive 

customisability. These products are therefore produced (make-to-stock) or even designed (engineer-

to-stock) on receipt of a customer order. 

The different product delivery strategies also dictate the type of manufacturing system. Landers et al. 

(2001) argue that the selection of manufacturing system type is based on the following three factors: 

• mix (i.e., set of parts to be produced),  

• volume (amount produced per unit time of each part)  

• changes in the part set and volumes over the life-time of the machining system. 

Three types of manufacturing systems can be distinguished (Koren et al., 1999). Mass produced goods 

are usually produced on dedicated manufacturing lines, while highly-customised products tend to be 

produced with flexible manufacturing systems. Reconfigurable manufacturing systems are a relatively 

recent advancement, intended to find a middle-ground between cost-effectiveness of dedicated 

manufacturing systems and the versatility of flexible manufacturing systems (Mehrabi et al., 2000). 

The three major types of manufacturing systems are discussed to indicate the shortcomings of current 

manufacturing practices. 

2.1.4.1 Dedicated manufacturing lines 
A dedicated manufacturing line (DML), also known as a transfer line, is a set of production steps with 

inexpensive fixed automation to produce products or parts at high volume. Each dedicated line is 

typically designed to produce a single part (i.e., the line is rigid) with little to no variability in the shape, 

size, mass or consistency. Dedicated manufacturing lines operate several tools simultaneously in 
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machining stations (called "gang drilling"), while the material or product moves from one station to 

the next, to achieve a high rate of production. Figure 18 shows and example of a dedicated 

manufacturing line, in the automotive industry sector. 

 

Figure 18: Example of a dedicated manufacturing line (courtesy of https://www.wisegeek.com/ 
under fair use policy). 

When the product demand is high, the cost per part is low. DMLs remain cost effective if demand 

exceeds supply, meaning the lines can operate at full capacity. This cost effectiveness has directly led 

to the rise of mass produced, cheap consumer goods. However, with increasing pressure from global 

competition and over-capacity, there may be situations in which dedicated lines do not operate at full 

capacity (Koren et al., 1999). 

2.1.4.2 Flexible manufacturing systems 
Flexible manufacturing systems (FMS) responded to the need for factories which can produce small 

quantities of widely differing products. FMS can produce a variety of products, with changeable 

volume and mix, on the same system. FMSs consist of expensive, general-purpose computer 

numerically controlled (CNC) machines and other programmable automation. Only one product and 

one tool can be operated at any time, leading to throughput much lower than that of a DML. Figure 

19 shows an example of a flexible manufacturing system. 

https://www.wisegeek.com/
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Figure 19: Example of an FMS, with a lathe, mill, conveyor and robotic arms (courtesy of 
www.hytechworld.com/ under fair use policy). 

The combination of high equipment cost, and low throughput makes the cost per part relatively high. 

However, the general-purpose nature of the machines and tools also allow for unmatched 

manufacturing flexibility. Therefore, higher flexibility is traded for lower production capacity and 

higher initial cost (Koren et al., 1999). 

2.1.4.3 Reconfigurable manufacturing systems 
Flexible manufacturing systems (FMS) have the ability to a larger variety of products with the same 

set of machines, but are not as cost effective as dedicated manufacturing systems (DMS). Eventually, 

the need arose for dedicated manufacturing systems to be more flexible, to be able to respond to 

fluctuations in market demand and availability of materials and resources (Koren et al., 1999). This 

gave rise to the reconfigurable manufacturing system (RMS). These manufacturing systems make use 

of swappable tools to increase the versatility of machines. The tools can be configured to process 

products within a range of sizes and shapes, instead of one specific product. Thus, an RMS is designed 

and commission for a range of products that have properties in common, i.e. a product family (Landers 

et al., 2001). 

http://www.hytechworld.com/
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Figure 20: Example of an RMS, showing multiple configurable work cells (courtesy of 
https://intelligentsystems.eee.ntu.edu.sg/ used under fair use policy). 

Reconfigurable manufacturing systems aim to find a compromise between dedicated and flexible 

manufacturing systems. These systems are typically used to produce smaller batches (on the order of 

hundreds or thousands) of products and should satisfy the following criteria (Landers et al., 2001): 

• Modular in construction: Can be reconfigured by swapping modules as needed. 

• Convertible: Individual modules can be repositioned or re-oriented without changing the 

topological characteristics of the machine. 

• Scalable: The system may be adjusted at the system level (e.g., adding machines) and at the 

machine level (changing machine hardware and control software), in response to market 

demands. 

• Flexible: The system is designed around a product family, with the customized flexibility 

required for producing all products of the family. 

2.1.5 Smart manufacturing 
The advent of reconfigurable manufacturing systems was a response to fluctuations in market 

demand and inventory availability (Koren and Shpitalni, 2010). The systems are characterised by small 

production runs and relatively quick turn-over to change the configuration for the next production 

run. However, the desire for product personalisation is leading to a rapid increase in the demand for 

mass customisable products. The extent of customer choice and freedom offered with some high-tech 

products makes it possible that no two consecutive product instances will be exactly the same. For 

example, automobiles at the extreme end of luxury makes it possible for the customer to tune, 

customise or personalise almost any component of the automobile, including the interior, suspension, 

drivetrain and engine. These luxury products are also typically produced in small quantities, in the 

order of a few hundred or thousand globally. 

Small quantities, high level of customisation, and delicate craftsmanship is often associated with hand 

made products. While handmade often conveys a sense of quality and luxury, it poses issues in terms 

of health of the factory worker and the use of modern manufacturing techniques. Smart 

manufacturing makes it possible to deploy automated equipment that can perform the wide range of 

https://intelligentsystems.eee.ntu.edu.sg/
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activities necessary to produce highly customisable products. Deploying smart technologies in 

manufacturing is an attempt to gain more value from investment and assets. Davis et al. (2012) argues 

that smart manufacturing assists with management of dynamic demand and product variability.  

It can be argued that smart manufacturing is simply part of the ongoing technological progress of 

manufacturing. However, smart manufacturing is given more credence as it is seen as a cornerstone 

of the fourth industrial revolution (Li et al., 2017). In Europe, the term “Industry 4.0” is widely used to 

refer to the fourth industrial revolution, from a manufacturing perspective. To be clear, Industry 4.0 

only refers to the manufacturing related portion of the fourth industrial revolution. Therefore, 

revolutionary advancements in other industry sectors may be part of the fourth industrial revolution, 

but not part of Industry 4.0. For example, smart grids, smart home and smart health are advancements 

that can be compared to smart manufacturing, at least in terms of the technological drivers, but are 

not included in Industry 4.0. 

2.1.5.1 Industry 4.0 
The core goal of Industry 4.0 is still to increase productivity, as it was in the previous industrial 

revolutions (Pereira and Romero, 2017). However, productivity doesn’t necessarily refer to 

production volume alone, but also to the extent of customer satisfaction. Manufacturing flexibility is 

now a key factor of productivity, to satisfy the demand for mass customised or even mass personalised 

products (Wang et al., 2017). Mass customisation refers to the  Hence, manufacturing flexibility is a 

key objective of Industry 4.0 (Li et al., 2017; Thoben et al., 2017). 

In the pursuit of higher flexibility, Industry 4.0 marks a shift from automated production, the third 

industrial revolution, to intelligent production, the fourth industrial revolution (Thoben et al., 2017). 

Essentially, the shift to intelligent manufacturing is achieved by connecting the various machines and 

devices to the internet (Kamble et al., 2018). The communication enabled by internet connectivity 

brings a myriad of potential benefits. Carvalho et al. (2018) point to features by which the benefits of 

Industry 4.0 can be recognised, as shown in Figure 21. Through increased flexibility, interoperability 

and real-time response, the manufacturing system can fulfil individual customer requirements 

effectively (Thoben et al., 2017) . 

 

•The ability of various machines and system to exchange data and 
cooperate.Interoperability

•Ability to make decisions on various levels to increase the flexibility of 
facilities.Decentralization

•Extract data to create a vitual copy of the physical world.Virtualization

•Real-time response to various event within a plant.Real-Time Capability

•Changing individual moduls instead of entire systems to increase 
flexibility.Modularity

•Availability of services through the internet of services for other 
participantsService Orientation
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Figure 21: Features of industry 4.0 (Carvalho et al., 2018). 

Industry 4.0 is certainly complex and difficult to comprehend. Predictably, there is no unanimous 

definition or even agreement on the constituent parts. Authors tend to apply a certain perspective 

that is suitable to their area of interest. For example, Moeuf et al. (2018) focusses on the tactical 

intelligence afforded by technologies such as the Internet-of-Things (IoT), cloud computing and big 

data. In contrast, Lu (2017) is more interested in the new level of value chain integration across the 

entire product lifecycle. 

To give some structure to the rapidly developing and changing industry, the Reference Architecture 

for Manufacturing Industry 4.0 (RAMI4.0) was established (Hankel and Rexroth, 2015). This reference 

architecture brings together the business, life cycle and hierarchical views of a factory, by relating 

their concepts on three orthogonal dimensions. Figure 22 shows the primary model of RAMI4.0. 

 

Figure 22: Reference architecture for manufacturing industry 4.0 (Hankel and Rexroth, 2015) 

As shown in Figure 22, the RAMI4.0 reference architecture distinguishes between three dimensions: 

• The layers dimension covers the business-to-technology spectrum. It starts from the 

business layer and ends in the asset layer. It is comparable to technology abstraction 

models, such as 4-tier architecture models in information system design – but it takes the 

hardware assets into account explicitly, as these have an important role in manufacturing. 

• The hierarchy levels dimension covers the aggregation dimension, ranging from the 

connected world (i.e., networks of manufacturing organizations in their eco-systems) via 

stations (manufacturing work cells) to devices and products. This dimension functions as a 

reference framework for the physical assets found in manufacturing enterprises and is 

based on the physical hierarchy of IEC62264:2013-1 (IEC, 2013) shown in Figure 15. 

Additional levels added at the top and bottom for the connected world and the product. 

• The life cycle value stream dimension covers the life cycles of all the physical assets in the 

hierarchy levels dimension. This dimension distinguishes between the type and instance of 
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an item, i.e. between design-time and run-time aspects. For example, a product type is first 

developed (during design-time), then multiple product instances of the same type are 

produced (during run-time). 

RAMI4.0 covers the complete smart manufacturing landscape, from supply chain partners in a 

connected world to a single product instance. However, this is certainly not the only view on the 

relationship between smart manufacturing and industry 4.0. Depending on the scope that is applied, 

smart manufacturing can either be encapsulated within Industry 4.0 or equal to it (Yao et al., 2017). 

The National Institute of Standards and Technology (NIST), another standardisation body, also 

considers smart manufacturing as a complete ecosystem across the entire product life cycle, then 

smart manufacturing equitable to Industry 4.0 (Kusiak, 2018). Nevertheless, a more modest view, such 

as the use of data and information technology to improve operations on the factory floor is also a 

valid view of smart manufacturing (Wang et al., 2016). 

This research is concerned with adaptation in the manufacturing system, regardless of the stimuli that 

prompt adaptation. In other words, the mechanism of change is under consideration, rather than the 

cause of a change. Therefore, the concepts and objectives of smart manufacturing inside a single 

factory are embraced in this thesis and further explored in the next section. 

2.1.5.2 The smart factory 
This research is motivated by the problems encountered in a smart factory, rather than the larger 

promises and problems of smart manufacturing networks. The introduction of robotic technology in 

a manufacturing system devoted to rapid change poses real issues to the effective use of resources. 

The smart factory, as a concept, is examined more closely to ensure adequate understanding of the 

problems and the context thereof. 

Lee (2015) defines a smart factory as “the integration of all recent IoT technological advances in 

computer networks, data integration, and analytics to bring transparency to all manufacturing 

factories”. NIST defines a smart factory as a “fully integrated, collaborative manufacturing system that 

respond in real time to meet changing demands and conditions in the factory, in the supply network 

and in customer needs” (Lu et al., 2016). Wang et al. (2016) take a comparative approach, by 

juxtaposing a smart factory to a traditional manufacturing system. The six differences between a 

smart and traditional factory are enumerated in Table 6. 

Table 6: Comparison of the smart and traditional factory (Wang et al., 2016). 

Number Traditional manufacturing system Smart manufacturing system 

1 Limited and Predetermined 
Resources. To build a fixed line for 
mass production of a special product 
type, the needed resources are 
carefully calculated, tailored, and 
configured to minimize resource 
redundancy. 

Diverse Resources. To produce multiple 
types of small-lot products, more resources 
of different types should be able to coexist in 
the system. 

2 Fixed Routing. The production line is 
fixed unless manually reconfigured 
by people with system power down. 

Dynamic Routing. When switching between 
different types of products, the needed 
resources and the route to link these 
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resources should be reconfigured 
automatically and on line. 

3 Shop Floor Control Network. The 
field buses may be used to connect 
the controller with its slave stations. 
But communication among machines 
is not necessary. 

Comprehensive Connections. The machines, 
products, information systems, and people 
are connected and interact with each other 
through the high-speed network 
infrastructure. 

4 Separated Layer. The field devices 
are separated from the upper 
information systems. 

Deep Convergence. The smart factory 
operates in a networked environment where 
the wireless network and the cloud integrate 
all the physical artefacts and information 
systems to form the IoT and services. 

5 Independent Control. Every machine 
is pre-programmed to perform the 
assigned functions. Any malfunction 
of single device will break the full 
line. 

Self-Organization. The control function 
distributes to multiple entities. These smart 
entities negotiate with each other to 
organize themselves to cope with system 
dynamics. 

6 Isolated Information. The machine 
may record its own process 
information. But this information is 
seldom used by others. 

Big Data. The smart artefacts can produce 
massive data, the high bandwidth network 
can transfer them, and the cloud can process 
the big data. 

 

Kamble et al. (2018) are more interested in the integrative nature of a smart factory. The following 

three features are offered to recognise the realisation of a smart factory: 1) horizontal integration of 

value networks, 2) vertical integration of manufacturing systems, and 3) end-to-end digital 

integration. Horizontal integration occurs between enterprises, to achieve integration of resources, 

systems and processes. Vertical integration focuses on integration of manufacturing systems within 

the factory production (Carvalho et al., 2018). The end-to-end digital integration is a result of the 

horizontal and vertical integration, to achieve product customization (Pereira & Romero, 2017). The 

various integrations happen throughout the entire value chain and help to achieve the goals of 

Industry 4.0. 

Regardless of the precise features and components of a smart factory, the goal is ultimately to 

increase intelligence, flexibility and cost-effectiveness (Douaioui et al., 2018; Pereira and Romero, 

2017). The integration of machines products and resources should improve the self-optimization of 

the production process and meet customer requirements by enabling mass customization (Douaioui 

et al., 2018; Pereira & Romero, 2017). 

For the purposes of this research, a smart factory is defined as a manufacturing system utilising at 

least one of the following technologies: 

• Actors (both human and automated) that are connected to the factory control systems, 

adaptable and able to collaborate to perform manufacturing tasks. 

• Manufacturing processes that can dynamically reconfigure for each instance of a product. 

• Object recognition technology to assist human and automated actors to identify, 

manipulate or modify highly variable products. 
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2.1.6 Key technologies in a smart factory 
The new industrial age stems from the coincident development of several technologies. The main 

technological drivers are cloud computing, the Internet-of-Things (IoT), and smart devices (Lu, 2017). 

It is expected that mass customized products will be produced by smart robotics in dynamic processes 

managed in the cloud (Zhang et al., 2014). It is even conceptually understood how these technologies 

should work together to achieve smart manufacturing and deliver on the promises of Industry 4.0 (Qu 

et al., 2016b; Tao and Qi, 2018). Computation that is not time-critical is relegated to the cloud. The 

IoT facilitates commands and responses to and from devices and teams of humans and smart robotics 

perform sophisticated operations. Figure 23 gives an overview of the main technologies and their 

roles in smart manufacturing. 

 

Figure 23: Roles of selected technologies in smart manufacturing 

The three technologies shown in Figure 23 are elaborated further in this section, but they certainly do 

not act alone. The following supplementary technological developments also play a role in a smart 

factory (Kang et al., 2016; Mittal et al., 2017; Oztemel and Gursev, 2018): 

• Wireless connectivity, primarily cellular and Wi-Fi networking, enable mobility of actors in 

the manufacturing system. 

• Proximity, photoelectric and various other sensor advancements that provide more 

information about the manufacturing system and possibly improve safety. 

• High performance computing and big data techniques to process the large amounts of data 

generated by the actors and sensors on the factory floor. 

• Augmented reality can superimpose a computer-generated 3D image in physical real-world 

environments, to present topical and real-time information to the operator. 

• Virtual Reality creates a virtual environment with the help of computer and 3D images. The 

user can interact with the virtual environment as if it is part of the virtual space. 

2.1.6.1 Cloud computing 
Cloud computing is certainly not the newest of the technologies that underpin Industry 4.0. 

Computing resources have been progressively moving away from the point of use for several decades, 

as network connectivity improved. Nevertheless, the mid-2000’s saw renewed interest in the 
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opportunities afforded by computing services (Foster et al., 2008; Hayes, 2008). Suddenly, varying 

levels of information technology were offered as services. Instead of acquiring the hardware needed 

to host enterprise information systems, computing resources can be hired to host the information 

systems. The following cloud computing models are now widely available and adopted (Shawish and 

Salama, 2014): 

• The Software-as-a-Service (SaaS) model provides a software application as a hosted service 

on the Internet, eliminating the need to install and run the application on local computers. 

• The Platform-as-a-Service (PaaS) model provides an application environment in which users 

can create their own application that will run on the cloud. 

• The Infrastructure-as-a-Service (IaaS) model provides access to computing hardware and 

communication technology that can be used at the user’s discretion. 

The wide availability of cloud computing services has made high performance computing more 

accessible to manufacturing enterprises, especially small and medium enterprises. The availability has 

inevitably led to interesting ideas and developments. For example, virtual manufacturing uses 

computers to model and simulate the manufacturing to create a digital-twin (Ahuett-Garza and 

Kurfess, 2018). The digital-twin can be used to quickly evaluate changes to the manufacturing system, 

without committing physical resources and capital investment (Oztemel and Gursev, 2018). Another 

interesting possibility offered by cloud computing is improved supply chain collaboration. Supply 

chain partners can share product and production data in the cloud, increasing collaboration 

effectiveness (Bruque-Cámara et al., 2016). 

2.1.6.2 Internet-of-things (IoT) 
Significant disagreement exists regarding the nature and scope of the IoT (Atzori et al., 2010). The 

disagreement is largely due to the differing perspectives of parties promoting the IoT. These 

perspectives can generally be divided into a things-orientated perspective (Sakamura, 2006), a 

internet-oriented perspective (Guinard and Trifa, 2009; Misra et al., 2016), and a semantic-oriented 

perspective (Katasonov et al., 2008; Toma et al., 2009). Regardless of the disagreement, the goal is 

internet connectivity for devices that are not traditionally connected to the internet, such as home 

appliances, automobiles and industrial robotics. 

To emphasise the significance of the IoT for industrial applications, the term Industrial Internet of 

Things (IIoT) is often used (Thoben et al., 2017). Zhong et al. (2017) identifies three main components 

of the IIoT: machines, analytics and people. These components form a network that allows interaction 

between machines and people, using data storage, analytics and visualization to achieve the smart 

factory. The IIoT aims to bring together the industrial internet and the IoT. The industrial internet is 

an initiative that is driven by the Industrial Internet is the Industrial Internet Consortium (IIC), a 

consortium of large multinational organisations (Lu et al., 2016). The scope of the initiative is larger 

than manufacturing, as it strives to unify the physical and digital worlds in industry and beyond. 

2.1.6.3 Smart devices 
A core component of the smart factory is the smart device (Pereira and Romero, 2017). It is 

remarkable how much robotic technology continues to advance. Robots are no longer singularly 

purposed and stationed in a single location. Some robots now boast true versatility, thanks to path 
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finding (Semini et al., 2015), clever end-effectors (Homberg et al., 2015) or even a modular structure 

(Rus et al., 2002). 

Although most attention is paid to robotics, it is certainly not the only smart device. In fact, it is 

generally accepted that humans will continue to have an important role in smart factories (Kang et 

al., 2016). The challenge is connecting humans to the information-rich internet. For the purposes of 

this research, handheld devices and other human augmentation is considered part of smart devices. 

Therefore, the following smart devices can generally be expected in a smart factory: 

• Robotics in various forms, ranging from multi-axial arms to collaborative robotics, also 

referred to as cobots (Heyer, 2010). 

• Handheld devices, such as smartphones, to provide information to the operator and allow 

for tracking of manufacturing tasks performed by humans (Babulak, 2009). 

• Operator augmentation devices, such as virtual reality, to provide information to the 

operator in a topical and interactable manner (Khan et al., 2011). 

• Autonomous guided vehicles (AGV) that can transport materials, products and tools in and 

around the factory, without human intervention (Le-Anh and De Koster, 2006). 

A smart device may operate independently, such as an AGV, or may be operated by a human, such as 

a handheld device. The more important characteristic of these devices is network connectivity, as this 

gives the manufacturing system its cyber-physical nature (i.e. a system with hardware and software 

attributes). The physical devices constantly provide data and can be represented in the digital realm 

leading to various opportunities, including the following: 

• Improved predictions and decision-support, from data generated by the physical devices 

and simulations in the digital world (Ahuett-Garza and Kurfess, 2018). 

• Real-time insight into the status of the manufacturing system and the production orders 

(Pereira and Romero, 2017). 

• Quick response to changes based on the real-time information and the data-processing 

services (Yao et al., 2017). 

• Improved manufacturing flexibility, due to the modular structure of the smart factory. This 

modular structure supports the “plug-and-produce” concept, which enables a fully flexible 

production setting at a high speed (Oztemel and Gursev, 2018). 

• Distributed decision-making is enabled by smart devices which make use of the situational 

information and connectivity to coordinate their actions, supported by Internet-of-Things 

technology (Yajun and Cecil, 2016). 

2.1.7 Recent developments 
Improved efficiency has been pursued since the advent of ship assembly lines in the eighteenth 

century. The decomposition of manufacturing operations into smaller steps progressed gradually, 

increasing the need for work flow control. Computing power allowed for accelerated growth by 

extending the capability of production planning and monitoring. Using business process management 

in manufacturing has seen some attention, but these efforts are limited to only representation (Zor 

et al., 2011). Alternatively, new paradigms have also been proposed in response to the challenges in 

modern manufacturing. Three recent topics related to work flow control are discussed to discover the 

present proficiency in manufacturing operations management. 
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2.1.7.1 Intelligent manufacturing 
The concept intelligent manufacturing is often considered to be similar to smart manufacturing, as 

they both apply the same broad scope (Zhong, Xu, Klotz, & Newman, 2017). However, looking at 

another definition of intelligent manufacturing “the ability to self-regulate and/or self-control to 

manufacture the product within the design specifications” shows that intelligent manufacturing 

enhances more technological aspects (Thoben et al., 2017). According to Lu et al., (2016), the main 

enabling technology of intelligent manufacturing is artificial intelligence. The goal of intelligent 

manufacturing is a production system that automatically adapts to the changing market requirements 

(Lu et al., 2016). This implies that intelligent manufacturing covers just a part of the smart 

manufacturing characteristics. Nevertheless, Zhong et al., (2017), argue that intelligent manufacturing 

facilitates the entire product life cycle using new technologies such as smart sensors and data 

analytics, which again emphasizes a broader scope.  

Two other related concepts to this paradigm are IoT-enabled manufacturing and cloud manufacturing 

(Zhong et al., 2017). IoT-enable manufacturing is based on converting every production resource to a 

smart object (Zhong et al., 2017). According to Zhong et al. (2017), the smart objects have the ability 

to interact with each other and the process to automatically execute the production logistics. This 

relates strongly to the smart product and smart machine aspects mentioned in the Industry 4.0 and 

smart factory paradigm. IoT-enabled manufacturing is an enabler of the larger smart manufacturing 

paradigm.  

The same holds for cloud manufacturing. Cloud computing is applied to manufacturing, such that 

resources are transformed to services and are accessible to various participants in the value chain 

(Zhong et al., 2017). The intelligent resources can be connected into the cloud and can be used to 

increase efficiency and respond to variable customers demand (Zhong et al., 2017). Other key enabling 

technologies for cloud manufacturing are IoT, existing systems in the company that must connect to 

the cloud, service-oriented technologies and virtualization (Kang et al., 2016; Lu et al., 2016). Both the 

cloud technology and the IoT are important technologies for Industry 4.0, but the picture is 

incomplete. Smart devices and augmented human workers are equally crucial, otherwise status 

information is not available to the cloud. 

2.1.7.2 Event-driven process management 
Event-driven management is the response to the realisation that business systems must be able to 

react to a changing situation. This paradigm has seen widespread adoption in various industries. 

Transportation is a prime example: companies take into account near real-time weather and traffic 

data to adjust their transportation plan to best reflect their objective (e.g. duration, fuel economy or 

carbon emissions). Financial services also extensively use event-driven management systems to 

minimise the time their business takes to react to a changing market situation. 

Many such event-driven management systems make use of data-aware workflow engines (Krumeich 

et al., 2014). This entails a workflow engine which can receive information during process run-time 

and render such information useful for control-flow purposes. Interfaces to external systems are 

necessary to make useful information available to the workflow engine. Progress towards integration 

with other information systems eventually led to the integration of separate workflow engines. 

Integration between the workflow engines of individual organisations makes it possible to streamline 

a supply chain and improve adaptability to market changes (Paul Grefen et al., 2009). 
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Manufacturing has also enjoyed the attention of event-driven process management efforts (Estruch 

and Heredia Álvaro, 2012). The advantages of a responsive manufacturing systems are widely 

recognised and pursued. Developers of manufacturing execution systems have also taken note of the 

advantages (Grauer et al., 2011). Event-driven process management in manufacturing operations rely 

on technology which can provide awareness or situational data. For example, sensors on the factory 

floor can provide temperature readings or detect when vehicles move to certain parts of the factory. 

Such data can then be used to trigger events defined in the process models. This enables situationally 

aware process management systems, but also the potential to integrate between suppliers and 

customers. 

2.1.7.3 Agent-based manufacturing 
Agent-based management encapsulates a broad subject of concepts, developments and technologies. 

The subject enjoys ongoing debate regarding the existence and classification of agency and autonomy 

(Franklin and Graesser, 1996; Luck and d’Inverno, 1995). Fundamentally though, the premise is 

increased delegation of decision-making to system elements. Mařík and McFarlane (2005) provides a 

helpful view of the change by contrasting the conventional and cooperative structures with each 

other, as shown in Figure 24. 

 

Figure 24: Conventional vs. cooperative decision making (adapted from (Mařík and McFarlane, 
2005)) 

In manufacturing, the agent-based concept has seen sustained interest. Agent-based manufacturing 

has been studied and proposed repeatedly, with limited practical implementation (Leitão, 2009). 

Refreshed efforts have endeavoured to distinguish themselves with new names, including holonic 

manufacturing (Colombo et al., 2006) and self-organising manufacturing (Schild and Bussmann, 2007). 

These efforts are entirely interesting and admirable, but have failed to garner great interest from 

industry. Some technical barriers have been overcome to realise the vision of agent-based process 

management, but ultimately complexity remains a problem. It is difficult to comprehend and manage 

a manufacturing system populated by autonomous, heterogeneous agents who act independently 

from central command. As with any autonomous system, the lack of transparency is also unacceptable 

to most manufacturing operations managers. 
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2.1.8 The problems impeding smart manufacturing 
Manufacturing operations managers face the daunting prospect of introducing several new 

technologies into their factories to remain competitive in the face of a changing market. Some of the 

technologies are already established and widely available, such as cloud computing and Wi-Fi, but 

most are still only emerging. However, it is difficult to envisage how the technologies should inter-

operate and progressively habituate new technologies that emerge. 

This section decomposes this challenge, from the scientific literature investigated in this chapter, into 

short problem descriptions that will be used as reference point for the practical cases discussed in 

Section 2.2. These problems are then combined with the problems identified in the practical cases, to 

establish a set of requirements that will drive the artefact development and verification in the rest of 

the thesis. 

2.1.8.1 System inertia 
Operations managers don’t solely have to contend with the inter-operability of new technologies, but 

also have to consider the existing practices and systems of a factory. Luthra and Mangla (2018) find 

that many organizations struggle with the current digital transformation and manufacturing 

organizations are no exception. Khan and Turowski (2016) also point out that the current technologies 

used on the factory floor are poorly suited to a manufacturing system seeking higher flexibility, 

because many of the systems and processes are isolated in individual departments. 

The physical nature of manufacturing further aggravates the difficulty to integrate old and new 

technologies. The spatiotemporal properties of the physical world, which means the location and time 

of an object matter, make the integration with computing systems more difficult (Zhou et al., 2015). 

Yet, Industry 4.0 clearly aims at an integration of the digital and physical world as well as a horizontal, 

vertical and end-to-end integration (Xu et al., 2018; Zhou, Liu, & Zhou, 2015). Xu et al. (2018) state 

simply that the current ICT infrastructures are not ready to support the digital transformation. 

This problem can be described as inertia. An existing enterprise can only change as fast as its structure 

allows. More importantly, the people who must bring about such change will struggle if they do not 

fully understand the new technologies and how to implement those technologies in the existing 

enterprise structure. 

2.1.8.2 Process dynamism 
Li et al. (2017) and Thoben et al. (2017) emphasise the importance of manufacturing flexibility in 

Industry 4.0. The manufacturing system must adjust according to fluctuating demand, product 

variance and unexpected events, such as equipment failure. Wang et al. (2016) consider dynamic 

routing and self-organisation as two of the discernible features that quality a factory as smart. Thus, 

the manufacturing processes must be dynamic enough to allow the routing and resources to be 

adapted according to a changing situation. This is certainly a departure from traditional 

manufacturing, where the process is considered rigid, with personnel and support systems 

scampering to support steady operation. Accordingly, the current manufacturing process 

management systems are not well suited to dynamism (Witsch and Vogel-Heuser, 2012). 

2.1.8.3 Operations complexity 
Higher internal flexibility invokes a larger variety of activities to produce products with larger variety. 

A larger variety of activities can be achieved in two ways: 1) Deploying a larger number of actors, or 
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2) Utilising actors (both humans and autonomous equipment) with a wider range of abilities. The first 

option is prohibitively expensive for most manufacturing enterprises and both options lead to an 

increase in system complexity anyway. 

Increased complexity in a system typically makes the system more difficult to comprehend and thus, 

to manage (Snowden, 2005). Complex systems are characterised by unpredictable emergent 

behaviour and dynamic relationships between system elements, both of which are hard to deal with 

from a management perspective (Kurtz and Snowden, 2003). This causal relationship is well known in 

higher level systems (according to the schema of (Boulding, 1956)). Tainter (2000) recognised the 

following primary constraints to the development and problem-solving of organisations: 

• The structure of its environment, 

• The efficiency of internal transactions, and 

• Limits to human cognition and information processing. 

As enterprises become more complex, human limitations will increasingly restrain growth and 

improvement. The number of options, possibilities and variables are simply surpassing our ability to 

make accurate and informed decisions. A factory containing many actors, with the option to 

collaborate for certain tasks, in an increasing number of potential process configurations, is a good 

example of too many variables. Yet decisions must be made, during planning and execution, during 

normal operation and in response to unexpected events. Those decisions must also be translated into 

actions, by delivering instructions and other necessary information to the involved actors. 

The problem faced in smart manufacturing systems can thus be described as a management problem. 

Production must be planned and controlled based on the availability of resources, actors and other 

equipment. Effective planning and control are dependent on accurate and timely information 

regarding the status and performance of the system. Manufacturing systems must become more 

intelligent and use their resources more efficiently. However, autonomous actors in smart 

manufacturing systems are not optimally utilised because of the following factors: 

1. Difficulty to determine the most appropriate set of actors and equipment to produce a 

specific product. 

2. Complexity in planning the production in a system with highly configurable manufacturing 

processes populated by adaptable actors that can collaborate for specific tasks. 

3. Lack of insight into the current status of production orders and actors in the system. 

4. Uncertainty regarding the continued normal operation of the production process that may 

be interrupted by a large number and range of unrelated events. 

5. Lack of concise, relevant, timely and accurate instructions and information available to 

actors in a production line. 

6. Safety risks caused by actors that may be autonomous, adaptable and mobile. 

2.1.8.4 Lack of standardization 
The confusion and disagreement surrounding smart manufacturing was already eluded to in section 

2.1.5. Various initiatives and technologies are involved, most of which lack clear and commonly 

accepted definitions (Douaioui et al., 2018). The confusion manifests itself in three ways: 1) An unclear 

image of the future smart factory that will attain the promised benefits, 2) Poor inter-operability 

between disparate technologies and solutions, and 3) Misalignment between business and IT caused 
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by rapid development of the market and technologies. These manifestations are due to, at least in 

part, a lack of standardisation. Standardisation bodies have the unenviable task of reaching global 

consensus in a rapidly evolving landscape. Agreed definitions for complex phenomena are slow to 

emerge because it requires agreement across industry sectors and countries (Xu et al., 2018). 

Communication standards and protocols must be developed and evaluated, considering the myriad 

of existing and new technologies (Luthra and Mangla, 2018; Xu et al., 2014). Lastly, enterprise 

architectures must be developed that can handle the pace of change (Ren et al., 2019). 

2.2 Practical cases 
To ensure practical relevance, this research includes three practical cases at three factories. The 

factories are part of the HORSE Project consortium, as discussed in Section 1.4.3. In the HORSE Project, 

these factories provide first-hand experience of the transition to smart manufacturing. The research 

presented in this thesis extensively utilises the factories to identify scenarios as the representatives 

of manufacturing practice. Scenarios are identified and defined at all three factories, for the following 

three purposes: 

1. To represent the typical problems encountered at factories transitioning towards smart 

manufacturing and, thus, the problems that this research addresses. 

2. To validate the problems identified from scientific literature, as discussed in Section 2.1.8. 

3. To evaluate the output of this research, in an appropriate, operational environment. 

This section addresses the first two purposes, by first analysing each case and then combining all 

identified problems, from literature and practice, into a more general, yet concrete problem 

description. Stated differently, the resulting problem description contains elements of the specific 

problems mentioned in literature and identified at the practical cases. For this purpose, each case 

description follows a clear outline by referring to topics discussed in the literature analysis of Section 

2.1. This is similar to the approach taken by the author of this thesis in Vanderfeesten et al. (2019). 

Table 7 gives an outline of the case descriptions with references to the specific sections where the 

topics are introduced. 

Table 7: List of topics discussed for each practical case, with references to the specific sections 
where those topics are introduced. 

Topic 
number 

Topic Section 
referenced 

1 An overview of the hosting company and definition of the class and 
type of manufacturing. 

Sections 2.1.1 
and 2.1.4. 

2 A description of the focus area in the company, including an 
interpretation of the equipment hierarchy shown in Figure 15. 

Section 2.1.2 

3 A model of the manufacturing process, from the reception of a 
production order until the product is sent for delivery. This may 
include selected support functions, deemed necessary for contextual 
understanding of the manufacturing process. 

None 

4 Analysis of the hardware and software systems involved in 
manufacturing operations. 

Section 2.1.3 

5 A description of the identified problem(s) to be addressed in the 
research. 
 

Section 2.1.8 
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6 A description of the scenarios in which the research output will be 
evaluated. These scenarios are presented as detailed process models 
with annotations highlighting the problems that are addressed. 

None 

 

2.2.1 Thomas Regout International 
Thomas Regout International (TRI), located in Maastricht, The Netherlands, is a global leader in the 

design and production of highly customisable, industrial-grade telescopic slides. Telescopic slides are 

the components that allow drawers and cabinets to protrude and contract, as shown in Figure 25. A 

typical slide consists out of three metal profiles and two ball-bearing cages. Although a slide only 

consists of five parts, all those parts can be extensively customised. As a result, TRI can produce 

approximately 900 variances of the telescopic slides. 

 

Figure 25: A TRI telescopic slide on the left and a typical application of the product on the right 
(reused with permission from TRI). 

The product is aimed at industry-grade applications, in a wide range of industry sectors, including 

automotive, aerospace and heavy machinery. As such, product quality is of utmost importance, to 

maintain a solid base of return customers and steady growth. More importantly, the competitive 

advantage of TRI is the ability to deliver a small batch of highly customised slides within two weeks of 

order receipt. 

2.2.1.1 Manufacturing class and type 
According to the classification of production of Woodward (1980), as discussed in section 2.1.1, TRI 

can be classified as a small batch producer, or type 4 in group 1. As for manufacturing system type, 

the factory is a good example of a reconfigurable manufacturing system (see Section 2.1.4). As 

expected, the factory has limited automation, isolated to areas where human workers are not allowed 

during production. As a result, the manufacturing system is highly reliant on the expertise of the 

workers and verbal communication between them. The lack of automation and digitization presents 

a significant challenge to the progress towards smart manufacturing. To elaborate this challenge, the 

manufacturing system is analysed in more detail. The production process can be divided into the 

following three phases, as illustrated in Figure 26: 
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1. Cold forming of steel coils into profiles. 

2. Surface treatment of the steel profiles, to reduce susceptibility to corrosion. 

3. Final assembly of slides by combining several profiles and ball-bearings. 

 

Figure 26: TRI production process divided into three phases. 

Production phase 1 shapes coils of steel sheets into the three or four profiles that are assembled into 

the telescopic. Photos of production phase 1 are shown in Figure 27. This phase includes the following 

activities: 

1. Load steel coil into the machine. 

2. Cut the steel coil into profiles lengths. 

3. Stamp holes and bend lips according to product and production requirements. 

4. Bend lips according to assembly requirements. 

5. Deburr the profiles to remove unwanted material. 
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Figure 27: Steps of production phase 1: 
a) Load steel coil in the machine, b) Cut steel coil into profile lengths,  
c) Stamp holes and bend lips, d) Finished Profile. 

The production activities in phase 1 may be executed on different equipment, depending on the 

dimensions of the steel profiles. Approximately 60% of profiles are processed on the automated 

production line, named Profistans, consisting of a computer operated crane to switch between coils 

and a series of hydraulic presses. The remaining 40% of profiles are either too small or large for the 

automated line, thus necessitating manual execution at three human-operated production lines, 

specialised for different product dimensions. In a small minority of cases, due to special customisation 

requirements, some manual operations are still necessary after processing on the automated 

production line. 

Production phase 2 improves the corrosion resistance of the profiles with Electro-galvanic zinc plating. 

Photos of production phase 2 are shown in Figure 28. This phase includes the following three activities: 

1. Load profiles on racks. 

2. Electro-galvanic zinc plating of profiles. 

3. Unload profiles from the rack. 

This phase is largely manual, as both the loading and unloading activities are completely manual, while 

the zinc plating is automated by an overhead crane. Consequently, human workers are strained with 

a high physical load during loading and unloading of the racks. Automation of these activities is 

particularly difficult, because the profiles must be hooked on through small holes. 
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Figure 28: Pictures of production phase 2. Profiles on rack (left), and vats for surface treatment of 
profiles (right). 

Production phase 3 assembles the prepared steel profiles and ball-bearings into the finished 

telescopic slides. Photos of production phase 3 are shown in Figure 29. This phase includes the 

following three activities: 

1. Assembly of telescopic slides. 

2. Quality control of final product. 

3. Packaging for warehousing and distribution. 

The activities involved in production phase 3 can be executed on three production lines. About 60% 

of products are assembled on the fully-automated assembly line populated by eight robots, although 

the constituent parts are loaded into and unloaded from this line by human workers. About 35% of 

the products are assembled on the recently installed semi-automatic line, populated by a mixture of 

humans and robots. The remaining 5% of products are assembled completely manually via a series of 

specialised work cells. 

 

Figure 29: Photo of the automated assembly line in production phase 3.  
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2.2.1.2 Focus area description 
The three production phases are most accurately interpreted as production areas, in terms of the 

equipment hierarchy presented in IEC 62242-1:2013 (see Figure 15). These production areas are 

decomposed into production lines, which in turn can be decomposed into work cells (following the 

terminology of discrete and small batch production). Additionally, a Tool Preparation production area 

accompanies the production phase 1, to assemble tools for the cutting, stamping and bending 

operations. Lastly, two storage zones are also located in the factory.  Figure 30 the physical hierarchy 

of TRI, with two work cells highlighted to indicate the area of focus for this research. 

 

Figure 30: Physical hierarchy of TRI, with three work cells highlighted to indicate the location of 
the application scenarios. 

The first highlighted work cell, single tool assembly, is occupied by highly skilled personnel who build 

configurable tools according to product requirements. Each production batch utilises six such tools 

for the cutting, stamping and bending operations executed in production phase 1. The scenario in this 

work cell is discussed in more detail in section 2.2.1.6.1. The second highlighted work cell is dedicated 

to stacking profiles in bins for transport and storage. The third highlighted work cell is where profiles 

are loaded onto and unloaded from racks, before and after galvanisation. This scenario is discussed in 

section 2.2.1.6.3. 

2.2.1.3 Manufacturing process description 
The four production areas shown in Figure 30 can be used as a starting point to model the overall 

manufacturing process of TRI. Figure 31 shows a model of the manufacturing process, including the 

tool preparation and three production phases. Tool preparation and the three are modelled as 

separate pools, i.e. individual processes displayed on the same diagram. This separation makes it 

possible to execute the four individual processes independently. In other words, production phase 2 

can be initiated at any time, after completion of phase 1 for the same production order. TRI does not 

currently have end-to-end production flow, where the end of phase 1 automatically initiates phase 2. 

Instead, the output of phase 1 is temporarily stored in a buffer, until it is retrieved for further 

processing. 
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Figure 31: TRI manufacturing process, showing tool preparation and three phases of production. 

The straight-forward mapping between production areas and process pools indicates that the physical 

constraints of manufacturing remain the dominant considerations in the factory. Production progress 

is a function of the location of the product in the factory, rather than the operations performed. 

A major contributor to the production throughput time is the chaotic way the product is transported 

from one production phase to the next. Profiles are simply dumped in a crate and placed in storage. 

At the next production area, the product is manually picked out of the crate and placed orderly for 

the next step in the process. Additionally, the picking of product instantiations and loading at P2 puts 

a heavy burden on the operator. Every instantiation is individually picked up and hanged on hooks to 

prepare for surface treatments in the chemicals behind a safety divider. This loading for P2 is a slow 

and arduous task, placing significant physical burden on the operator. The total mass moved by an 

operator in a typical shift exceeds the regulatory limit, but TRI is given a concession because a 

reasonable (financially and technically) solution is not available. 

2.2.1.4 Hardware and software systems in TRI 
As can be expected, only small parts of the TRI factory are software-supported. The automated 

production lines, notably in production phases 1 and 3, have their own, dedicated software control 

systems, but these systems function independently from everything else. The systems are accessed 

and operated locally by the personnel assigned to that production line. Consequently, remote control 
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is not possible, because the local control systems are not connected to any centralised system. More 

importantly, real-time progress and performance data gathered by these information systems are not 

available to production planning. 

The only cross-functional system in TRI is the ERP system, Microsoft Dynamics. This system is used to 

receive and process customer orders, generate production orders and manage company resources. 

Once a production order is created, the production schedule is updated in a proprietary information 

system. From this system, work instructions are generated, printed and delivered to each work cell. 

The work instructions include product drawings, developed in the computer-aided design (CAD) 

package, and manually loaded into the ERP system. 

Figure 32 shows a depiction of the TRI hardware and software systems, according to the functional 

hierarchy of IEC62264:2013-1. All three items on level three are highlighted to indicate the problem 

areas. The production planning system works well for TRI, but it is not connected to lower level 

systems. The other two items are more concerning, as these functions are not supported by any 

information system. Work instructions are printed from the ERP system and delivered to work cells, 

while information from the factory floor is gathered by supervising personnel and verbally 

communicated back to operations management. 

 

Figure 32: Hardware and software systems of TRI, according to the levels of the functional 
hierarchy of IEC62264:2013-1. 

The TRI factory makes extensive use of ad-hoc communication between employees, due limited 

software support and poor integration. This situation is typical for a factory reliant on personnel 

competence, rather than automation and strict control. This is certainly an impediment on the road 

towards smart manufacturing, because dynamic configuration and assignment of resources is not 

feasible without accurate insight into the situation on the factory floor. 

2.2.1.5 Problem description 
TRI continually seeks to improve their competitive advantage by focussing on the following ideals, 

while maintaining exceptional product quality: 

1. High configurability to production customer specific products. 
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2. High manufacturing flexibility to produce small batches, according to customer 

expectations. 

3. Quick response to ensure short delivery times. 

The extensive customisation offered by TRI is problematic, with regards to the pursuit of smart 

manufacturing. Extensive customisation is achieved thanks to two primary mechanisms: skilled 

employees and configurable manufacturing tools. Although many manufacturing tasks can be 

automated, it is particularly difficult and expensive to replace highly skilled employees. It is even more 

difficult to find automation solutions with enough versatility to produce the substantial number of 

product variances. The reliance on human workers causes several problems in the factory, including 

the following: 

• A general lack of timely information regarding the execution of activities and the utilisation 

of resources. 

• Heavy physical burden on employees who perform manufacturing operations. 

• Difficult to retain or replace highly skilled employees. 

The high number of product variances and small batches also demands frequent change-over of 

machines and tools. As a result, the manufacturing system is relatively under-utilised, as a ratio of 

production to change-over time. This problem is an artefact of machines with poor versatility. The 

current machines are highly specialised to perform specific tasks, rather than quickly adapt to produce 

different products. 

Lastly, shortening of delivery time is hindered by the disconnected nature of the production areas. 

Products can spend days, or even weeks in extreme cases, in the buffer, waiting for the appropriate 

machines and tools to be available. More versatile machines and improved workflow management 

are sorely needed to improve the delivery times. 

TRI has appreciation for the importance of becoming a smart factory. To remain competitive, the 

company must innovate and improve value to its customers. The general goal of TRI is to achieve flow 

production between the three production phases. Instead of three disconnected production phases, 

with products waiting in-between, TRI wants a situation where a customer configures a product on 

the online portal, then the factory should adjust accordingly to deliver the product as fast as possible. 

However, TRI also recognises the challenges inherent to automation of some of its more skill-

dependent manufacturing operations. 

2.2.1.6 Scenario description 
TRI will act as the primary, but not sole, practical case for this thesis. As such, three scenarios have 

been identified to demonstrate the use of process management to orchestrate modern 

manufacturing technology. These use cases are discussed separately and can be defined as the 

following: 

1. Single tool assembly, prior to production phase 1, transitioning from completely manual 

assembly to augmented reality and robot supported assembly. 

2. Stacking of profiles in bins at the end of production phase 1, transitioning from completely 

manual to completely automated. 
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3. Loading and unloading at production phase 2, transitioning from completely manual to 

partially automated. 

The three scenarios are represented by four process models, because the third scenario entails 

loading and unloading of profiles. The four processes are shown in the context of the overall 

manufacturing process, with bold borders in Figure 31. 

2.2.1.6.1 Single tool assembly scenario 
Tool assembly is performed by a few highly skilled employees with many years of experience. A recruit 

must undergo two years of on-the-job training to reach the base level of tool assembly competence. 

Incorrect tools can cause devastating loss of production and need for rework, raising the importance 

of the process. The process itself linear, following the usual approach of preparation, execution and 

evaluation, as shown in Figure 33. 

 

Figure 33: Tool assembly process at TRI. 

The process will undergo significant changes, due to the introduction of modern technologies. The 

following three changes will be made: 

1. The task ‘assemble tooling block’ will be supported by augmented reality, guiding the 

operator through the steps of assembling a tool. 

2. The task ‘fetch tooling parts from storage’ will be performed by a mobile robot, allowing the 

human worker to focus on the assembly task. 

3. Introduction of process management technology to orchestrate the activities of the human 

and robot. 

2.2.1.6.2 Profile stacking 
The second scenario is concerned with removing the profiles from production area 1. Profiles are 

picked from the cold forming machines and placed in a bin. The bin is then transported to the 

intermediate storage zone between production areas 1 and 2. The process model shown in Figure 34 

is correspondingly simple, with only three tasks for profile picking, bin transport and placing the bin 

in storage. 

 

Figure 34: Profile stacking and transport to storage. 
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The process will undergo significant changes due to the complete automation. The following two 

changes will be made: 

1. The task ‘pick profiles from machine and place in bin’ will be performed by two robots. The 

first will pick up the profiles and place them on a conveyor belt, then the second will pick up 

the profiles form the conveyor belt and place them, in an orderly fashion, in the bin. 

2. The remaining two tasks (transport bin to storage zone and place bin in storage) will be 

performed by an autonomous guided vehicle that is specifically designed to transport bins. 

2.2.1.6.3 Loading and unloading of profiles 
The third scenario is concerned with the loading and unloading of profiles in production phase 2. 

Profiles are hooked unto racks before the racks are moved to the galvanisation vats, then racks must 

be emptied again. Thus, the scenario has two process models, for loading and unloading of profiles, 

respectively. It is modelled this way, because of a separation in time. The triggers for the two 

processes are not directly related. The team leader on duty is responsible to start the two processes 

manually, as necessary, based on the available space on the racks. 

 

Figure 35: Loading of profiles onto racks in production phase 2. 

Figure 35 shows the process model for the loading of profiles. Apart from the last task (crane moves 

filled rack to baths), the process is completely manual and performed by a single worker. Figure 36 

shows the process model for unloading. As with loading, this process is completely manual and 

performed by a single worker, except for the last task performed by the overhead crane. 

 

Figure 36: Unloading of profiles from racks in production phase 2. 

The two processes will undergo similar changes. Two robots and a conveyor will be introduced to 

support the existing human worker. One robot will pick profiles from the bin and place it on the 

conveyor, then the second robot will pick it from the conveyor and hook it onto the rack. This leaves 

the human worker to focus on quality assurance activities and perhaps even attend more than one 

work cell. 

         

              

              

                  

                     

           

        

                       

                      

                   

                 

             

        

         

             

           

       

               

       

                

           

              

          

               

            

             

            

               

     

              

    

         

           

        
               

           

                 

          

       

              

                

       

              

             

         

             

                

        

          

           

        

                 

    

            

             

              

         

                 

                

   



55 

2.2.2 Sand-casting foundry in Poland 
The second case is a sand-casting foundry in Poland. The company name is omitted for confidentiality 

reasons and will henceforth be referred to as SCF, for sand-casting foundry. SCF annually produces 

approximately 16 thousand tons of iron castings with weight ranges of 2 to 100 kg in different 

configurations and for various industries. The company has approximately 990 active product 

numbers at any time, some of which are shown in Figure 37. 

 

Figure 37: Selected SCF castings for various applications and industries (used with permission from 
SCF). 

2.2.2.1 Manufacturing class and type 
According to the classification of production of Woodward (1980), as discussed in section 2.1.1, SCF 

can be classified as a small batch producer, or type 4 in group 1. As for manufacturing system type, 

foundries don’t easily align to the three types. Nevertheless, the foundry can be thought of as a 

dedicated manufacturing line, with higher product variance thanks to the sand-casting technique. As 

with most dedicated manufacturing lines, most of the operations in the manufacturing process are 

mechanized and automated. The automated operations include mould preparation, two automated 

casting lines (horizontal for bigger parts and vertical for smaller) and shake out operations. 

2.2.2.2 Focus area description 
The foundry can be divided into three production areas, each with multiple production lines. The first 

production area includes all preparatory operations, including preparation of the sand, moulds, cores 

and casting metal. The second production area contains the main casting operations, with two 

production lines for different casting sizes. Lastly, the third production area includes all finishing 

operations, including shot blasting, separation, fettling and surface treatment. In addition, two 

storage zones flank the production areas, for materials and finished products, respectively. Figure 38 

shows the physical hierarchy of SCF, according to the physical hierarchy of IEC62264:2013-1. 
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Figure 38: Physical hierarchy of SCF, with one work cell highlighted to indicate the location of the 
scenario. 

As shown in Figure 38, the separation production line contains four identical work cells, with one 

highlighted to the indicate the area of concern. Separation is a glaring exception in foundry, in that it 

is almost entirely manual. The operators make use of equipment such as grinders and pneumatic 

wedges, but the cast is lifted and moved manually, and hammers are used extensively. SCF is 

interested in the use of modern technologies to partially or fully automate this manufacturing 

operation. SCF has considered several possible automation solutions, but the following constraints 

cause difficulty: 

• The single load to be lifted by an operator (or multiple operators) can be up to 150kg. The 

total mass moved in a shift is not as much a problem as this single load is. 

• The shapes and sizes vary considerably between product numbers, making it difficult to find 

equipment to help the operator. 

• The separation step follows the shot blasting, where the sand is removed from the casting. 

This results in a dusty environment for which most robotic technology is not designed. 

2.2.2.3 Manufacturing process description 
The physical hierarchy of SCF, shown in Figure 38, is helpful in modelling the complete manufacturing 

process. Figure 39 shows a model of the manufacturing process, from original receipt of a customer 

order to eventual warehousing of the product. The three production areas are shown in the operations 

lane of the model. Production area 3 is marked with a bold border, indicating that the scenario at of 

this case is located there. 
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Figure 39: Cross-functional manufacturing process of SCF, showing sales and marketing, 
engineering and operations. 
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2.2.2.4 Hardware and software systems of SCF 
Almost all information related to a customer and production orders is captured in an information 

system called GUSSinfo. This is an ERP system made specifically for foundries. It is currently used to 

capture the following information: 

• Customer information 

• Customer order 

• Production order 

• Production plan (monthly, weekly and daily) 

• Production order status (at which step in the process an order is) 

• Invoice 

Considering the type of information captured and managed, GUSSinfo is primarily at level 4 of the 

functional hierarchy of IEC62242-1:2013 (see Figure 4). It is mostly concerned with resource 

management and plant production scheduling on a monthly, weekly and daily time frame. Currently, 

the detailed production planning on an hourly and minutely time frame is left to the operators of the 

various work cells. This is not necessarily a problem, as this approach gains benefit from the 

considerable experience of the operators. However, as with most enterprises, global competition and 

new technologies will increase the complexity in the SCF manufacturing operations. 

The absence of an information system to assist with level three control makes integration between 

enterprise control (level four) and manufacturing control (levels one and two) unpredictable and 

unreliable. Research suggests that it may further result in sub-optimal production planning and 

exception handling, because relationships between events are not known and therefore not detected 

(Grauer et al., 2011). 

On level 2 of the functional hierarchy, several SCADA and PLC systems are present, as can be expected 

in a mostly automated foundry. However, these control systems are localised to their respective 

production lines and therefore function in isolation. Figure 40 shows the hardware and software 

systems of SCF, with one level three system highlighted to show the lack of integration between levels 

two and three. 
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Figure 40: Hardware and software systems of SCF, with problem areas highlighted. 

The lack of level three information systems is an impediment to the deployment of modern 

manufacturing technologies. Almost all new equipment embraces the cyber-physical paradigm and 

must therefore be part of a larger information systems ecosystem. 

2.2.2.5 Problem description 
The product customisation afforded by sand-casting leads to more finishing operations, but it also 

makes it difficult to automate those finishing operations. Any automation solutions must be flexible 

enough deal with significant variability of product geometry, dimensions and mass. As a result, 

versatility is highly prioritised, along with the ability to be quickly configured between production 

orders. 

The current process of separation is performed on floor space of approximately 20 square metres 

and involves the following three activities, as shown in Figure 41: 

1. The operator takes out the full “grape” from the pallet using a manual labour or 

manipulator.  

2. The operator uses a heavy grinder or 15 kg hammer to separate castings off the gating 

system. 

3. The operator puts all excess material back on the pallet to be transporter to scrap 

processing. 

 

Figure 41: Manual operations of separating castings off gating systems (used with permission from 
SCF) 

Products arrive at the separation work cells ostensibly ad-hoc, as prior production activities are 

completed. The operators also have no insight into upcoming arrivals. The products constantly 
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change, because SCF mostly produces batches smaller than 100 castings. Operators simply have to 

respond to arrivals, read the instructions and perform the tasks. Naturally, such unpredictable work 

is not conducive self-optimisation of duties. More worryingly, a worker assigned to separation 

operations can move up to six tons of material in one shift. 

Clearly, the separation process is ripe for automation, but two faces two major obstacles: 1) the 

frequency and extent of product variability demands automation technology that is both versatile and 

can adapt quickly, and 2) any automation technology depends on clear commands, especially if it is 

necessary to frequently adapt its mode of operation. 

2.2.2.6 Scenario description 
For confidentiality reasons, the scenario description at SCF is described only in the to-be state. SCF is 

considering teaching-by-demonstration technology to automate the separation process. Teaching-by-

demonstration is the idea that an industrial robot can be shown the expected movements and actions, 

by a human physically moving the robotic arm, instead of programming the work instruction. Thus, if 

a new product variant arrives, the operator can teach the robot the cutting trajectories once, then the 

robot repeats it for every subsequent product in the batch. The new separation process involves the 

following activities: 

1. The operator unloads a grape from the pallet and places it in the designated clamps, within 

the working area of the robot. 

2. If it is new product variant, the operator enables teaching mode and teaches the cutting 

plan to the robot. 

3. The operator performs a safety check and, if acceptable, enables execution mode. 

4. The robot uses a grinding disk to separate individual castings. 

5. The separated castings fall onto a conveyor that transports them to the pallet where the 

operator loads them for transportation. 

The proposed solution is clearly dependent on data. If a known product variant arrives, the existing 

cutting plan must be sent to the robot. If a new cutting plan is taught, the plan must be stored for 

reuse. The process management system will facilitate this data flow and orchestrate the activities of 

the human and robot. Figure 42 shows the model to enact the process of grape separation. This 

process will be used to demonstrate the complete vertical integration, from level 4 down to level 1 of 

the functional hierarchy. 
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Figure 42: Grape separation scenario at SCF, with teaching-by-demonstration technology. 
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2.2.3 Automobile parts assembly in Spain 
The third and final practical case is an automobile parts assembly plant in Spain. As with the second 

case, the company name is omitted to maintain confidentiality. The company will be referred to as 

APA, for Automobile Parts Assembly company. The factory produces front and rear wiper assembly 

systems for automobiles, with an example shown in Figure 43. Whilst TRI shapes steel and CSF 

produces castings, APA assembles its product from 10 main components (and some sub-components), 

procured from suppliers. 

 

Figure 43: Typical product of APA (retrieved from www.horse-project.eu). 

2.2.3.1 Manufacturing class and type 
APA does share the high product variability with the other two practical cases. Windshield shapes and 

sizes differ, and the wipers must also differ accordingly. APA manufactures a large variety of wiper 

system assemblies in small batches in the order hundreds. Consequently, the production lines are 

frequently stopped to make changes to tools and equipment, preparing for a different batch of parts 

and components. Even though approximately 100 different assemblies are actively produced, the 

factory achieves very high yield and quality. Final assemblies vary considerably in size, mass, shape, 

function and parts, based on the specifications of the customer. Further complication is introduced 

due to the variation of packaging used by different customers. The packaging varies in size, shape and 

the way it is used, as specified by the customer. 

According to the classification of production of Woodward (1980), as discussed in section 2.1.1, APA 

can be classified as a small batch producer, or type 4 in group 1. As for manufacturing system type, 

the assembly plant most closely resembles a dedicated manufacturing system (see Section 2.1.4). The 

high product variability is mostly thanks to the expertise of workers, rather than significant use of 

reconfigurable tools.  

2.2.3.2 Focus area description 
The factory contains four production areas, two for each of the front and rear wiper assemblies. 

Each production area has multiple different production lines, to cater for the large product variation. 

The factory also contains the following five storage areas: 

• Packaging storage area where customer packaging is held until requested by a production 

line. 

• Final assembly storage area where finished products are held until sent for delivery. 

• Two intermediate storage areas between pre-assembly and final assembly. Parts produced 

by pre-assembly are stored here until final assembly production lines pick up the 

necessary subassemblies for further processing. 
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• Components storage area where the various components of the front and rear assembly 

systems are held. 

This research will focus on the final assembly of front wiper systems. Figure 44 shows the physical 

hierarchy for APA, based on the reference hierarchy of IEC62242:2013, with the area of focus 

highlighted in blue. This hierarchy is not exhaustive, as it focusses on the final assembly of front wiper 

system assemblies. 

 

Figure 44: Physical hierarchy of APA, showing the area of focus highlighted in blue 

Each production line must be capable of processing significant product variability, leading to a mixture 

of automated and manual work cells. A single final assembly line contains 13 work cells, of which 

seven are fully automated, one is semi-automated and five are manual. The production line works in 

a linear sequence by progressively attaching parts to the work piece and ends with quality assurance 

and packaging. This last work cell, dedicated to quality assurance and packaging, is the area of focus 

for this practical case.  

2.2.3.3 Manufacturing process description 
The factory operates according to a strict lean manufacturing approach. Kanban cards accompany all 

parts and products, across production and storage areas. These cards are continuously organised and 

prioritised, using a heijunka board to indicate production planning and backlog. Additionally, the 

production areas mostly function independently, by making extensive use of the intermediate 

supermarket storage zones. 

Figure 45 shows the high-level, end-to-end view of the front wiper system assembly process. The 

logistics, pre-assembly and final assembly functions are shown to operate independently, with 

information flow (mostly in the form of Kanban cards) between them. The assembly process for read 

wiper systems is not shown in the interest of model simplicity. 

Due to the steady sales of APA, most products are kept in stock to be delivered upon order. Once an 

order is received, the stock must be replenished by producing the product. The Kanban cards that 

accompany the product is added back into the production planning of final assembly, indicating the 

stock to be replenished. Final assembly will pick up parts from the supermarket, as necessary, to 

assemble the final product. The pre-assembly production lines will in turn respond to the removal of 

parts from the supermarket and plan replenishment of the appropriate parts. 
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Figure 45: Overall manufacturing process of front wiper systems at APA. 

The practical case of APA is in one of the five semi-automated production lines of the front wiper 

system assembly process. The position of the practical case is indicated with a bold border in Figure 

45. 

2.2.3.4 Hardware and software systems of APA 
On level four of the functional hierarchy (see Figure 4), APA makes use of the SAP suite for and hitherto 

unknown software packages for SCM and PLM functionality. The SCM and PLM systems are unknown 

because it is outside the scope of this research. As for level 3 functionality, all manufacturing 

subsidiaries under the same holding company make use the MES named Open Core Engineering2 to 

                                                                        
2 https://www.boschrexroth.com/en/xc/products/engineering/opencoreengineering/index 
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control automated equipment. This software package includes all the level 2 and 3 control 

functionality for the various machines in the factory. 

 

Figure 46: Depiction of the hardware and software systems of APA, showing a lack of integration 
between level 3 systems. 

Although APA makes extensive use of Open Core Engineering, especially the machine control and data 

collection functionality, the factory is not centrally operated from this single system. The 

unpredictability of demand currently makes it infeasible to establish complete flow production. 

Instead, the pre-assembly and final assembly production areas operate disjointedly. The two pre-

assembly areas essentially function as the suppliers to the two final assembly areas. Coordination 

between the two halves of the factory is managed using six sigma principles. Canban cards function 

as requests and responses between the production areas. 

2.2.3.5 Problem description 
The operator assigned to the quality assurance and packaging work cell is burdened with excessive 

physical exertion. Although the assemblies have an average mass of only 3 kg, the operator must 

handle up to 500 assemblies in a two-hour assignment at the station. The takt time of the assembly 

line also forces the operator to process one assembly every 10.5 seconds. The operator performs 

the following four activities in the work cell:  

1. Unloading: The operator picks up the WSA with both hands from the conveyor belt. 

2. Quality assurance: The operator holds the WSA with both hands and visually inspects 

three to six key features, depending on the WSA design. In most cases, the WSA must be 

rotated to see the key features. The operator checks at least the label, ball sockets and 

screening covers (dust caps), as shown in Figure 47. 

3. Packaging: If the WSA is conformant, the operator places it in the nearby container. The 

operator must strictly follow instructions regarding the placement of assemblies, as 

specified by the customer. 

4. Replenish container: Paperboard is placed between layers of assemblies. The operator 

must place a paperboard once a layer is full and replace the container once it is full. 
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Figure 47: Visual Inspection of label presence, no damages of 4 link ball sockets and screening 
covers (dust caps) not clamped up to 4 pieces 

Apart from the excessive mass and speed of work, the operator also reaches in the container and 

spends a full shift standing. Figure 48 shows the standing and reaching positions of an operator 

performing the quality assurance and packaging process. 

 

Figure 48: Two activities of the APA case, showing a) assembly handing and b) placing an assembly 
in the container. 
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To alleviate the strain on the operator, APA is investigating automation options for the work cell. The 

automation will consist of a robot to handle the assemblies and a camera system for the quality 

assurance. This automation solution must overcome the following challenges: 

• The robot must be able to handle assemblies with highly variable sizes and shapes. 

• Information regarding the gripping position must be propagated to the robot. 

• Information regarding the inspection for each unique assembly must be propagated to both 

the robot and the camera system. The robot must manoeuvre the assembly such that the 

camera can ‘see’ the inspection points. 

• The robot must receive an inspection result from the camera system to determine the next 

activity to be performed. 

• Information regarding the packaging must be propagated to the robot. 

2.2.3.6 Scenario description 
The division of responsibilities in the process changes with the addition of automation. The operator 

will still be necessary, but he/she can now focus on the ad-hoc activities or those that require cognitive 

and perceptual abilities. A model of the semi-automated process is shown in Figure 49 and the main 

activities are discussed in Table 8. 

Table 8: Main activities in the semi-automated process at APA. 

Activity 
name 

Activity description Responsible 
actor(s) 

Unloading The robot picks up the WSA from the conveyor belt. Robot. 

Visual 
inspection 

The robot moves the WSA through multiple orientations, 
while the camera system inspects predefined checking 
points. The camera system produces a quality result. 

Robot and camera 
system. 

Packaging If the WSA is deemed conformant, the robot inserts the 
WSA into the container. 

Robot. 

Replenish 
packaging 

The operator must place a paperboard once a layer is full 
and replace the container once it is full. 

Human. 

 

The most significant requirement of the APA case is the need for collaboration between the robot 

arm and camera system for the visual inspection activity. The two automated actors must be 

assigned to the activity, sent the necessary information and their actions must be synchronized. This 

is especially difficult considering the large amount of product variants. 

The other important requirement is the responsiveness needed in the process. If a WSA is flagged as 

nonconformant, the process flow must be directed towards the responsible operator. However, if 

this operator does not respond within one minute, the case must be escalated to the responsible 

manager. If the manager also does not respond in a timely fashion, then the WSA is rejected to allow 

the process to proceed. This rejection opens new possibilities. If another WSA is rejected while the 

previous one is still awaiting a response, the process must be immediately halted to prevent 

deficient product quality. These various possibilities must be coordinated by the information system 

responsible for process management. 
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Figure 49: Process model of the scenario at APA. 
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2.3 Findings: Problems in smart manufacturing 
This section serves as a summary of the chapter, with the goal of extracting requirements from the 

literature and practical cases, presented in sections 2.1 and 2.2, respectively. The requirements drive 

the design of the manufacturing process management system, presented in Chapter 3, and its more 

detailed components presented in Chapters 4, 5 and 6. Lastly, the requirements are referenced during 

evaluation in Chapter 7, to demonstrate that the proposed solutions satisfy the requirements. 

Fundamentally, the problem faced in factories pursuing smart manufacturing is a lack of preparation. 

Change is slow and costly in factories, especially when the promise is vague and difficult to understand 

(section 2.1.8.1). The confusion surrounding smart manufacturing and the lack of standardisation 

make it difficult for management to plan for the impending arrival of new technologies and techniques 

(section 2.1.8.4). In addition, the current information technology systems and infrastructure are found 

to be ill suited for dynamic situations (section 2.1.8.2). Even if new technologies are embraced and 

acquired, current operations management practices are not well equipped for the increased 

complexity (section 2.1.8.3). Indeed, Luthra and Mangla (2018) show that current information systems 

are not well suited for the type of dynamic situations that are expected in Industry 4.0. Witsch and 

Vogel-Heuser (2012) also cast doubt on the preparedness of process management techniques and 

systems to deal with dynamism. 

The objective of this research is to develop a theory for the exaptation of BPM for smart 

manufacturing. The objective is pursued by showing that BPM knowledge and technology are 

applicable to manufacturing operations. A manufacturing process management system is designed, 

based on the foundation of existing technology, and deployed at the three practical cases discussed 

in section 2.2. Table 9 shows the requirements of the MPMS, with literature and practical cases listed 

as sources of the requirement. The requirements are stated according to the “Easy Approach” syntax 

(Mavin et al., 2009; Mavin and Wilkinson, 2010). 

The verification type listed in the fifth column of Table 9 indicates how evidence will be obtained that 

the requirement is satisfied. INCOSE (2015) advocates the following seven types of verification: 

inspection, analysis, demonstration, test, analogy, simulation and sampling. The work presented in 

this thesis relies heavily on demonstration to gather evidence for requirement satisfaction. 

Demonstration “shows correct operation of the system against operational and observable 

characteristics without using physical measurements.” It is notoriously difficult to show measurable 

improvements in manufacturing processes, due to the myriad of other influences on the process. 

Therefore, the majority if verification actions will be performed as demonstrations. 

Table 9: Requirements of the MPMS as derived from literature and practice. 

R# Requirement Literature 
source 

Practice 
source 

Verification 
type 

Verification 
scenario(s) 

R01 The MPMS can be integrated into 
the existing enterprise architecture 
of a manufacturing enterprise. 

Section 
2.1.8.1 
 

TRI 
SCF 

Demonstrate SCF 

R02 The MPMS supports vertical 
integration, i.e. control across 
levels 2, 3 and 4 of the functional 
hierarchy of IEC62264:2013-1. 

Section 
2.1.5.2 
 

TRI 
SCF 
APA 

Demonstrate All 
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R03 The MPMS integrates the main 
technologies that drive smart 
manufacturing. 

Section 
2.1.6 
 

None System 
realisation 

None 

R04 The MPMS can be used to define 
dynamic manufacturing processes. 

Section 
2.1.8.2 

TRI 
APA 

Demonstrate All 

R05 The MPMS can enact dynamic 
manufacturing processes. 

Section 
2.1.8.2 

TRI 
APA 

Demonstrate All 

R06 The MPMS can be used to define 
manufacturing resources, such that 
it can be determined which 
resource is needed for an activity. 

Section 
2.1.8.3 

None Demonstrate TRI 

R07 The MPMS can select resources for 
activities, based on the task 
requirements and resource 
attributes. 

Section 
2.1.8.3 

None Test TRI 

R08 The MPMS can coordinate the 
activities of heterogeneous actors 
(humans and different robots). 

Section 
2.1.8.3 
 

TRI 
CSF 
APA 

Demonstrate All 

R09 The MPMS can assign multiple 
actors to a single activity. 

Section 
2.1.8.3 

SCF 
APA 

Demonstrate SCF 
APA 

R10 The MPMS can respond to changes 
in the manufacturing processes. 

Section 
2.1.8.3 
 

APA Demonstrate APA 

 

A few exceptions in Table 9 are highlighted. R03 was not elicited from any practical case, because the 

personnel at the factories are interested in obtaining results, not in the particular technologies 

involved. R06 and R07 were also not explicitly mentioned by the people responsible for the practical 

cases. Nevertheless, the TRI case relies on selection of resources and will therefore be demonstrated. 

Lastly, R09 was not identified in the scientific literature, even though collaborative robotics is 

extensively discussed. Allocation of multiple actors to a task is required for both the SCF and APA cases 

though and will be demonstrated there. 

2.4 Chapter conclusion 
The manufacturing industry is undergoing significant changes. Indeed, an industrial revolution is upon 

us, but factories are not prepared. Manufacturing operations managers face the daunting task of 

incorporating several new technologies into factories that are dedicated to low-cost and high-volume 

production. Meanwhile, the concepts of smart manufacturing and Industry 4.0 remain vague and 

difficult to understand. 

This research sets out to show that existing BPM techniques and technology can help to achieve smart 

manufacturing. The BPM techniques are used to define dynamic processes and the resources that 

populate those processes. BPM technology is adapted for the physical nature of manufacturing and a 

manufacturing process management system is developed and deployed. This chapter defined the 

requirements that the MPMS must satisfy, by extracting problems from literature and practice. The 

requirements are used to drive the development presented in chapters 3, 4, 5 and 6, and referenced 

in the evaluation in chapter 7.  
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Chapter 3 
3. DESIGN OF A MANUFACTURING PROCESS 

MANAGEMENT SYSTEM 

The technologies that underpin Industry 4.0 are increasingly appealing and accessible to 

manufacturing enterprises. Cloud computing and internet connectivity are prevalent in industrialized 

countries and robots are becoming increasingly intelligent and affordable (Kang et al., 2016; Lucke et 

al., 2008). Future scenarios are proposed where humans and robots harmoniously collaborate to 

perform irregular and complicated tasks (Marvel et al., 2015). Even small and medium enterprises 

(SMEs) now consider user-friendly automation solutions. For example, a robot that can be 

programmed by a demonstration may still need initial installation by an robotics expert, but thereafter 

it can be configured for new activities by factory personnel (Dillmann and Friedrich, 1996). 

Although more accessible, affordable and available, these technologies are applied independently and 

remain largely detached. The separate technologies can be acquired and even implemented, but it is 

unclear how to unlock the promised benefit of an integrated solution. Monostori (2014) argues that 

it is unclear how these new technologies fit into existing automation approaches. Thus, the adoption 

of new manufacturing technology is hindered by utilization and integration, instead of acquisition. In 

fact, the absence of out-of-the-box solutions that combine the different technologies is considered a 

primary impediment on the path towards smart manufacturing (Kang et al., 2016). 

The symptoms of the problem manifest most fervently on a factory floor with a mixture of humans 

and robots. The activities of humans and robots are controlled differently. Humans receive written, 

oral, or visual instructions while machines are compelled to action via their control systems. These 

control regimes function independently (Tsarouchi et al., 2016), making it difficult to transfer tasks 

between humans and robots even if their capabilities would allow this (Bauer et al., 2008; Gerkey and 

Matarić, 2004a). Furthermore, robot control is often poorly integrated with cross-functional processes 

management (Erasmus et al., 2018). Robot control follows a vertical orientation focused on the 

operations within a work cell. Process management follows a horizontal orientation focused on the 

operations across work cells and in the context of enterprise information processing. Thus, current 

robot control does not support simple reassignment of robots to different work cells. The most 

apparent symptom is the increased safety hazards introduced by automation. Robots must be 

equipped with extensive safety precautions to allow close collaboration with humans (the accident in 

a car factory (“Worker at Volkswagen Plant Killed in Robot Accident,” 2015) is well known in the 

domain). To compensate, human working spaces are usually physically separated from areas 

containing automation. These symptoms and concerns hamper mainstream adoption of human-robot 

collaboration technology (Bauer et al., 2008; Heyer, 2010). 

To address, or at least alleviate the problem, it is proposed that business process management 

knowledge and technology can be applied in manufacturing processes. More specifically, a business 

process management system (BPMS) can be used to orchestrate the activities performed by humans, 

robots and other machines on the factory floor. Although the BPMS is based on existing technology, 
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it must be adapted to the specific requirements of manufacturing processes. This chapter presents 

the conceptual design of the manufacturing process management system (MPMS) that satisfies the 

requirements defined in Section 2.3, with emphasis on the underlying technology and its suitability 

for smart manufacturing. Chapters 4, 5 and 6 present the detailed design of the extensions required 

for manufacturing processes and Chapter 7 covers the realisation and evaluation of the MPMS. 

3.1 Chapter outline 
To recap, the research presented in this thesis follows design science research methodology (Hevner 

et al., 2004), as discussed in Chapter 1. Specifically, existing BPM knowledge is applied to 

manufacturing processes. Gregor and Hevner (2013) argue that this type of research must 

demonstrate that the proposed application is both interesting and non-trivial, but both terms are left 

open to interpretation. For the sake of clarity, in this research the two terms are interpreted as the 

following: 1) a justification on the use of BPM for manufacturing processes, based on the argument 

that a single process management system can be used for all processes in a manufacturing enterprise, 

and 2) extending existing business process management technology for the management of 

manufacturing processes. Figure 50 shows the two parts of the research, mapped to Sections 3.2 and  

3.3 of this chapter, followed by concluding remarks about the MPMS and the chapter. 

 

Figure 50: Outline of chapter 3. 

Section 3.4 in Figure 50 mentions system modules that must be developed for smart manufacturing 

process management. This line eludes to the overall role of this chapter in the thesis. The architecture 

presented in this chapter corresponds to the conceptual design of an information system. The 

conceptual design identifies system modules that must be further developed, i.e. undergo detailed 

design in Chapters 4, 5 and 6. Eventually, the complete system and its detail designed modules is 

realised, implemented and evaluated in Chapter 7. 

Section 3.2

•Justification for the use of BPM in smart manufacturing.

•Argue for a single process management system in a manufacturing 
enterprise. 

Section 3.3

•Design process and principles.

•Conceptual design of the manufacturing process management system.

Section 3.4

•Chapter conclusion.

•System modules that must be developed for smart manufacturing 
process management.
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3.2 The case for unified process management in smart 
manufacturing 

This section aims to satisfy the requirement that the exaptation of BPM knowledge and technology in 

smart manufacturing operations should be interesting. Interesting is interpreted as giving ‘compelling 

justification for undertaking the research.’ In other words, it should be shown that the application of 

BPM for smart manufacturing operations holds promise beyond current practice. As mentioned in 

Chapter 1, BPM has three major benefits over current manufacturing process management practices: 

1) BPM is often deployed to improve enterprise integration (van der Aalst, 2013), 2) BPM is often used 

for dynamic processes (Krumeich et al., 2014; von Ammon, 2009), and 3) BPM can orchestrate the 

activities of different resources, because it is technology agnostic (Hepp et al., 2005). 

For this chapter, the integrative potential of BPM is embraced as the primary justification for the 

research. Its integrative potential has not gone unnoticed by scholars in the manufacturing domain. 

Prades et al. (2013) make the case for integration between enterprise resource planning (on level four 

of the IEC62264:2013-1 functional hierarchy) and manufacturing operations management (on level 

three), by using Business Process Model & Notation (BPMN) for process modelling in both levels. 

Gerber et al. (2014) also pursue integration, but rather opt for translation from level 4 BPMN models 

to level 3 sequential function charts. 

Those two studies ponder BPM purely from a process modelling perspective, contemplating the use 

of business process models on levels three and four of the functional hierarchy. Rather than repeating 

work, the process modelling argument is complemented with an architectural argument in this section 

and Section 3.3 follows up with process execution support. It is proposed that a single process 

management system should orchestrate activities across levels three and four of the functional 

hierarchy and interface directly to level two systems. Instead of multiple information systems with 

process management functionality, the functionality is unified in a centralized process management 

system. Accordingly, the impact of centralized process management on the enterprise architecture of 

computer integrated manufacturing is explored here. 

The proposal conforms to the ongoing modularization of information systems (van der Aalst, 1998), 

as illustrated in Figure 51. Instead of each application system containing database and process 

management functionality, that functionality is unified in standalone systems that serve all application 

systems. As transpired with enterprise application systems, process management functionality can be 

moved out of manufacturing operations management applications and housed in a standalone 

process management system. Thus, the process management responsibility is relinquished to a 

unified process management system. 
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Figure 51: Progressive modularization of information systems, illustrating that process 
management can be relinquished to a business process management system (adapted from (van 
der Aalst, 1998)). 

The proposition is predicated on the advancement of cyber-physical systems and the internet-of-

things. Previously, manufacturing equipment was either static (e.g. dedicated manufacturing lines) or 

required frequent human intervention and control (e.g. flexible manufacturing systems) (Koren et al., 

1999; Koren and Shpitalni, 2010). A new age of versatile robots can quickly adjust their mode of 

operation and even adapt to changing conditions (Heyer, 2010; Rus et al., 2002). Those robots are 

connected to the network to receive instructions from the process management system and perform 

the required work independently. 

The case for unified process management is made in three steps, corresponding to the following three 

sections: 

• Section 3.2.1: Investigate the information systems used to support business functions in 

manufacturing enterprises. 

• Section 3.2.2: Argue for unified process management by recognizing the prevalence of 

process management within the manufacturing information systems. 

• Section 3.2.3: Present an updated enterprise architecture of computer integrated 

manufacturing to show the impact of unified process management. 

3.2.1 Typical information systems in manufacturing 
The functional hierarchy of IEC62264:2013-1, as shown in Figure 4 of Chapter 1, acts as a reference 

framework to classify the various types of control found in modern factories, ranging from control of 

complete enterprises to control of individual devices (Chen, 2005). At the top of the hierarchy, level 4 

is concerned with the broader business management, including the resource, financial and supply 

chain management functions. Level 3 is responsible for the planning, directing, coordinating and 

monitoring of operations in the factory. Levels 1 and 2 are shown together, representing the actuators 
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and sensors (on level 1) and their control systems (on level 2). Finally, Level 0 is not a control level, 

but represents the process itself, i.e. the flow of material and product through the factory. 

The functional hierarchy is also often used to arrange the information systems used in a 

manufacturing enterprise. This is not necessarily a robust classification of computer integrated 

manufacturing, but rather an expedient way to position hardware and software systems in relation to 

each other. In this section, the typical hardware and software systems are positioned on the hierarchy 

by briefly investigating each level of the hierarchy. 

The positioning of information systems is discussed in this section, but Table 10 provides an overview 

of the most important systems at a quick glance. A few of the largest vendors (SAP, Dassault Systèmes, 

Siemens, etc.) are attempting to create integrated software systems that include all the functionality 

a factory might use. However, the cost of acquisition, implementation and support of these systems 

make them inaccessible to small and medium enterprises. 

Table 10: Information systems associated with the functional hierarchy levels of IEC62264:2013-1. 

Level Typical hardware and software systems 

4 Enterprise resource planning (ERP) 
Product lifecycle management (PLM) 
Business process management (BPM) 
Customer relationship management (CRM) 
Supply chain management (SCM) 
Human resource management (HRM) 

3 Manufacturing execution systems (MES) 
Production information management systems (PIMS) 
Warehouse management system (WHMS) 
Computerised maintenance management system (CMMS) 

1 and 2 Supervisory control and data acquisition (SCADA) 
Programmable logic controllers (PLC) 
Distributed control systems (DCS) 
Batch automation systems (BAS) 

 

IEC62264:2013-1 (IEC, 2013) does not explicitly list the functions of level 4, but rather assumes all 

functions not included in levels 1, 2 and 3 to be part of the enterprise level (level 4). Levels 1, 2 and 3 

are collectively named the manufacturing operations and control domain, indicated in blue in Figure 

4. This domain includes any control function or activity that directly interacts with the product or the 

equipment used to produce the product. Monk and Wagner (2013) list the following four functional 

areas of an enterprise and state that an enterprise resource planning (ERP) system may support all 

four: marketing and sales, supply chain management (SCM), accounting and finance, and human 

resource management. Indeed, ERP systems have undergone significant expansion of scope over the 

last two decades (Nwankpa, 2015; Schlichter and Kraemmergaard, 2010; Seethamraju, 2015). Modern 

ERP systems effectively include the functionality of all level 4 functions, and in some cases even 

beyond that (Kurbel, 2013; Møller, 2005). Concurringly, Ugarte et al. (2009) present a simple mapping 

of ERP to level 4 and Manufacturing Execution System to level 3. Cadavid et al. (2015) follow suit with 

their vision for a smart factory. Thus, it can be concluded that the ERP system adequately represents 
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the functionality of level 4 information systems. This generalization does not dismiss other 

information systems, but rather opts for simplicity in the interest of clarity. 

Compiling a single list of information systems in level 3 of the functional hierarchy is difficult. 

Manufacturing operations management is supported by a variety of specialized information systems, 

offered by vendors with different approaches and philosophies. For the sake of standardization, 

IEC62264:2013-1 recognizes four categories of manufacturing operations: production, inventory, 

maintenance and quality operations (IEC, 2013). The activities involved in those categories of 

operations differ quite substantially and are therefore generally supported by the following four 

specialized information systems: manufacturing execution systems (MES), warehouse management 

systems (WHMS), computerised maintenance management systems (CMMS) and quality 

management systems (QMS). 

Level 2 includes the control systems of individual devices and supervisory control to keep the process 

stable. Alexakos et al. (2006) list three types of control systems at level 2 of the functional hierarchy: 

programmable logic controller (PLC), numerical controller (NC), and more modern robot controllers. 

Modrák and Mandulák (2009) present a mapping of MES functionality to level 3 and reinforce the 

importance of integration to level 2 systems, including supervisory control and data acquisition 

(SCADA) and distributed control systems (DCS). Finally, level 1 represents the hardware that 

manipulate and monitor the process (Chen, 2005), including manual manipulation and sensing, 

robotic actuators, automated sensors and vehicles. To keep  

To lend some confirmation, two studies offer mappings of systems across multiple levels. Unver 

(2013) uses the hierarchy to propose that a manufacturing intelligence system can be situated across 

levels 3 and 4. Nagorny et al. (2012) present a rather complete architecture for manufacturing 

automation by positioning each information and hardware system within one of the levels of the 

hierarchy. Both these studies position the ERP system on level 4, MES and CMMS on level 3, and 

SCADA, PLC and DCS on level 2. 
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Figure 52: Software and hardware systems related to the functional hierarchy of IEC62264:2013-1 
(IEC, 2013). 

The mapping of hardware and software systems to hierarchy levels is pleasingly consistent and helps 

to construct the enterprise architecture of computer integrated manufacturing shown in Figure 52. 

Completeness can’t be claimed, but good representation of the typical systems is achieved based on 

the existing literature. The resulting architecture conforms to the layered architecture pattern as 

defined by Bass et al. (2013). This pattern follows the principle of functional abstraction, with each 

layer making use of functionality in the layer directly below it. 

Interfaces between information systems are often facilitated by middleware. For example, an 

enterprise services bus can be used to facilitate many-to-many interfaces, without establishing all 

point-to-point interfaces between the individual systems. For the sake of simplicity, such middleware 

is excluded from Figure 52. The architecture presented in Figure 52 will be used to point out the 

prevalence of process management throughout computer integrated manufacturing. 

3.2.2 Process management in manufacturing information systems 
BPM is a powerful tool to organize and control the flow of work between various business functions, 

information systems and people. On level 4 of the functional hierarchy, BPM is considered a core 

function and critical success factor for the deployment of ERP systems (Jarrar et al., 2000; Møller, 

2005; Žabjek et al., 2009). In fact, the continuing expansion and modularization of ERP systems 

increase the importance of BPM (Schlichter and Kraemmergaard, 2010). As ERP system modules 

become more specialized, it is increasingly difficult to coordinate work performed by various 

personnel across multiple system modules. Disciplined BPM helps to keep work organized, by 

managing the activities involved in individual cases, from start to finish. 
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Figure 53: Eleven MES functionalities according to MESA (1997). 

For level 3, IEC62264:2013-1 (IEC, 2013) lists process management as one of 12 activities of 

manufacturing operations management. Thus, process management is an important function of each 

of the four categories of manufacturing operations (i.e. production, inventory, maintenance and 

quality operations). The Manufacturing Enterprise Systems Association (MESA) views the MES as the 

equivalent of a Manufacturing Operations Management System (MOMS) (MESA, 1997). In such a 

broad definition, an MES includes functionality to manage maintenance, inventory and quality 

operations (Cottyn et al., 2011). Regardless of the disagreement about system scope, process 

management still features prominently as one of the 11 functions of a MES, as shown in Figure 53. 

With process management prominently featured across levels 3 and 4 of the functional hierarchy, it 

is sensible to consider the interoperability of those process management functions. The dispersed 

process management functions are likely to be poorly aligned, as it is based on the requirements of 

the host system. The following problems can be expected with multiple, separate process 

management functions: 

• Different modelling approaches and notations, such as Business Process Model & Notation 

(BPMN) for level 4 systems and Value Stream Mapping (VSM) for level 3 systems (Grewal, 

2008). 

• Poor visibility of the status of customer orders, as a single order might involve multiple 

information systems.  

• Difficulty to coordinate cross-functional work, because activities may cross the barriers of 

business functions and, therefore, the purview of individual process management systems. 

Several scholars pursue integration between process management functions (Prades et al., 2013; 

Gerber et al., 2014), but a bolder approach is proposed here: The process management functionality 

across levels 3 and 4 should be unified in a single process management system. This unified system 

can then orchestrate business management and operations activities, as a single case from order to 

delivery. 

3.2.3 Unified process management in manufacturing 
A business process management system (BPMS) can orchestrate the activities of resources across the 

entire organization, supported by a variety of information systems (Vojdani, 2003; Li et al., 2013). As 

a simplified description, the BPMS assigns a work item to an actor, who then performs the required 

work, typically utilizing an information system (Zur Muehlen, 2004). The BPMS is not a business 
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application3, as it does not directly contribute to the business activities, but rather enables the 

efficient execution of activities. Thus, a BPMS is positioned as an infrastructure component, as defined 

by Leymann and Roller (2000). 

 

Figure 54: Infrastructure and application layers, showing three typical information systems in the 
infrastructure layer. 

Layers are used to illustrate the relationship between infrastructure and applications. Figure 54 shows 

two architecture layers, namely infrastructure and application layers, with information systems 

depicted within those layers. A BPMS is shown alongside a database management system (DMBS) and 

middleware as typical infrastructure systems. To avoid confusion between the functional hierarchy 

(Figure 4 in Chapter 1) and architecture layers (Figure 54), a two-dimensional view is adopted. The 

vertical dimension features the levels of the functional hierarchy, ranging from level 1 to 4, while the 

horizontal dimension features the infrastructure and application layers. The layout of the two 

dimensions and two illustrative application systems are shown in Figure 55. 

 

Figure 55: Architecture layers shown as a horizontal axis, with a single functional level shown for 
the application layer. 

A unified Manufacturing Process Management System (MPMS) can serve multiple application 

systems. Instead of integrating different process management subsystems of several application 

systems, a single process management system can deliver the process management functionality to 

all application systems. This concept is illustrated by exposing the infrastructure layer behind the 

computer integrated manufacturing architecture. The MPMS serves as a central hub of orchestration 

between information systems, human interfaces and robot control systems, as shown in Figure 56. 

                                                                        
3 To be clear, the term ‘information system’ is used here to refer to any system that processes 
information. An application system is a type of information system. Thus, it is argued that a BPMS is 
an information system, but not an application system. 
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The middleware and other infrastructure systems are omitted from Figure 56 in the interest of 

simplicity. 

 

Figure 56: Process-centric architecture for computer integrated manufacturing showing MPMS as 
an orchestration hub for level 2, 3 and 4 systems. 

The MPMS initiates a process instance for a customer or production order, based on the schedule 

defined in the ERP or MES. The MPMS then sends work items and instructions to application and 

control systems, as specified in the process model. A human interface and two automated agent 

control systems are shown in Figure 56 to illustrate the potential for heterogeneity. The MPMS can 

send work items to a variety of different control systems and human interfaces as necessary. The 

central role of the MPMS should be embraced as far as possible, but it does not preclude other 

interfaces, as illustrated with the direct connection between the MES and a PLC on the left of Figure 

56. 

The same application systems feature on levels 3 and 4 of Figure 56, as in Figure 52. However, those 

application systems are now all connected to the MPMS. Again, these interfaces are illustrative, to 

explain the central role of the MPMS. To be more precise, the application systems and MPMS will be 

connected via middleware. Figure 57 shows a cross-section of the enterprise architecture to explain 

how systems on the infrastructure layer will facilitate connectivity and orchestration. The application 

and infrastructure systems are all connected to the middleware, instead of point-to-point interfaces 

between systems. 
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Figure 57: Cross-section view of the infrastructure and application layers to explain how the 
infrastructure systems facilitate connectivity. 

3.3 Design of the manufacturing process management system 
Section 3.2 makes the case for a single process management system to manage the business and 

manufacturing processes of a manufacturing enterprise. The MPMS is treated as a “black box” to 

investigate its context and scope. This section delves into the MPMS, with two goals: 1) to explore 

how such a process management system can be designed and realised, and 2) to discover any required 

extensions to make BPM technology more suitable to smart manufacturing. 

Information systems architecture design practice and principles are applied to give structure to the 

design effort. The design process is first discussed, followed by design principles derived from 

literature. Then, the design is described according to the design approach. The design description is 

divided into logical and physical views, as dictated by the design process. 

3.3.1 Design process 
The Kruchten 4 + 1 framework (Kruchten, 1995) is used to deal with the various views of stakeholders 

and their sequencing in time. The framework, as shown in Figure 58, employs phased development 

resulting in four views with their respective primary stakeholders. 

1. The logical view is concerned with what the system should do. It specifies the functionality 

of the system in the form of modules and relationships between modules. The main 

stakeholders are the end users of the system. 

2. The development view is concerned with good software management. It specifies how the 

software system is organized in a developmental environment. The main stakeholders are 

programmers and software managers. 

3. The process view is concerned with the performance and scalability of the system. It 

specifies the concurrency and synchronization of the system modules. The main 

stakeholders are the integrators of the system. 

4. The physical view is concerned with realization and deployment of the system. It specifies 

the allocation of hardware resources to software modules. The main stakeholders are the 

engineers who are responsible for installing and maintaining the system. 

Separate views with different stakeholders can result in a divergence of ideas and an understanding 

about the system. To avoid such a divergence, the four views are reconciled by a fifth concept: 

Infrastructure
layer

Application layer

MES
ERP 

system

Auto agent 
control 
system

Human 
interface

BPMS DBMS

Middleware



 

82 

5. Scenarios represent user cases of the system that demonstrate system functionality and 

performance. The scenarios should be specific and practical enough to facilitate discussion 

about the expected operation of the system in its intended context. 

 

Figure 58: Kruchten 4 + 1 framework (Kruchten, 1995). 

The Kruchten 4 + 1 framework is used to sequence the MPMS development. The scenarios, shown in 

the middle of Figure 58 are described in detail in the three practical cases as discussed in Section 2.2 

of Chapter 2. The first view, the logical view, is used to specify the functional structure of the system 

without reference to specific implementation techniques, technologies, or deployment. The main 

input of this design is a clear description of the scenarios (Section 2.2) and the problems faced in those 

scenarios (Section 2.3). The output of this phase is the logical architecture design, presented in Section 

3.3.3 of this chapter. 

The development and process views are concerned with a good software engineering practice and 

system scalability. These considerations are less important for scientific inquiry in the context of this 

research and are, thus, not explicitly presented in this thesis. However, the detailed development of 

the agent allocation module presented in Chapter 6 does include considerations of the development 

and process views. 

In the physical view, it is determined how and where the software will run, i.e. the system realisation 

and implementation. The physical view of the MPMS is presented in Chapter 7 of this thesis, to retain 

the conceptual nature of the discussion in the current chapter. 

3.3.2 Design principles 
The MPMS represents a new approach towards the management of manufacturing processes. 

Traditionally, manufacturing processes rely on localised configuration and control, performed by the 

operators assigned to work cells. The MPMS opts for unified control, where process instances are 

controlled centrally, and work items are distributed and assigned to humans and machines as 

necessary. 
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Figure 59: The Reference Architecture for Industry 4.0 (RAMI4.0) as presented in DIN SPEC 
91345:2016-04. 

Central control also implies simultaneous control of multiple processes, at varying lifecycle stages, and 

the participants in those processes, spread across the work cells of a factory. RAMI4.0 brings together 

the process lifecycle, control hierarchy and equipment hierarchy in a single architecture. The 

reference architecture was recently adopted in DIN SPEC 91345:2016-04 (DIN Deutsches Institut für 

Normung, 2016) to give structure to the rapidly developing and changing technologies in 

manufacturing. According to the standard, “the fundamental purpose of Industry 4.0 is to facilitate 

cooperation and collaboration between technical objects, which means they have to be virtually 

represented and connected.” The reference architecture brings together the business, life cycle, and 

hierarchical views of an asset by relating the concepts on three orthogonal dimensions (Hankel and 

Rexroth, 2015): 

• The life cycle and value stream dimension “represents the lifetime of an asset and the value-

added process.” This axis distinguishes between the type and instance of the factory and its 

elements. For example, the digital design of a product and its instantiation as a 

manufactured product. 

• The hierarchy levels dimension is used to “assign functional models to specific levels” of an 

enterprise. This axis uses aggregation to establish enterprise levels that range from the 

connected world (i.e., networks of manufacturing organizations in their eco-systems) via 

stations (manufacturing work cells) to devices and products. 

• The layers dimension is more formally referred to as the architecture axis. This axis 

“represents the information that is relevant to the role of an asset.” It covers the business-

to-technology spectrum by relating different aspects of an asset to layers of the enterprise 

architecture. 
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The life cycle and value stream dimension of RAMI4.0 distinguishes between the type and instance of 

a product and its value-added processes (DIN Deutsches Institut für Normung, 2016). For the product 

itself, the difference between type and instance is obvious. A product is developed and specified, 

representing the type, then multiple of those product types are produced, or instantiated. The same 

can be applied to the process. Type can be equated to the design of a process, then multiple instances 

of the process are executed to produce multiple product instances. This type-instance dichotomy is 

common in BPM standards (Ko et al., 2009). 

The hierarchy levels dimension of RAMI4.0 references the international standard  

IEC62264:2013-1 (Chen, 2005). More specifically, the physical hierarchy of IEC62264:2013-1, shown 

in Figure 15, is referenced. The physical hierarchy establishes a naming convention for the sections in 

the factory. Enterprise is the highest level of the hierarchy and work cell is the lowest for a discreet 

manufacturing facility. Figure 60 shows an illustrative physical hierarchy of a hypothetical 

manufacturing enterprise. 

 

Figure 60. Illustrative physical hierarchy of a manufacturing enterprise based on the hierarchy 
levels dimension of RAMI4.0. 

The architecture axis is mostly concerned with the digital representation of assets in the factory. In 

fact, the axis shows that all levels of the physical hierarchy can be represented from multiple 

architectural perspectives. For example, a work centre can be represented as a set of business goals 

(business layer), as a process (functional layer) or as a collection of machines (asset layer). DIN SPEC 

91345:2016-04 further elaborates on this concept by insisting that all assets should be enveloped in 

an administration shell, as shown in Figure 61. This principle is reminiscent of the concept of 

encapsulation in service-oriented thinking (Howells, 2004). The same can be applied to the 

Enterprise

Site 1

Production 
area 1

Storage 
area 1

Production 
area 2

Production 
line 1

Work cell 1 Work cell 2

Production 
line 2

Storage 
area 2

Site 2



85 

manufacturing process. The activities executed, actors involved, and equipment utilised can be 

represented from multiple perspectives, including physical and functional perspectives. 

 

Figure 61: Evolution from a traditional asset to an industry 4.0 component (DIN Deutsches Institut 
für Normung, 2016). 

Separation of concerns is widely used to manage complexity in system design (Garcia et al., 2004; 

Kulkarni and Reddy, 2003; Moreira et al., 2005). The technique allows the designer to consider some 

aspect of the system separately from the rest of the system, which decreases local complexity. The 

technique is applied to establish three separations in the MPMS, derived from the three dimensions 

of RAMI4.0. The three design principles derived from RAMI4.0 are listed in Table 11. 

Table 11: System design principles derived from the three RAMI4.0 dimensions. 

RAMI4.0 dimension Design principle 

The Life cycle and value stream 
dimension 

Separation between the system functions used to design 
processes and system functions used to run instances of the 
processes. 

Hierarchy levels dimension Separation between the system functions used to exert global 
control (process management across multiple work cells) and 
local control (activities performed by resources in a single 
work cell). 

Layers dimension Separation between the physical (size, layout, location, etc.) 
and functional (purpose, performance, etc.) aspects of 
activities, resources and assets. 

 

3.3.3 Logical view of the MPMS 
As with any complicated information system, it is easier to analyse and discuss individual aspects of 

the MPMS architecture by applying different perspectives. The modernised Truijens 5 Aspects 

Framework (Truijens, 1990) of Grefen (2016) is used here to structure the architecture description.  

As the name implies, the framework utilises the following five different perspectives, as shown in 

Figure 62, to isolate certain characteristics of an information system Grefen (2016):  
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• The process aspect describes the lifecycle of items processed by the information system. 

This is typically expressed as process flow diagrams showing the phases that an information 

item can cycle through. 

• The organization aspect describes how the information system is embedded into an 

enterprise. This is typically expressed as an organisation chart, with positions and roles, and 

use cases for those roles. 

• The platform aspect describes hardware and software that the information system relies 

on, e.g. operating systems, database management systems and middleware. 

• The data aspect describes the how the data of an information system is organised, typically 

expressed as data structure diagrams or specifications. 

• The software aspect describes the structure of the software of the information system, 

typically expressed as class or block diagrams. 

 

Figure 62: Modernized variation on the Truijens 5 aspects framework (Grefen, 2016). 

3.3.3.1 Process aspect 
The first design principle, as established in section 3.3.2, is concerned with the lifecycle of the product 

and the process that produces it. It specifies that the functionality for the design and execution of the 

manufacturing processes must be separated. The separation applies to both the manufacturing 

processes and the resources that participate in those processes. Correspondingly, the MPMS must 

provide functionality to define manufacturing processes and resources, and separate functionality to 

execute processes and manage the resources. Manufacturing processes and resources are identified 

and described during the design-time and then instantiated and activated to perform activities during 

run-time. 

The design-time and run-time phases can be further subdivided to represent a more detailed process 

lifecycle. Figure 63 shows a typical process lifecycle, with the first two phases part of the design-time 

and the final two as part of run-time. Therefore, process definitions are created during design-time, 

then potentially multiple process instances are generated during run-time. 
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Figure 63: Process lifecycle phases 

The process lifecycle phases can be described as such: 

• Conceive: The production process is identified based on the product to be produced. For a 

product that has been produced before, the existing process may simply be used. 

Alternatively, for a completely new product, a new process is required. 

• Design: The process is designed, based on the required production activities. For a variation 

of an existing product, this may only involve parameterisation of an existing process. For a 

new product, it will be a more comprehensive process design. 

• Production execution: Activating the selected or designed process to initiate production. 

This phase includes the enactment of the work flow, the allocation of agents to the tasks 

and the handling of exceptions that may arise. 

• Process evaluation: Review of the completed process to discover problem causes and 

improvement opportunities. 

Figure 64 shows a few illustrative process lifecycles that attempt to show that the phases may differ, 

depending on the type of product to be produced. Some products will only require process 

parameterisation, but a completely new product may require physical and functional process changes. 

In most manufacturing enterprises, these different lifecycles will not occur equally frequent.  

 

Figure 64: Illustrative process lifecycles exemplify differences based on product 

Four hypothetical production orders are shown in Figure 64, within a time span of 14 days. The four 

orders can be summarised as follows: 

1. Order 1 arrives first and requires an adjustment to a product that the factory currently 

produces. The production process is correspondingly parameterised, and the order is for a 

large quantity. 

Run-timeDesign-time
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2. Order 2 arrives third, after a lengthy negotiation with the client, because it involves 

introduction of a completely new product family. This also involves a lengthy design of a 

new production process and only a short production run. 

3. Order 3 arrives second and is a rush order. It is for a product that is currently offered by the 

factory and production is expedited. 

4. Order 4 arrives last, but at about the same time as order 2. It requires more adjustment than 

order 1 and re-configuration of parts of the production process. Even though it arrives about 

the same time as order 2 and it requires much less process design, it still finishes later. 

The lifecycle perspective helps to understand how the MPMS must handle processes and resources. 

The terminology established by van der Aalst and van Hee (2004) can be used to construct the activity 

model shown in Figure 65. The model contains three lanes, one for process and resource each, and 

one for the actual execution of work by the resource. In the process lane, a process definition is 

defined and contains task definitions. A task definition contains the actions that must be performed, 

referred to as a work item. In the work execution lane, a process instance is instantiated from the 

process definition and contains task instances. An assigned task instance contains the work to be 

performed, named an activity instance. In the resource lane, resource definition starts separately from 

process definition, because resources (physical) and activities (functional) are independent. The 

resource is activated when the resource is made available to perform work. When an active resource 

is assigned to a task instance, it becomes an assigned resource. Once the assigned resource starts 

execution, as per the activity instance, the resource is occupied. Finally, once the activity instance is 

completed, the resource is released to be assigned to other task instances. Task failures are omitted 

from this model in the interest of understandability. 
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Figure 65: Activity diagram showing the states of processes, tasks and resources. 

By considering the execution of manufacturing processes with the MPMS, the following two 

interesting concepts are illustrated: asynchronous production and process variation. Asynchronous 

production refers to the possibility that more than one process instance may be (and will be in most 

cases) active at the same time in the factory. The states (lifecycle phase) of those process instances 

may be different. The physical limitations of a factory will be an important consideration here. In most 

cases, a single production line, work cell or production resource can only accommodate a single 

production order at a time. Additionally, mechanics are involved in the flow of materials, parts and 

products flows through the factory floor, instead of only information flow. As for process variation, 

Figure 64 shows that the actions performed within the different lifecycle phases depend on the nature 

of the production order. For example, the extent to which a process is designed or changed 

(reconfiguration or parameterisation) depends on the product ordered (new product or 

customisation). 

3.3.3.2 Organisation aspect 
The second design principle, as established in section 3.3.2, is concerned with the control of different 

portions of the manufacturing system. Separation of concerns is applied to distinguish between the 

global and local control, as derived from the physical hierarchy, illustrated in Figure 60. Global control 

is concerned with the sequence of activities performed by several resources to transform materials 

into products, i.e., management of the manufacturing processes across multiple work cells. Local 
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control is concerned with the actions performed by a single resource or a team of resources within a 

single work cell of the factory. The different control regimes are indicated in Figure 66. Thus, global 

and local control is separated to account for different control regimes. Global control is concerned 

with the coordination of activities that may be spatially dispersed while local control is concerned with 

the sub-second synchronization of the actions of resources. 

 

Figure 66. Illustrative physical hierarchy of a manufacturing enterprise showing the different 
control regimes applied at different levels of the enterprise. 

The physical hierarchy, as shown in Figure 66, also guides a naming convention for entities in the 

manufacturing enterprise. For example, production line 1 contains two work cells, simply named work 

cells 1 and 2. More importantly, this naming convention assists with creation of a location specification 

of a factory. It is important to specify the location of activities and resources in a factory, due to the 

physical nature of manufacturing. This concept is further elaborated in the data aspect in section 

3.3.3.4. 

3.3.3.3 Platform aspect 
The platform aspect is concerned with the technological building blocks the system is built on. The 

cross-section architecture view presented in Figure 57 can be expanded to incorporate the 

technological building blocks. As established in chapter 2, the main technological drivers of smart 

manufacturing are cloud computing, the Internet-of-Things (IoT), and smart devices (Lu, 2017). It is 
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expected that mass customized products will be produced by smart robotics in dynamic processes 

managed in the cloud (Zhang et al., 2014). It is even conceptually understood how these technologies 

should work together to achieve smart manufacturing and deliver on the promises of Industry 4.0 (Qu 

et al., 2016b; Tao and Qi, 2018). Computation that is not time-critical is relegated to the cloud. The 

IoT facilitates commands and responses to and from devices and teams of humans and smart robotics 

perform sophisticated operations. 

To give some structure to the complicated set of technologies, the technology stack of Wortmann and 

Flüchter (2015) is placed within the two layers of Figure 57 to produce Figure 67. The infrastructure 

layer is elaborated to distinguish cloud and connectivity layers. Additionally, Figure 67 includes two 

stacks for two separate physical sites, emphasizing the potential for inter-organizational collaboration 

via the internet. Thus, the MPMS becomes part of the collaboration infrastructure, as developed in 

the CrossWork project (Paul Grefen et al., 2009). A single MPMS can serve multiple supply chain 

partners alongside the cloud-based data storage of the information hub model (Gerhard et al., 2001; 

Lee and Whang, 2000). The MPMS is aware of all potential work assignees and receives real-time data 

from the different facilities. 

 

Figure 67: MPMS in the context of IoT, showing the potential for inter-organizational process 
management. 

A benefit of a process-centric architecture is transferability of agents. Currently, the control systems 

of agents have point-to-point interfaces to one of the application systems of level 3, as shown in Figure 

67. This limits the utilization of those agents to activities controlled by those application systems. With 

a central orchestration hub, those agents are transferrable between production, inventory, 

maintenance and quality operations. For example, a production operator can be instructed by the 

MPMS to assist in the warehouse, without consulting the warehouse management system. 
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3.3.3.4 Data aspect 
The third design principle of Section 3.3.2 is applied to distinguish between the data related to physical 

and functional aspects of the manufacturing system. The MPMS is responsible for the coordination of 

activities (functional) performed by resources (physical). Thus, the MPMS must have information 

regarding the resources and activities in the manufacturing system. Furthermore, the location 

(physical) of the resources and activities must also be known to determine whether the resource can 

perform the expected activity. Using the moment of actual work execution in Figure 65, the assigned 

resource, activity instance and location can be related to each other using the UML class diagram 

shown in Figure 68. An activity instance is performed by one to many assigned resources. An assigned 

resource can only perform one activity instance at a time. Furthermore, both the assigned resources 

and the activity instance has one location each; most likely the same location given the physical nature 

of manufacturing activities. 

 

Figure 68: Data aspect of the MPMS, at aggregation level 1. 

All three the main entities can be further subdivided. Starting with the location entity, the physical 

hierarchy of IEC62264:2013-1 is again referenced as per the naming convention mentioned in the 

organisation aspect (see section 3.3.3.2). Thus, the location is a generalisation of any item in the 

physical hierarchy, including enterprise, site, area, work centre and work unit. Figure 69 shows the 

portion of the data aspect model related to the location entity. 
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Figure 69: Location-related portion of the data aspect model of the MPMS. 

The location entity in Figure 69 shows some properties that should be known about a location, three 

of which can be derived from the physical hierarchy of IEC62264:2013-1. The location_id is 

constructed from the enterprise and a sequential integer. For example, TRI-1-1-2 is production line 2, 

in production area 1 of site 1 of the TRI enterprise. Location_name is any name the enterprise uses to 

refer to the location. Location_type is derived directly from the physical hierarchy. Lastly, the 

location_contains property caters for the recursive nature of locations. The enterprise has one or 

more sites. A site contains one or more areas. Thus, an information map of the entire enterprise is 

created as a set of locations. 

The most interesting and complicated portion of the data aspect model is related to resources. Typical 

business processes have only human participants, supported by application systems. In a factory 

though, resource can refer a variety of physical objects, including machines, vehicles, sensors and 

humans. Essentially, resources comprise all objects in levels below “work units” in the physical 

hierarchy of IEC62264:2013-1 (see Section 2.1.2 in Chapter 2).  

It is important to differentiate between resources that perform activities and resources used to 

perform activities, because activities must be assigned to resources that can perform those activities. 

Thus, activities should be assigned to resources that can act independently. The formal framework for 

agency of Luck and d’Inverno (1995) is a well-defined and congruent frame of reference to define 

different types of resources in a system. Table 12 lists the relevant definitions of entities, as extracted 

from the framework of Luck and d’Inverno (1995). 
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Table 12: Definitions of entities as extracted from the formal framework for agency of Luck and 
d’Inverno (1995). 

Term Definition 

Action A discrete event that which changes the state of the environment. 

Agent An instantiation of an object together with an associate goal or 
set of goals (it does not have to be its own goals, but simply that it 
satisfies some goals/purpose). 

Attribute A perceivable feature. 

Autonomous agent An instantiation of an agent together with an associated set of 
motivations. 

Goal A state of affairs to be achieved in the environment. 

Motivation Any desire or preference that can lead to the generation and 
adoption of goals and which affects the outcome of the reasoning 
or behavioural task intended to satisfy those goals. 

Object An entity that comprises a set of actions and a set of attributes. 

 

Applying the differentiation between objects and agents results in the data model shown in Figure 70. 

Resource is the general entity that can be specialised as either an object or agent. All resource 

definitions have an identifier and name. An object definition, as a specialisation of resource definition, 

has an identifier, name and type. Object type can be a tool, product or material. Agent definition is 

also a specialisation of resource definition and has an identifier, name and type. For agents, the type 

can be human or automated (e.g. machine, industrial robot, autonomous guided vehicle). Resource 

definitions are converted into activated resources when the resource if available to perform work. 

Activated resources can also be part of coalitions, to perform collaborative tasks. Agent coalitions are 

further explored in Chapters 5 and 6. One or more resources are assigned to a task instance and then 

perform the work specified in the work item instance. 
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Figure 70: Resource-related portion of the data aspect model of the MPMS. 

The third entity, activity, refers to the actions performed in the manufacturing enterprise, including 

manufacturing operations and business processes. Figure 71 shows the activity-related portion of the 

data aspect of the MPMS architecture model. The research presented in this thesis makes use of 

Business Process Model and Notation 2.0 (BPMN2.0) to model processes. BPMN2.0 uses processes 

and tasks to represent activities (Object Management Group, 2013). To cater for sub-processes, a 

process can also contain processes. A task also contains work items to be performed by resources. 

The first design principle listed in Table 11 is again applied to separate type and instance. Processes, 

tasks and work items are all separated into definition and instances. The MPMS creates activity 

instances upon process activation. A work item is instantiated as an activity instance, according to the 

terminology of van der Aalst and van Hee (2004). An assigned resource then performs the actions 

required to complete the activity instance. 
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Figure 71: Activity-related portion of the data aspect model of the MPMS. 

The data aspect of the MPMS architecture raises the following interesting observations about the 

MPMS: 

1. The three main entities are independent. Activities are performed in locations, but a 

location persists even if no activity is active. Similarly, a resource can be activated even when 

not assigned a task instance. This reinforces the third design principle: separation of physical 

(resources and locations) and functional (activities) aspects of the manufacturing system. 

2. Resources and locations are persistent, i.e. these entities are not instantiated. Activities are 

performed as instantiations of activity definitions. The definition-instance dichotomy 

reinforces the first design principle: separation of type and instance. 

3. Resources and activities are transient, i.e. these entities can change state. Locations states 

are not used in this design. 

4. Resources can move between different processes instances and locations. 

5. Activities can be instantiated in different locations. 

6. Activities and resources have definition and instance data. Definition data changes 

infrequently (such as abilities, authorizations, etc.) and are defined during design-time, 

while instance data that changes frequently (such as performance, workload, etc.) and are 

captured during run-time. 

3.3.3.5 Software aspect 
Continuing the use of the updated Truijens 5 aspect framework, this section provides a description of 

the software aspect of the architecture of the MPMS. Section 2 of this chapter argues that a single 

process management system can be used to manage business and manufacturing processes. More 

importantly, it is established that a business process management system (BPMS) can form the basis 

of such a process management system. Therefore, the architecture of a BPMS is discussed, with the 

goal of identifying any extensions needed to satisfy the requirements defined in chapter2. 
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A BPMS is used to orchestrate the activities in an organization by allocating resources to perform 

those activities. The information system that is designed as part of this research is based on such a 

BPMS. Consequently, the design will not start from scratch, by defining system functions that satisfy 

the established requirements. Instead, a reference architecture model of a BPMS is used as starting 

point and extended as necessary for smart manufacturing processes. 

Figure 72 shows the workflow management system (WfMS) reference architecture model of the 

Workflow Management Coalition (WfMC) (Hollingsworth, 1995). This architecture model is often used 

to depict the basic structure of a BPMS (Pourmirza et al., 2017) and used as starting point in of the 

software aspect model. 

 

Figure 72: Reference architecture of a workflow management system (Hollingsworth, 1995). 

This research is primarily concerned with highly configurable, flexible manufacturing processes 

involving human and robotic participants. All three scenarios, as discussed in chapter 2, feature 

processes with cooperation between humans and robots. Therefore, the MPMS interfaces with a 

variety of humans, robots, and sensors that participate in the manufacturing processes. 

The WfMS reference architecture model specifies all functionality necessary to model and enact 

business processes. However, manufacturing processes impose additional requirements on a process 

management system, as established in section 4 of chapter 2. These additional requirements must be 

satisfied with new functionality or enhancements to existing functionality. Table 13 shows how the 

requirements established in Chapter 2 are mapped to new or enhanced system functions of the 

MPMS. 

Table 13: MPMS requirements mapped to extended system functions. 
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R# Requirement Function New or 
enhanced? 

R01 The MPMS can be integrated into the existing 
enterprise architecture of a manufacturing 
enterprise. 

Interfaces. Enhanced 

R02 The MPMS enables vertical integration, i.e. control 
across levels 2, 3 and 4 of the functional hierarchy 
of IEC62264:2013-1. 

Interfaces. Enhanced. 

R03 The MPMS integrates the main technologies that 
drive smart manufacturing. 

Interfaces. Enhanced 

R04 The MPMS can be used to define dynamic 
manufacturing processes. 

Process definition. Enhanced. 

R05 The MPMS can enact dynamic manufacturing 
processes. 

Process engine. Existing. 

R06 The MPMS can be used to define manufacturing 
resources, such that it can be determined which 
resource is necessary for an activity. 

Resource definition, 
Task definition, 
Location definition 

New. 

R07 The MPMS can select resources for activities, 
based on the task requirements and resource 
attributes. 

Agent allocation. New. 

R08 The MPMS can coordinate the activities of 
heterogeneous actors (humans and different 
robots). 

Process engine. Existing. 

R09 The MPMS can assign multiple actors to a single 
activity. 

Agent allocation. New. 

R10 The MPMS can respond to changes in the 
manufacturing processes. 

Process engine. Existing. 

 

Placing the WfMS reference architecture in the context of a manufacturing enterprise yields Figure 

73. The function named “interfaces” represents the various touch-points between the MPMS and 

other software systems. This enhancement is necessary to place the existing process management 

technology in the manufacturing context. The process engine interfaces to systems of levels 2, 3 and 

4. The process engine will initiate activities performed by personnel supported by the ERP and 

manufacturing operations management systems (IF3). For example, the production planner will 

determine the schedule, then indicate that production planning is completed. Once operations are 

initiated, the process engine will send work items to humans and automated agents on the factory 

floor (IF2). Process models and information of agents can be updated using the process definition 

tools (IF1) and the administration and management tools (IF5), respectively. Interfaces to other 

workflow engines (IF4) are purposefully excluded, for the sake of simplicity. 
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Figure 73: The MPMS in the context of the functional hierarchy levels, with interfaces to 
application systems. 

Even though automated agents are controlled by software systems, the control systems of automated 

agents are purposefully positioned as client applications (IF2), instead of invoked applications (IF3). 

This decision establishes parity between the humans and automated agents, in line with the increasing 

collaboration between humans and robots on the factory floor (Bauer et al., 2008). 

At long last, the MPMS software architecture can be elicited by going an aggregation level deeper. 

Figure 74 shows the three subsystems of the MPMS: definition tools, process enactment service and 

administration & management tools. Definition tools is elaborated with four system modules, and the 

process enactment service has two system modules. Administration & management tools is not 

further elaborated because no changes to the reference architecture are required. 
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Figure 74: Software aspect of the MPMS architecture showing the new (coloured blue) and 
enhanced (coloured green) logical system modules. 

The two new system functions listed in Table 13 leads to four new system modules. The first new 

function, resource definition, leads to an expansion of the definition tools module of the reference 

architecture. Instead of only process definition tools, the architecture now has modules to define 

tasks, resources and locations, in line with the design established in the data aspect (see section 

3.3.3.4). The second new function, agent allocation, introduces a new module in the process 

enactment service subsystem. The existing process engine is accompanied by a new “agent allocation” 

module, dedicated to the selection and assignment of agents to tasks. 

3.4 Chapter conclusion 
This chapter shows that a unified process management system can be used to facilitate integration 

across levels 2, 3 and 4 of a manufacturing enterprise. The goal is achieved in two steps. First, unified 

process management is motivated, based on the prevalence of process management functionality 

throughout level 3 and 4 manufacturing application systems. Secondly, the design of such a unified 

process management system is described in detail, according to the Truijens 5 aspects framework for 

information systems development (Grefen, 2016).  

The MPMS architecture that is described in this chapter contributes in two ways: 1) it shows how a 

unified process management system can help to drive integration across levels three and four of the 

functional hierarchy, and 2) it provides guidance on the design and realisation of a process 

management system that utilises recent developments in Industry 4.0. 
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Figure 75: The MPMS software aspect architecture, showing how system modules relate to 
subsequent chapters in this thesis. 

The MPMS requires functionality beyond that provided by a typical BPMS (as described by the 

WfMC reference architecture (Hollingsworth, 1995)). Although the process aspect discussed the 

enactment of manufacturing processes in Section 3.3.3.1, the design of such processes is not 

discussed in this chapter. Furthermore, two new system functions are identified in Table 13 and 

designated as four new system modules. Lastly, interfaces to robotic systems and other advanced 

manufacturing technologies are also explored as part of the system realisation. These topics are 

discussed in subsequent chapters, as indicated in Figure 75. The following three topics are discussed 

in the subsequent chapters: 

• Chapter 4: Guidance on the definition of executable manufacturing processes. 

• Chapter 5: Guidance on the definition of manufacturing resources and tasks. 

• Chapter 6: Guidance on the design and realisation of an agent allocation system module. 

• Chapter 7: Explanation of how the MPMS can be realised, with emphasis on new 

technologies and interfaces to robot control systems. 
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Chapter 4 
4. DESIGN OF EXECUTABLE MANUFACTURING 

PROCESSES 

The challenge and appeal of improved integration between manufacturing operations and business 

management functions is well understood (Hausman et al., 2002; Tang, 2010) and extensively 

discussed in Chapter 3. The techniques, skills and information systems employed to manage business 

activities can differ significantly from those used to manage operations, leading to deficient 

throughput and flexibility (Sawhney, 2006; Tang, 2010). For example, the lean manufacturing 

principles often applied in operations management are not easily transferrable to resource or financial 

management. The performance benefit of improved integration between business and operations 

management is extensively studied, but these studies focus on the alignment of planning to achieve 

maximum production throughput (O’Leary-Kelly and Flores, 2002; Sale et al., 2017). 

Business process management (BPM) is often employed to cross the boundaries of business functions 

and improve integration (Berente et al., 2009; Hanson et al., 2002; Kobayashi et al., 2003). The same 

need exists in the manufacturing industry, but it suffers from disparate and fragmented process 

management across multiple information systems (Erasmus et al., 2018). Indeed, Prades et al. (2013) 

make the case for integration between enterprise resource planning and manufacturing execution 

systems, by using Business Process Model & Notation (BPMN) for process modelling in both 

information systems. Conversely, Gerber et al. (2014) investigate how process models can be 

converted between the information systems that support business management and operations 

management. More recently, a single business process management system for business and 

operations management is proposed and demonstrated (Pauker et al., 2018). 

While these studies embrace the ambition of cross-functional process management, the suitability of 

existing process modelling techniques remains unproven. Manufacturing enterprises perform 

material processes in addition to business processes, according to the differentiation of Medina-Mora 

et al. (1992). BPMN, as the de-facto standard for business process modelling (Decker and Barros, 2008; 

Takemura, 2008), is shown to be suitable for business processes (Wohed et al., 2006), but its suitability 

for material processes remains unproven. Thus, it is prudent to determine whether BPMN can be used 

for manufacturing operations processes, i.e. the material processes performed by manufacturing 

enterprises. 

Hommes and Reijswoud (2000) proposes eight metrics for the assessment of modelling techniques, 

divided between the way of modelling and the way of working. This research is concerned with the 

modelling of manufacturing operations, i.e. the way of modelling. The way of modelling has the 

following two metrics: 

• Completeness: The degree to which all necessary concepts of the application domain are 

represented in the way of modelling. 
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• Suitability: The degree to which a given modelling technique is specifically tailored for a 

specific kind of application domain. 

The application domain referred to in both the completeness and suitability metrics is set to 

manufacturing operations. Accordingly, this research demonstrates the suitability of BPMN for 

manufacturing operations processes, by presenting model fragments of operations processes. 

Apart from assessing the suitability of BPM for manufacturing operations processes, it is the objective 

of this thesis to develop a theory on the exaptation of BPM for manufacturing operations processes. 

As such, the result of the suitability assessment should also provide prescriptive knowledge that can 

be applied when designing manufacturing operations processes. The set of model fragments is the 

prescriptive knowledge contribution of this chapter. Consequently, this chapter serves two purposes: 

1) to assesses the suitability of BPMN for the material processes, i.e. the manufacturing operations 

processes, and 2) to provide guidance on the use of BPMN to model executable manufacturing 

operations processes. 

4.1 Chapter outline 
The two metrics to assess the way of modelling, namely completeness and suitability (Hommes and 

Reijswoud, 2000), guide the chapter outline. Completeness is concerned with ‘all necessary concepts’ 

of an application domain. Therefore, a notion of “all manufacturing operations” is needed to 

determine whether BPMN can completely represent manufacturing operations domain. As for 

suitability, a generous interpretation is applied to include both modelling and enactment of 

manufacturing operations processes. Beyond accurate representation of the processes, the correct 

behaviour during process execution is expected. 

To assess suitability, manufacturing operations must ultimately be modelled using BPMN2.0. Thus, 

this chapter demonstrates the use of BPMN2.0 for manufacturing operations. This is done by creating 

a taxonomy of manufacturing operations, based on literature. As an intermediate evaluation, three 

factories are analysed to check whether the taxonomy of manufacturing operations is complete. 

Secondly, the manufacturing operations of the taxonomy are decomposed into concepts to identify 

the building blocks of manufacturing processes. The concepts are then compared to the elements of 

the BPMN meta-model, to determine whether any manufacturing concepts can’t be represented with 

BPMN (denoted as modelling deficiencies). The manufacturing operations are finally modelled using 

BPMN2.0, resulting in a set of process model fragments. To evaluate the research, those model 

fragments are used and combined to model and enact processes at the three factories. 

Figure 76 illustrates the approach taken in this chapter, based on the design science research 

framework of Hevner et al. (2004). Three columns are used to depict the environment, research and 

knowledge base. The environment represents the practical context of the research, i.e. the 

manufacturing industry. The research lane includes the activities performed in this work, with 

indication of the section where those activities are reported. Lastly, the knowledge base represents 

the collective scientific literature related to the research topic. 
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Figure 76: Overview of research approach. 

The modelling effort, shown as the third research activity in Figure 76, results in a set of process model 

fragments for manufacturing operations. The set of fragments is the main contribution of this research 

and is evaluated in practice (the environment). These fragments can be used as building blocks when 

modelling manufacturing operations processes. Thus, the set of process model fragments is the 

artefact, in design science research terminology, that is contributed to the knowledge base.  

This article is organised according to the research methodology shown in Figure 76. Section 4.2 briefly 

explores related work to see what can be learned from similar research. Section 4.3 presents the 

taxonomy of manufacturing operations created during the first step of the research methodology. 

Section 4.4 then shows the decomposition of the items in the taxonomy into modelling concepts to 

determine whether BPMN2.0 can express all the necessary concepts. Section 4.5 presents the process 

model fragments of all items in the taxonomy of manufacturing operations. Section 4.6 presents the 

application and evaluation of the manufacturing process model fragments in three factories across 

Europe. Lastly, the results of the evaluation are discussed in section 4.7 and conclusions are drawn in 

section 4.8. 

4.2 Related work 
Although BPM was born out of the principles of production engineering, it has been most successful 

in industry sectors that process information, rather than physical material. Most prominently, BPM 

has been implemented extensively and successfully in financial service organisations (Brahe, 2007; 

Weerdt et al., 2013). Nevertheless, several other industry sectors have also seen benefit from the 

application of BPM, including automotive (Paul Grefen et al., 2009) and transportation (Baumgraß et 

al., 2015). However, these applications of BPM almost exclusively focus on the business management 

functions in those industry sectors, rather than the activities that ‘touch’ the product. A surprising 
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outlier is the healthcare sector, where patient handling processes are often modelled and enacted 

using a business process management system (BPMS) (Reichert, 2011; Van Gorp et al., 2013). 

Regarding the notation under consideration, BPMN has achieved remarkable penetration in 

information processing enterprises, both as a description of processes and as notation for process 

automation (van der Aalst, 2013). The wide adoption of BPMN has inevitably led to extension 

proposals. Although the notation is quite capable of representing complex processes, domain-specific 

symbols and constructs are appealing to audiences confined to specific industry sectors. Such 

extension proposals are prevalent enough to warrant a survey by Braun and Esswein (2014). The 

survey found 30 extensions, classified according to conformance to the BPMN2.0 standard and 

organised per application domain. The survey found that four out of five extensions do not conform 

to the BPMN2.0 standard. Only one extension proposal was related to manufacturing (Zor et al., 2011) 

and it was found to lack an abstract syntax and contained semantic conflicts with the standard. Braun 

and Esswein (2014) do not offer an explanation, but it can be concluded that either there is little need 

for an extension for manufacturing, or there is little need for BPMN in manufacturing. 

It is therefore necessary to investigate existing process modelling and enactment techniques in the 

following three steps: 

1. Examine prominent techniques in the manufacturing industry to determine whether 

BPMN2.0 can be of use; 

2. Scrutinise previous applications of BPMN in manufacturing; and 

3. Consider general process modelling and enactment techniques that can be applied in the 

manufacturing domain; 

4.2.1 Process modelling and enactment in manufacturing 
The Integration DEFinition (IDEF) series of notations is a mainstay in many industries, including 

defence (US Air Force, 1969), construction (Kamara et al., 2000) and even software development (Kim 

et al., 2003). The use of IDEF is typically confined to the creation of systems though, rather than the 

utilisation of systems. That is equally true for manufacturing, where IDEF is often used to design and 

improve manufacturing systems, but not usually to drive execution (Cheng-Leong et al., 1999). 

Value stream mapping (VSM) is quite ubiquitous in the manufacturing sector thanks to the sheer 

success of lean manufacturing principles (Grewal, 2008). It’s entrenchment in production enterprises 

has even led to proposals for adoption in business functions of a more administrative nature (Keyte 

and Locher, 2004). Furthermore, as with most business and process modelling notations, it is 

eventually found wanting and the inevitable proposals for extensions arise (Braglia et al., 2006). More 

importantly, neither IDEF nor VSM include formal execution semantic to enable process enactment. 

S-BPM is a relatively new development aimed at handling the complexity of multi-agent systems, with 

emphasis on manufacturing (Fleischmann et al., 2013). S-BPM is a process modelling technique which 

emphasises the different perspectives of independent agents and communication between them. The 

activities and states of agents are modelled as a unit (a subject in this terminology), with the possibility 

of extensive communication between agents. The concept of communication between independent 

agents is equally relevant for communication between agents in a single organisation or agents across 

organisations (Fleischmann et al., 2015). 
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S-BPM shows promise in the manufacturing domain, especially in the new subject of smart factories 

(Cadavid et al., 2015). Vertical integration between process management and individual agents has 

been demonstrated (Neubauer et al., 2014) and practical evaluations have been successful (Neubauer 

and Stary, 2017). Additionally, S-BPM benefits from its mathematical underpinnings and natural 

language (Subject, Predicate, Object) structure (Fleischmann et al., 2015). 

Given the apparent advantages of S-BPM, the limited uptake of the notation and approach it is 

surprising. Practical demonstration has been successful, but it remains comparatively isolated. 

Scientific research on the topic has also been slow to spread outside its place of origin, as evidenced 

by the overlap of authors referenced in this section. It is perhaps too early to say whether critical mass 

will be reached, but one significant barrier stands in its way: the growing popularity and enthusiasm 

for BPMN. BPMN also offers the possibility of modelling processes as independent units (pools in this 

terminology) with communication between agents and is supported for enactment in many 

information systems. Simply stated, BPMN has reached a de-facto standard level of penetration and 

enjoys global support from organisations (Decker and Barros, 2008; Takemura, 2008; Chinosi and 

Trombetta, 2012). 

4.2.2 BPMN in manufacturing 
BPMN has certainly been considered as an option for manufacturing operations (Zor et al., 2010). 

Indeed, García-Domínguez et al. (2012) compared BPMN2.0 with VSM and IDEF3 in terms of the 

modelling of activity sequences, timing constraints, resource assignment, material flow and 

information flow. The study found that BPMN2.0 is comparable to IDEF3, with the addition of process 

participants, event handlers and message flow; however, BPMN2.0 lacks the ability to model the 

physical aspects of a manufacturing system. As for VSM, BPMN2.0 is found to be complementary, 

because VSM is more concerned with the flow of material and information, rather than the exact 

sequence of activities. The more important advantage of BPMN is that it includes execution semantic. 

IDEF and VSM are adequate analysis and improvement notations, but BPMN can be used to enact 

processes with a BPMS. 

Witsch and Vogel-Heuser (2012) also compared BPMN to other notations, but rather as the 

foundation for the formal specification framework of manufacturing execution systems (MES). BPMN 

compared favourably to flowcharts, petri-nets, Unified Modeling Language (UML) and Systems 

Modelling Language (SysML) This effort resulted in extensive modification of BPMN though, to cater 

for the specific requirements of the considered cases. Similarly, Zor et al. (2011) present BPMN 

extensions for manufacturing processes, but these are again specific to the single case study. 

It is clear that BPMN is a candidate for manufacturing process modelling and enactment. It has been 

considered from various perspectives, including as the formal execution semantic for an MES and as 

a modern replacement for IDEF3. However, these considerations are somewhat ad-hoc and disparate. 

This research aims to give structure to the adoption of BPMN for manufacturing, by proving that the 

notation is suitable for manufacturing processes, thereby laying foundation for further research and 

application in practice. 

4.2.3 General process modelling and enactment techniques 
This research aims presents a set of process fragments that can be used to model manufacturing 

processes. Production Case Management (PCM) has the same objective, as it sets a process goal is 
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refined in multiple steps and there is no a priori end-to-end execution path (Meyer et al., 2014). 

However, PCM aims to reduce the need for a skilled knowledge worker to push a case forwards by 

using rigid process fragments and object-centric process definitions. These process fragments are 

syntactically very similar to BPMN, though with more attention paid to data nodes. The data nodes 

are used to model pre- and post-conditions of activities, providing a basis for linkage between the 

process fragments. An implementation of PCM exists and is presented in the work of Haarmann et al. 

(2015). 

Chung et al. (2003) developed a Task Based Process Management (TBPM) system that uses a library 

of plans that are linked together using process models. A plan represents one of potentially multiple 

ways of achieving a task, by breaking it down into a structure of sub tasks. 

The Aspect-Oriented (AO) approach (Jalali et al., 2013) attempts to reduce complexity of the main 

process by separating concerns into aspects. An aspect contains one or more advices, specified as 

process model fragments. At run-time, aspects are interwoven with the main process, forming the to-

be-followed execution flow. 

The activities specified in the model fragments must ultimately be performed by resources. Some 

techniques aim to reduce the specificity of the process models to empower the resources. ConDec 

(Pesic and van der Aalst, 2006) refrains from specifying control flow between activities and rather opts 

for constraints that must be met as relationships between the activities. As most declarative 

languages, ConDec takes a so-called outside-in approach, meaning that all behaviour is allowed unless 

explicitly forbidden by a constraint. Similarly, Dynamic Condition Response Graphs (DCR Graphs) 

(Hildebrandt et al., 2012) contain events and five types of relations between them. Nested sub graphs 

can alternate between completed and uncompleted state, particularly suitable for the manufacturing 

domain where rework can be a common occurrence in processes. 

A third technique focuses on offering microservices, which provide a certain functionality. These 

microservices are called by autonomous agents that intend to achieve a (process) goal (Oberhauser 

and Stigler, 2017). Agents navigate the landscape of microservices, which can be represented as a 

dependency graph. The structure of microservices maps well to the physical domain, where a machine 

or resource typically provides certain functionality that is required as input requirement by a 

downstream production step. 

Two conclusions can be drawn from these research efforts, corresponding to the two approaches: 1) 

There is precedent for the development of process model fragments to assist with the modelling of 

processes, and 2) there is interest in the more goal-oriented process modelling, giving process 

participants more autonomy to pursue those goals. This fits well with the current rise of autonomous 

machines and robots seen in the manufacturing industry. 

4.3 Manufacturing operations 
The first step of this research, as shown in Figure 76, is to establish a notion of “all manufacturing 

operations.” Although a provably complete list of operations is unattainable, good representation of 

all operations can at least be pursued. Thus, the construction of a taxonomy of manufacturing 

operations from authoritative literature is discussed.  
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The widely adopted international standard series IEC 62264:2013 (IEC, 2013) provides standardised 

terminology and ontology for the manufacturing domain (Chen, 2005). It advocates a functional 

hierarchy to classify the activities performed in a manufacturing enterprise, as shown in Figure 4. Level 

four of the functional hierarchy is concerned with business management, including the resource, 

financial and supply chain management functions. Level three is named manufacturing operations 

management and refers to the work flow control to produce the desired products (Chen, 2005). All 

material processes are situated in level three of the hierarchy, as those are the processes that directly 

contribute value to the product. Level three is therefore the focus and scope of this research. The 

following four categories of manufacturing operations are included in level three of the functional 

hierarchy (Chen, 2005): 

• Production operations: the functions that convert raw materials, energy, and in-formation 

into products, with the required quality, safety, and timeliness.      

• Inventory operations: coordinates, directs, controls, and tracks inventory and material 

movement within manufacturing operations. 

• Maintenance operations: the functions that maintain the equipment and tools to ensure 

their availability for manufacturing and ensure scheduling for periodic or preventive 

maintenance. 

• Quality operations: coordinates, directs, and tracks the functions that test materials and 

equipment to measure and verify quality measures. 

While these four categories provide a good overview of manufacturing operations, additional detail 

is needed to identify the concepts necessary to create process models. Unfortunately, IEC 62264:2013 

(IEC, 2013) does not provide additional detail and a single taxonomy of manufacturing operations does 

not exist, because scholarly work tends to focus on a subset of operations. Therefore, a taxonomy of 

manufacturing operations with definitions must be constructed from several sources, with good 

representation as a goal, rather than absolute completeness.  

Starting with ‘production operations’, the hierarchy of Groover (2011) is highly cited and detailed. This 

taxonomy is structured according to the nature of the operations, with a first differentiation between 

shaping and non-shaping operations. Shaping operations are then further subdivided between 

operations that conserve the mass of materials, reduce the mass of materials, or join multiple parts 

to form a new shape. Non-shaping production represents the type of operations that improve the 

surface of the material or enhances the material properties, without altering its geometry. In pursuit 

of good representation, the hierarchy of Groover (2011) is complemented with DIN 8580:2003-09 (NA 

152-06-10 AA National Committee, 2003) and Todd (1994). The resulting production operations is 

shown at the top of Figure 77. 

Unfortunately, well documented and structured lists of inventory, maintenance and quality 

operations prove to be rather elusive. Thus, several authoritative sources must be consulted to 

complete the taxonomy of operations. The references sources were selected for clarity and 

comprehensiveness. Every effort is made to consult as many sources as possible, but manufacturing 

operations can be described in any number of ways, so the goal is to establish a single sensible and 

practical list, rather than attempt to address contradictions and ambiguity in the literature. 
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Starting with inventory operations, Langford (2007) lists the following four logistics functions: 

packaging, materials handling, warehousing and storage, and transportation. In comparison, Ghiani 

et al. (2013) use the term internal logistics and define it as the activities carried out in the production 

plants, consisting of the following: receiving and storing materials, collecting from the warehouse to 

feed the production lines, moving the semi-finished goods up to packaging, and finally storing the 

finished product. Packaging, handling, storage and transportation (PHS&T) is a grouping that is widely 

adopted and used by logistics support engineers (Defense Acquisition University, 2011; INCOSE, 2015) 

and compares favourably to the four functions of Langford (2007). Thus, these four activities will form 

the first level of decomposition under inventory operations. 

Maintenance and quality operations are often grouped together in literature. It may even be difficult 

to determine whether an operation is considered a maintenance or quality operation. For example, 

testing can be performed on equipment or the product. This differentiation is applied to separate the 

two operation groups, as advocated by the category definitions of IEC 62264:2013 (IEC, 2013): 

operations related to equipment are grouped under maintenance operations, while process and 

product related operations are grouped under quality. Then, the Integrated Product Support Element 

Guidebook (Defense Acquisition University, 2011) is queried to define the detail of those operations. 

Maintenance is subdivided into modifications, corrective, and preventive maintenance. Quality 

operations differentiates between process and product related operations. The resulting hierarchy of 

manufacturing operations, showing the first three levels of decomposition, is shown in Figure 77. 
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Figure 77: First three levels of the taxonomy of manufacturing operations. 

The next level of decomposition is again pieced together from several sources. For production 

operations, two sources (Groover, 2011; NA 152-06-10 AA National Committee, 2003) provide 

extensive detail, including descriptions and example processes. Table 14 lists the ten operation types 

of production operations, each with a description and its source. 

Table 14: Operation types and descriptions of production operations. 
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group 
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Creation of an initial shape from the 
molten, gaseous or formless solid state. 

DIN 8580 

Forming The three-dimensional or plastic 
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its mass and material cohesion. 

DIN 8580 

Mass-reducing 
shaping 

Material 
removal 

Remove excess material from the 
starting workpiece so that the resulting 
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Groover, 2011 
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each other. 
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Assembly Permanent 
joining 

Form a joint between components that 
cannot be easily disconnected. 

Groover, 2011 

Mechanical 
fastening 

Fasten two (or more) parts together in 
a joint that can be disassembled if 
needed. 

Groover, 2011 

Non-shaping Heat treatment The application of thermal energy to 
enhance the properties of the work 
material, without altering its shape or 
mass. 

DIN 8580 

Cleaning Processes that remove soils and 
contaminants that result from previous 
processing or the factory environment. 

Groover, 2011 

Surface 
coatings 

Application of a thin layer of material to 
the exterior surface of the work part. 

Groover, 2011 

Surface 
treatments 

Mechanical and physical operations 
that alter the part surface in some way, 
such as improving its finish or 
impregnating it with atoms of a foreign 
material to change its chemistry and 
physical properties. 

Groover, 2011 

 

Predictably, inventory operations prove difficult to delineate as a taxonomy. Ray (2008) distinguishes 

between three types of packaging: shop, bulk and shipping containers. Conversely, Groover (2011) 

distinguishes between containers used to hold individual items and equipment used to make up unit 

loads. For the purposes of manufacturing processes, those two categories are applied: placing a single 

item in a container and placing multiple items in a container (unitizing). These two types of packaging 

can be inversely applied for unpacking of containers. 

Ray (2008) also extensively discusses manual and robotic handling. The following five handling 

activities are identified: preparatory, feeding, positioning, manipulating and removing. Regarding 

storage, two types can be distinguished based on the purpose: buffering is intended to synchronise 

the flow of material between work centres that may have unequal throughput, while preservation is 

intended to hold materials and products until needed (Defense Acquisition University, 2011). 

For transport, Stock and Lambert (2001) identifies the following five modes: road, rail, air, water, and 

pipeline. Their perspective was one of intra-company transport though, instead of inter-factory 

transport. This breakdown is quite common for transport analysis or optimisation projects, such as 

Davidsson et al. (2005). Similarly, the European Union distinguishes between six modes by 

differentiating between sea and inland waterways. The United Nations has a similar approach and 

differentiates between seven modes of transport: Maritime, rail, road, air, multi-model, fixed 

installation and inland water transport (Centre for Trade Facilitation and Electronic Business, 2001). 

Fixed installation transport in this case includes pipe and cable transport, such as for petroleum and 

electrical power. For the second level of aggregation of transport, the equipment classification of Ray 

(2008) is applied for the modes of transport. Road, rail, air and water are treated as vehicular 

transport, while conveyors, pipelines, cables and cranes are part of the fixed installation category. 

Table 15 shows the resulting operation types and descriptions for inventory operations. 
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Table 15: Operation types and descriptions of inventory operations. 

Process group Operation type Description Reference 

Packaging Individual 
packaging 

Single product is inserted into a 
container for transport or storage. 

Groover, 2011 

Unitizing (a.k.a. 
Containerization) 

Multiple parts or products are inserted 
into a single container for transport or 
storage. 

Groover, 2011 

Handling Preparatory 
handling 

Bringing materials closer to the 
workplace and preparing the machine. 

Ray, 2008 

Feeding Placing or directing materials closer to 
work place or point of use. 

Ray, 2008 

Positioning Orienting materials in exact location, 
placing into fixture, jig or machine. 

Ray, 2008 

Manipulating Handling of materials during actual 
manufacturing operation. 

Ray, 2008 

Removing Taking material out of workplace, such 
as taking out of jig, fixture etc. 

Ray, 2008 

Storing Buffering Static or slow holding of materials, parts 
or products (buffering, queueing, etc.) 
in preparation for further processing. 

IPS element 
handbook 

Preserving Static holding of materials, 
consumables, parts or products until 
retrieved for production or distribution. 

IPS element 
handbook 

Transporting Vehicular 
transporting 

Directed physical movement of 
materials, consumables, parts or 
products aboard vehicles (automated 
guided vehicle, forklift, etc.) 

Stock and 
Lambert, 2001 

Fixed installation 
transporting 

Fixed, point-to-point physical 
movement (conveyor, cable, piping, 
etc.) of materials, consumables, parts, 
products or energy. 

Stock and 
Lambert, 2001 

 

Maintenance and quality operations are again treated together. A single authoritative source, the 

INCOSE Systems Engineering Handbook (INCOSE, 2015) is used to define the lowest level of detail of 

maintenance operations. Table 16 shows the operation types and descriptions for maintenance 

operations. The source column is omitted because only one source is used for all maintenance 

operations. 

Table 16: Operation types and descriptions of maintenance operations. 

Process group Operation type Description 

Corrective 
maintenance 

Repairing An activity which returns the capability of an asset that has 
failed to a level of performance equal to, or greater than, 
that specified by its functions, but not greater than its 
original maximum capability. 

Replacing A maintenance task to replace a component when it has 
failed or deteriorated to the point where system 
performance is outside specified parameters. 
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Preventive 
maintenance 

Servicing An activity which returns the capability of an asset that has 
not failed to a level of performance equal to, or greater 
than, that specified by its functions, but not greater than its 
original maximum capability. 

Scheduled 
replacing 

A maintenance task to replace a component at a specified, 
pre-determined frequency, regardless of the condition of 
the component at the time of its replacement. 

Condition 
monitoring 

The use of specialist equipment to measure the condition of 
equipment to assess whether it will fail during some future 
period. 

System 
modifications 

Sustaining An activity which extends the expected life of an asset 
beyond its original expected useful life. 

Upgrading An activity which enhances the capability of an asset beyond 
its original maximum capability. 

 

Table 17 shows the operation types and descriptions of quality operations. Again, the source column 

is omitted, because all operation types and descriptions are based on the systems engineering 

handbook (INCOSE, 2015). 

Table 17: Operation types and descriptions of quality operations 

Process group Operation type Description 

Process 
quality 
 

Process 
measuring 

An activity to determine the value of a conformance or 
performance quantity of a process. 

Equipment 
calibration 

Set or adjust a machine or tool according to product and 
production requirements. 

Equipment 
inspection 

Conformity evaluation by observation and judgement 
accompanied as appropriate by measurement, testing or 
gauging. 

Equipment 
testing 

An activity in which a system or component is executed 
under specified conditions, the results are observed or 
recorded, and evaluation is made of some aspect of the 
system or component. 

Product 
quality 

Product 
inspection 

A static analysis technique that relies on visual examination 
of development products to detect errors, violations of 
development standards, and other problems. 

Product 
measuring 

An analysis technique that relies on the use of tools to 
determine the physical conformance of a material or 
product. 

Product testing Determination of one or more performance quantities, 
according to a procedure. 

 

4.4 Necessary concepts to represent manufacturing operations 
as process models 

The first modelling metric to assess is completeness: The degree to which all necessary concepts of 

the application domain are represented in the way of modelling. Thus, the items in the taxonomy of 

manufacturing operations are decomposed into concepts, based on the literature, that must be 
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represented with BPMN2.0. ISO9000:2015 (International Organization for Standardization, 2015) 

defines a process as “a set of interrelated or interacting activities which transforms inputs into 

outputs.” To give some structure to the decomposition, each operation type is described as inputs, 

activities and outputs, based on the descriptions from the literature. Table 18 shows the results of the 

decomposition for production operations. In the interest of consistency and clarity, the following two 

terms are used to refer to inputs and outputs: 

• Material: The matter from which a product is made. 

• Work piece: A single part or product currently undergoing operation. 

Table 18: Production operations decomposed into input, activity and output elements. 

Operation type Input(s) Activity(ies) Output(s) 

Casting and 
moulding 

Unit of formless 
material. 

Apply energy to melt or evaporate 
material, pour material into 
mould and allow to solidify. 

Shaped unit of 
material in solid 
state. 

Forming Unit of material in 
solid state. 

Apply mechanical force to change 
shape of material. 

Shaped unit of 
material in solid 
state. 

Material 
removal 

Unit of material in 
solid state. 

Apply mechanical energy to 
remove some of the material. 

Unit of material 
with reduced mass 
AND removed 
material. 

Separating Single unit of 
material in solid 
state. 

Apply mechanical energy to divide 
a unit of material into individual 
work pieces. 

Multiple work 
pieces AND excess 
material. 

Permanent 
joining 

Multiple work 
pieces. 

Apply thermal or chemical energy 
to permanently attach two or 
more work pieces. 

Single work piece. 

Mechanical 
fastening 

Multiple work 
pieces AND 
fastening 
material. 

Use fastening material to fasten 
multiple pieces together. 

Single work piece. 

Heat treatment Single work piece. Apply thermal energy enhance 
work piece properties. 

Single work piece 
(enhanced). 

Cleaning Single work piece. Apply mechanical or chemical 
energy to remove unwanted 
particles. 

Single work piece 
(cleaned). 

Surface coating Single work piece. Deposit a chemical material on 
the surface of the work piece. 

Single work piece 
(coated). 

Surface 
treatment 

Single work piece. Apply mechanical energy to 
enhance surface integrity. 

Single work piece 
(enhanced). 

 

Each inventory operations can also be decomposed into input, transformation and output. Table 19 

shows the results of this decomposition, making use of the same terminology as with production 

operations. 
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Table 19 : Inventory operations decomposed into input, activity and output. 

Operation type Input(s) Activity(ies) Output(s) 

Individual 
packaging 

Single work item 
or unit of 
material. 

Insert single item into a 
container. 

Package containing 
single item. 

Multiple 
packaging 

Multiple work 
items or units of 
material. 

Insert multiple items into a 
single container. 

Package containing 
multiple items. 

Handling (all 
five types) 

Single work item 
OR unit of 
material. 

Manipulate or move item 
within a single work unit or 
storage area. 

Single work item OR 
unit of material. 

Buffering Single or multiple 
work piece(s) OR 
package(s). 

Hold work piece(s) or 
package(s) until some condition 
is met. 

Single or multiple 
work piece(s) OR 
package(s). 

Preserving Single or multiple 
work piece(s) OR 
package(s). 

Hold work piece(s) or 
package(s) until retrieved. 

Single or multiple 
work piece(s) OR 
package(s). 

Vehicular 
transporting 

Single or multiple 
work piece(s) OR 
package(s). 

Directed movement of work 
piece(s) or package(s) aboard a 
vehicle. 

Single or multiple 
work piece(s) OR 
package(s). 

Fixed 
installation 
transporting 

Single or multiple 
work piece(s) OR 
package(s). 

Ongoing, point-to-point 
movement of material or work 
pieces. 

Single or multiple 
work piece(s) OR 
package(s). 

 

Notably, only packaging operations transform the inputs into a different output. All other inventory 

operations involve activities that move, manipulate or hold items, without changing it in any way. 

Furthermore, the five types of handling operations are collapsed into a single entry in Table 19, 

because there was no discernible difference in terms of input, transformation and output. 

Table 20: Maintenance operations decomposed into input, activity and output. 

Operation type Input(s) Activity(ies) Output(s) 

Repairing Non-conforming 
asset. 

Restore capability of a failed 
asset to within its specification. 

Repaired asset 

Replacing Non-conforming 
asset AND 
replacement part. 

Exchange a component of an 
asset. 

Conforming asset 
AND replaced part. 

Servicing Conforming asset. Restore the capability of an asset 
to within specification.  

Serviced asset. 

Scheduled 
replacing 

Asset AND 
replacement part. 

Exchange a component of an 
asset at a pre-determined time. 

Asset AND replaced 
part. 

Condition 
monitoring 

Asset AND 
measurement 
equipment. 

Measure the condition of 
equipment. 

Asset AND 
measurement 
equipment. 

Sustaining Asset. Extend the expected life of an 
asset beyond its original 
expected useful life. 

Asset with 
extended life. 



 

116 

Upgrading Asset. Enhance the capability of an 
asset beyond its original 
maximum capability. 

Asset with 
enhanced 
capability. 

 

Maintenance operations are difficult to describe in terms of input, transformation and output, 

because of uncertainty regarding the activities involved. Most notably, the two modification 

operations, sustaining and upgrading, can involve multiple activities, perhaps even performed by 

multiple people. Comprehensive maintenance jobs may even be planned and managed as projects. 

Nevertheless, the inputs and outputs can be inferred from the descriptions in Table 16 and the 

transformation descriptions in Table 20 are not limited to single activities. 

Lastly, quality operations are also decomposed and shown in Table 21. Predictably, the input and 

output of each quality operation does not change, because these operations involve various 

verifications, rather than transformation of materials or products. 

Table 21: Quality operations decomposed into input, activity and output. 

Operation type Input(s) Activity(ies) Output(s) 

Process 
measuring 

Manufacturing 
process. 

Determine the value of a 
conformance or performance 
quantity of a process. 

Measured 
manufacturing 
process. 

Equipment 
calibration 

Equipment. Set or adjust a machine or tool 
according to product and production 
requirements. 

Calibrated 
equipment. 

Equipment 
inspection 

Equipment. Inspect equipment for conformity. Inspected 
equipment. 

Equipment 
testing 

Equipment. Test some aspect of the system or 
component. 

Tested 
equipment. 

Product 
inspection 

Product. Visual examination of a product. Inspected 
product. 

Product 
measuring 

Product. Determine the physical conformance 
of a material or product. 

Measured 
product. 

Product testing Product. Determine one or more performance 
quantities, of a product. 

Tested product. 

 

According to the BPMN2.0 standard (Object Management Group, 2014), a process is “depicted as a 

graph of flow elements, which are a set of activities, events, gateways, and sequence flow that adhere 

to a finite execution semantics.” The goal of this step of the research is to determine whether 

manufacturing operations can be expressed as a combination of those four flow elements: activities, 

events, gateways, and sequence flow. Based on the descriptions of manufacturing operations 

presented in Table 18, Table 19, Table 20 and Table 21, all concepts can be represented as a flow 

element. Therefore, it is concluded that BPMN2.0 is sufficiently complete for manufacturing 

operations. 

4.5 Manufacturing operations modelled with BPMN2.0 
The second metric to assess is the suitability of BPMN2.0 for manufacturing operations. To determine 

whether manufacturing operations can be represented as business process models, each operation 
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in the taxonomy, presented in Section 4.3, is modelled with BPMN2.0. This modelling effort results in 

a set of manufacturing process model fragments, presented in Section 4.5.1. The set of fragments is 

the practical contribution of this research as it can be used as a set of building blocks to model 

manufacturing processes. The combination of several fragments to model a process is illustrated in 

Section 4.5.2 and evaluated in Section 4.6.2. Notably, these process fragments are intended to give 

the correct execution behaviour, in addition to accurate representation of the process for 

understandability and communication purposes. 

4.5.1 Manufacturing process fragments 
The manufacturing process fragments are created by translating the concepts of manufacturing 

operations (see Section 4.4) into flow elements (activities, events, gateways and sequence flow). For 

example, the application of mechanical force during the forming operation is an activity performed 

by an assigned actor, whether human, machine or a combination of several actors. The arrival or 

availability of input material can be indicated as an event. The manufacturing process fragments are 

again presented according to the categories of manufacturing operations, starting with production 

operations in Table 22. 

Table 22: Process model fragments of production operations 

Casting and moulding 

Forming 

 

Material removal 
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Separating 

Permanent joining 

Mechanical fastening 

Heat treatment 

Cleaning 

Surface coatings 

Surface treatment 

 

It can be argued that the permanent joining operation requires joining material, analogous to the 

fragment for mechanical fastening. However, permanent joining is typically achieved with continuous 

or standardised material, such as adhesive or welding gas. Conversely, mechanical fastening often 

involves discrete parts, such as bolts and widgets. Thus, fastening material is shown as a distinct 

inflow, whereas joining material is assumed to be present at the work station. 
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A similar assumption is made with all four non-shaping operations, i.e. heat treatment, cleaning, 

surface coatings, surface treatment. These operations may require production consumables, such as 

coating materials, but it is assumed that such consumables will be abundantly available at the place 

of application. For example, coating operations are often performed by submerging a work piece in 

the coating material. In such a case, it does not make sense to model the coating material as an inflow. 

As a result, the four non-shaping operations can be represented with the same process model and are 

therefore listed as a single entry in Table 22. 

Inventory operations continues to be an interesting challenge. Several of the inventory operations 

fragments, most notably packaging and storing operations, require advanced process modelling 

constructs. Multiple packaging is modelled as a multi-instance task, providing the repetitive behaviour 

of inserting multiple items into a container. Buffering makes use of an intermediate event to place the 

process in a holding state until some predefined condition is met. Such a condition may be based on 

queuing logic or simply time duration. Preserving uses a similar hold function, but the trigger to 

continue processing is a signal or message instead. Table 23 shows the process fragments for 

inventory operations.  

Table 23: Process model fragments of inventory operations 

Individual packaging 

Unitizing 

Handling operations (all five variations)  
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Buffering 

Preservation 

Vehicular transporting  

Fixed installation transporting  

 

The process fragment for fixed installation transport is quite unique. It is the only fragment that 

necessitates time passage on a connecter, instead of an activity or event. It is modelled this way, 

because the transport operation is not assigned to, and therefore not performed by, an agent. For 

example, a conveyor belt that transports parts from one point to another is not assigned a task to 

perform the transportation. The belt simply rolls, carrying the parts with it. Time passage on a 

connector is not supported by BPMN2.0. As such, it is considered a deficiency regarding the suitability 

for manufacturing operations. 

The third category of operations, namely maintenance operations, are modelled as business processes 

and presented in Table 24. All seven maintenance operations can be modelled without difficulty, 

albeit not without uncertainty. The uncertainty is due to the extensible nature of maintenance work, 

especially work involving equipment modification. For example, the upgrading operation is modelled 

as a single task in Table 24, but upgrading a piece of equipment may involve several tasks, perhaps 

even performed by multiple people. Significant maintenance work is typically managed as a project, 

subject to planning of the tasks to be performed. The process fragments presented in Table 24 

represent single maintenance tasks that may be duplicated or combined for more significant 

maintenance jobs. 

Table 24: Process model fragments of maintenance operations 

Repairing 
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Replacing 

Servicing 

Scheduled replacing 

Condition monitoring 

Sustaining 

Upgrading 

 

Lastly, quality operations are also modelled as process fragments and presented in Table 25. The 

seven quality operations can be conveniently grouped into process, equipment and product related 

operations. These groupings allow us to use only three process fragments for quality operations. 

Equipment calibration, inspection and testing can be modelled as a single fragment and the same can 

be done for product inspection, measuring and testing. 

 

 

 

 

Table 25: Process model fragments of quality operations. 
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Process measuring 

Equipment calibration 

Equipment inspection 

Equipment testing 

Product inspection 

Product measuring 

Product testing 

 

Except for fixed installation transporting (see Table 23), all manufacturing operations can be 

accurately represented with BPMN2.0. Thus far, the analysis is confined to individual manufacturing 

tasks that must be used in conjunction to model real manufacturing processes. 

4.5.2 Design of manufacturing processes as a combination of process 
fragments 

The presented process fragments represent relatively small portions of an actual manufacturing 

process. Multiple fragments must be combined to design a practical process. For example, a sand-

casting process is centred around the pouring of liquid metal and allowing it to cool, but it also involves 

some inventory operations. Figure 78 shows a sand-casting process with some ancillary operations 

from (Groover, 2016). 

 

Figure 78: Sand casting process according to Groover (2016). 
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The manufacturing process fragments can be used to model the sand-casting process using BPMN2.0. 

The fragments are combined by stitching together the inflows and outflows according the process 

description. Figure 79 shows a model of a sand-casting process, as a combination of manufacturing 

process fragments with BPMN2.0. 

 

Figure 79: Sand casting process of Groover (2016) modelled as a combination of model fragments. 

The BPMN model shown in Figure 79 is certainly more complicated than the diagram shown in Figure 

78, but it also less ambiguous. In Figure 78 it is not clear whether all inflows to the pouring activity 

must be simultaneously active or only a single inflow can trigger the pouring activity. In Figure 79 this 

relationship is clarified by an AND-gateway, clearly indicating that mould and core must be ready, and 

the material must be melted, before pouring can commence.  

A realistic manufacturing process can thus be accurately represented with BPMN2.0, as a combination 

of model fragments. It can be concluded that BPMN2.0 is suitable to represent manufacturing 

operations, but the execution suitability will be assessed as part of the evaluation, in Section 4.6.2. 

4.6 Evaluation 
This research is extensively evaluated to emphasise the practical relevance. To give some structure, 

the evaluation is presented in three parts, corresponding to completeness, execution suitability and 

comprehension suitability. Completeness is assessed by modelling the complete end-to-end 

manufacturing processes of three factories, with the goal of identifying any operations that are not 

included in the taxonomy of manufacturing operations. For execution suitability, lower level processes 

of those factories are modelled and enacted, to demonstrate that the correct execution behaviour is 

achieved. Lastly, comprehension suitability is gauged by assessing the ease with which typical users 

understand the process models. 
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4.6.1 Completeness of the taxonomy of manufacturing operations and 
corresponding process fragments 

As a first safeguard, the completeness of the manufacturing operations taxonomy is evaluated at the 

three factories that participate in the HORSE Project. The complete end-to-end processes of the 

factories are considered as a set of manufacturing operations and matched to items in the taxonomy. 

The manufacturing process models of the three factories are already shown as part of the practical 

case analysis in Section 2.2 of Chapter 2. 

Every activity in all three factories can be matched to an item in the taxonomy of manufacturing 

operations. Although this evaluation does not prove completeness, it does improve confidence that 

the taxonomy is complete enough for practical purposes. 

4.6.2 Execution suitability of the manufacturing process models 
In this research, execution suitability is concerned with the usefulness of the models as process 

execution specifications. Simply stated, can the manufacturing process fragments be used to model 

and enact real-world manufacturing processes? The evaluation is done by modelling the processes of 

the three factories as a combination of the process fragments presented in section 4.5.1. The models 

are then used to enact the processes using the MPMS, as presented in Chapter 3 and realised in 

Chapter 7. Successful execution of the manufacturing processes, in commercial factories, is 

considered adequate evidence for practical use of the manufacturing process fragments to design 

manufacturing processes. 

Only the process model of case 3 (see Section 2.2.3 of Chapter 2) is included in this section, because 

the remaining two cases are used for further evaluation in Chapter 7. Confidential names are replaced 

by generic labels, but all other process details are shown as originally captured. Figure 80 shows the 

model for the final inspection and packaging of wiper system assemblies process, with indications of 

the different model fragments used to construct the model. Interestingly, this process requires 

collaboration by an industrial robot and camera system, to perform the task labelled ‘visual 

inspection’. Such low-level synchronisation can’t easily be controlled by a BPMS, because of slow 

response times. This issue is further explored in Chapter 7, where the MPMS is complemented with a 

control system dedicated to the synchronisation of agents. Evidence of the task execution is also 

provided in Chapter 7, verifying the capability of the MPMS to drive execution of real manufacturing 

processes. Nevertheless, this points to a general lower limit for the process management engine. 

Actions that require sub-second synchronisation can’t reliably be controlled by a BPMS. 
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Figure 80: Model for the wiper system inspection and packaging process, comprised of multiple 
process model fragments. 
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4.6.3 Comprehension suitability of the manufacturing process models 
Apart from obtaining correct process behaviour, process models are also used as an enabler of 

understanding and communicating. For this purpose, it is important that the model not only 

accurately represents the process, but that the model is also comprehensible for the intended 

audience. In the case of manufacturing operations processes, the intended audience is any party that 

is involved with process improvement or equipment installation. Notably, process participants are not 

necessarily considered as part of the intended audience, because factory workers will often undergo 

on-the-job training or at least perform tasks without detailed knowledge of the process model.  

Process models are not necessarily used as instruction or training material. Therefore, it is pertinent 

to evaluate the comprehension of people involved in process improvement and equipment 

installation, to determine whether a business process model is an accurate and understandable 

representation of a manufacturing process. 

Prat et al. (2014) recommends eight criteria for the evaluation of models: self-reported competence, 

completeness, simplicity, clarity, style, homomorphism (fidelity of a model to modelled phenomena), 

level of detail, and consistency. Completeness is treated comprehensively in this chapter (see sections 

4.4 and 4.6.1) and style is not important for a suitability assessment. The physics of notation 

advocated by Moody (2009) is intended to help creation of new notations, but it can also be used to 

evaluate an existing notation (Polderdijk et al., 2017). More importantly, Moody (2009) also provides 

clear descriptions of the criteria, helping to create a questionnaire. Table 26 shows the mapping of 

criteria of Prat et al. (2014) and Moody (2009), with descriptions. 

Table 26: Mapping of Prat et al. (2014) and Moody (2009) criteria. 

Prat et al., 2014 Moody, 2009  

Self-reported 
competence 

Expert-novice 
differences 

The competence level of the person using the 
notation. 

Simplicity Complexity 
Management 

The ability of a visual notation to represent 
information without overloading the human 
mind. 

Clarity Perceptual 
Discriminability 

The ease and accuracy with which graphical 
symbols can be differentiated from each other. 

Semantic Transparency The extent to which the meaning of a symbol can 
be inferred from its appearance. 

Homomorphism Semiotic Clarity One-to-one correspondence between symbols 
and their referent concepts. 

Level of detail Visual Expressiveness The number of visual variables used in a 
notation. 

Consistency Cognitive Integration Cognitive and perceptual integration of 
information from different diagrams. 

 

A form with ten questions and space for comments was from the descriptions in Table 26. The form 

was completed by 18 respondents from 11 different organisations. All 18 respondents were involved 

in the modelling of executable manufacturing processes. The 11 organisations included four 

manufacturing companies, four universities and three research organisations. 
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Figure 81: Results of homomorphism related questions. 

Figure 81 shows overwhelmingly positive results for homomorphism. The four questions assess the 

fidelity of a model to a modelled phenomenon and are directly based on the criteria advocated by 

Moody (2009). Similarly, Figure 82 shows highly positive results regarding model understandability. 

 

Figure 82: Questions and results related to model understandability. 

Fifteen respondents also added comments when completing the questionnaire. The comments 

reflected the general enthusiasm of the respondents, but a few cautionary entries were also recorded. 

In the interest of brevity, only a summary of the comments is discussed here. One respondent 

remarked that it's easy to create business models but difficult to create executable models, while 

another respondent appreciates the power of subprocesses to limit the number of elements on a 

diagram. Three respondents mentioned that BPMN is easy to learn, but also complained about a lack 

of good learning material. Two respondents found it difficult to distinguish manufacturing tasks from 

each other, because the same symbol is used for any task. It is especially difficult to see which tasks 

are performed by humans or machines. 

Most notably, three respondents found it difficult to relate to the notation, due to a lack of 

manufacturing specific symbols. They commented that the following concepts can’t easily be 

represented with BPMN: buffers, queues and flow of material. Although those concepts can be 

captured in a roundabout way, such techniques are not intuitive. 
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4.7 Findings 
The comments from the respondents in the comprehension suitability evaluation (Section 4.6.3) raise 

a few interesting topics. The mentioned notation deficiencies contradict the findings of the suitability 

assessment (see Section 4.5). The flow of physical material was found lacking in the suitability 

assessment (see the fixed installation transporting operation in Table 23), but the other two 

deficiencies (buffers and queues) were not identified. In fact, the buffering operation fragment in 

Table 23 explicitly makes use of the concept of queuing to release material according to a 

predetermined condition. Thus, the difference between the manufacturing process fragments and the 

experience of the respondents strengthens the argument that the notation is not intuitive for 

manufacturing processes. While all concepts can be represented with BPMN, some process fragments 

are rather obscure and difficult to understand. 

The comment regarding the development of executable models is also worth discussing. It is quite 

clearly more difficult to create executable models, considering the need to control the activities of 

humans, robots and machines. However, the expressiveness of BPMN helps with the complexity of 

manufacturing processes. For example, the repetitive nature of some manufacturing activities can be 

modelled as multi-instances, as is done for the multiple packaging operation, shown in Table 23. 

This approach to the modelling of manufacturing operations allows extensive flexibility and design 

freedom. All activities shown on a single view of the process do not have to represent similar levels of 

detail. For example, the “removal of sand mould” and “transport to storage area” activities shown in 

Figure 79 may represent different magnitudes of work. “Removal of sand mould” may have a 

complicated subprocess, while the transport activity is a singular action. This freedom makes it 

possible to use multiple instances at different levels of process aggregation to accurately capture the 

repetitive nature of certain manufacturing activities.  

The use of business process management in manufacturing operations will not replace current 

practices. Detailed scheduling and resource management will remain as important and expedient for 

the foreseeable future. The prospect is rather to add an additional perspective that can be used to 

view and manage the activities of the manufacturing system, independent of the location where those 

activities happen and who/what is involved in those activities. The additional perspective is 

contemplated in anticipation of the continued increase of complexity in factories (Ugarte et al., 2009). 

4.8 Chapter conclusion 
This chapter has two purposes: 1) to assesses the suitability of BPMN for the material processes, i.e. 

the manufacturing operations processes, and 2) to provide guidance on the use of BPMN to model 

executable manufacturing operations processes. The research is motivated by the promise of 

seamless cross-functional process management that can be achieved by using the same notation for 

business management and manufacturing operations processes. 

The suitability assessment is divided into two parts: 1) Determining whether manufacturing 

operations contain concepts that can’t be represented by the elements that BPMN2.0 is comprised 

of, and 2) Showing that manufacturing operations can be accurately represented as executable 

business process models, using BPMN2.0. Both assessments, corresponding to completeness and 

suitability as advocated by Hommes and Reijswoud (2000), rely on a notion of all manufacturing 
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operations. This notion is addressed by creating a taxonomy of manufacturing operations from various 

scholarly sources. The taxonomy itself is also evaluated for completeness, by checking the end-to-end 

manufacturing processes of three commercial factories. As such, the taxonomy of manufacturing 

operations is a contribution in its own right. A single list of manufacturing operations, with 

accompanying descriptions, can act as a frame of reference for further research endeavours. 

The more substantial contribution and second purpose of this chapter is the set of manufacturing 

process fragments, presented in section 4.5. These fragments can be used as building blocks to create 

executable process models. This capacity is demonstrated by modelling and enacting the processes of 

real-world manufacturing enterprises. This modelling effort also serves as completeness assessment, 

because no operations were identified that did not match an item in the taxonomy of manufacturing 

operations. 

In conclusion, BPMN was found to be at least partially suitable for manufacturing operations. The only 

definitive deficiency identified is related to the flow of material. More specifically, it is related to the 

time it takes for material to flow. If some physical items must flow from one location to another, 

between two manufacturing operations, BPMN is incapable of representing the time that elapses for 

the material to move. Apart from that definitive deficiency, some respondents of the evaluation 

questionnaire found the notation unintuitive for manufacturing processes, due to a lack of specific 

manufacturing symbols. The author of this thesis did not experience the same difficulty and concede 

that this discrepancy may well be due to a difference in familiarity. 

As a suitability assessment, this work is positioned as a stepping stone towards more research and 

practical implementation. The current assessment is limited to manufacturing operations, thus 

excluding other production types, such as continuous production. The same methodology can be 

performed for other domains related to manufacturing. More interestingly, the set of model 

fragments can be implemented as a dictionary of operations in a process modelling tool to help users 

design manufacturing process models. 
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Chapter 5 
5. DEFINITION OF MANUFACTURING RESOURCES 

A new class of industrial robots is emerging. These robots can sense their environments, adapt to a 

changing situation and perform a variety of tasks as needed. Several vendors already offer versatile 

robots, such as the Motoman HP20 that can perform any of the following operations with the 

appropriate end effector attached: Arc welding, assembly, cutting, dispensing, machine tending, part 

transfer, pressing, forming, material removal, picking and packing. As expected, scientific research is 

not lagging, with proposals for multi-limbed robots (Bandyopadhyay et al., 2018), path finding (Semini 

et al., 2015), extensible end-effectors (Homberg et al., 2015) or even a modular structure (Rus et al., 

2002) to improve the versatility of industrial robots. Furthermore, large international projects such as 

EUSmart and PIROS, both part of the Horizon 2020 programme of the European Commission, 

investigate complete work cells with versatile robotics (EuRoC, 2018). 

These new robots are not alone though. Humans are still prevalent on the factory floor and our 

numbers are not necessarily dwindling. The advent of wearable and augmented reality technologies 

can even enhance the already considerable capabilities of operators (Longo et al., 2017). Thus, it is 

not uncommon for a factory to be populated by an assortment of humans and versatile robots, 

possibly from multiple vendors. As the manufacturing activities adapt to changing customer 

expectations and new technological opportunities, the link between the activities and resources 

(human and automated workers) inevitably loosens. With enough change, or even entirely new 

activities, it becomes difficult to determine which resource, or set of resources, is best suited for the 

activity. This difficulty is driven to the extreme when the manufacturing system must also respond to 

fluctuating demand or produce a high mixture of products. The activities to be performed simply 

change too fast for traditional production planning and work allocation. 

It has been shown that improved resource allocation can lead to improved process performance 

(Macris et al., 2008). More specifically, it is suggested that resource characteristics can be used for 

advanced resource allocation (Vanderfeesten and Grefen, 2015). Although the potential benefit of 

more advanced resource allocation based on resource characteristics is generally accepted (Mejía and 

Montoya, 2010; Shen et al., 2003), guidance on the specification of resource characteristics is lacking. 

This chapter addresses this deficiency in the form of a step-by-step method to specify resource 

attributes. These attributes can then be used to select resources for activities, based on the 

requirements of the activity. Figure 83 shows the extension, from basic resource allocation based on 

role, to a more advanced mechanism making use of attributes in addition to role. Instead of selecting 

any resource with a certain role, additional information is queried to select a specific resource with 

that role. 
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Figure 83: Introduction of characteristics as additional criteria for resource allocation. 

This chapter is dedicated to the definition of resources and activities, for the purpose of resource 

allocation. Afterwards, Chapter 6 ventures into the resource allocation mechanism itself, showing how 

the definitions are used to select resources for tasks. 

5.1 Chapter outline 
This chapter starts with a short overview of related work, concluding that current research shows a 

need for improved guidance on the definition of resource characteristics. Section 5.3 starts to explore 

resource definition by first classifying the resources typically found in a manufacturing enterprise. This 

classification helps to establish which resources should be designated for allocation. Section 5.4 

presents a detailed analysis of the attributes that can be used to describe resources. Section 5.5 makes 

use of the same set of attributes to define task requirements. An intermediate step is performed in 

Section 5.6 to prepare the attributes for use in the method that brings together the resource 

attributes and task requirements to define resources and tasks, presented in Section 5.7. This method 

is implemented in the MPMS (see Chapter 3) in Section 5.8 and evaluated in Section 5.9. Lastly, the 

chapter is concluded with findings and a short discussion in section 5.10. 

5.2 Related work 
BPMSs lead process instances (also called cases) through the activities of a business process according 

to the process model, by coordinating the resources that execute those activities (Vanderfeesten and 

Grefen, 2015). In this context, a resource is any entity that is assigned to an activity, either alone or in 

conjunction with other resources, including humans, information systems and cyber-physical systems 

(such as robots and autonomous guided vehicles). Resources are requested at run-time to perform a 

work item, towards the objective of a specific activity for a specific process instance (Zur Muehlen, 

2004). 

Most contemporary BPMSs only consider availability and organizational information (such as role, 

department or position) of the resource during resource allocation (Russell et al., 2005). Even well-

established allocation principles, such as separation of duties and case handling, are not widely 

supported (Russell et al., 2005). Researchers have identified the need and benefit of more intelligent 

allocation based on more detailed and complementary resource information (Mejía and Montoya, 

2010; Shen et al., 2003), but only few studies elaborate on this. Resource allocation essentially consists 

of two parts: (1) design-time description of resources and activities such that it is possible to 

Advanced resource allocationBasic resource allocation
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determine which resource can perform an activity, and (2) the mechanism that makes use of the 

descriptions to allocate resources to activities during process run-time (Zeng and Zhao, 2005). This 

chapter is concerned with the first part (description of resources), while Chapter 6 presents a 

mechanism to allocate resources to activities. 

In addition to the standard organizational information (position, role, etc.), some manual techniques 

are used to describe resources, in terms of preferences (Cabanillas et al., 2013) and job experience 

(Kabicher-Fuchs and Rinderle-Ma, 2012). Similarly, approaches to describe task requirements (Ouyang 

et al., 2010) and constraints (Senkul and Toroslu, 2005) are also proposed. Kumar et al. (2013) present 

a model to capture compatibilities between resources to improve collaboration between resources in 

the same workflow. Oberweis and Schuster (2010) present a detailed meta-model for the description 

of resources and their competence, skills and knowledge. While all these studies present compelling 

arguments to extend resource description, the content of competence, skills, knowledge, etc. is left 

completely to the user to define. Cabanillas et al. (2012) provide a domain specific language called 

Resource Assignment Language as a complement to BPMN2.0. This language improves the 

expressiveness of resource description, enabling more advanced resource allocation, but the content 

is again left entirely open. 

To overcome the lack of guidance on resource description, several researchers turn to process mining 

to discover information about tasks and resources. Liu et al. (2008) show how an event log of manual 

assignment can be used to semi-automate subsequent assignment. Arias et al. (2016) extends the 

concept to allocate a resource to a block of interrelated activities. Huang et al. (2012) show how to 

measure resource behaviour in terms of four perspectives, i.e., preference, availability, competence 

and cooperation, based on process mining. The results of those measurements can then be used to 

improve resource allocation. Pika et al. (2017) expands the allocation criteria by extracting 

information about the skills, utilization, preferences, productivity, and collaboration patterns of 

resources from process event logs. Though process mining is used effectively, these studies are still 

focused on how to retrieve information, instead of what information to retrieve. 

More recently, Arias et al. (2017) offer a holistic overview of criteria that can be used in human 

resource allocation. Their taxonomy distinguishes between nine factors, including role and expertise. 

Although these factors are identified, the taxonomy provides no guidance on how it should be used 

to describe resources. For example, expertise is defined to include resource capabilities, 

competences, skills, and knowledge, but those sub-factors are not further elaborated. In fact, clear 

guidance on the specification of resources and tasks is strikingly absent throughout the literature. The 

research presented in this paper provides exactly such guidance in the form of a method to specify 

the abilities possessed by resources and required to perform activities. 

Russell et al. (2005) provide a comprehensive overview of resource management in BPM, by 

identifying common patterns in relation to the lifecycle stages of a work item. 39 workflow resource 

patterns are catalogued in five categories: creation, push, pull, detour and auto-start patterns. 

Creation patterns correspond to the “describing” part of resource allocation, while the remaining four 

categories correspond to the “allocation mechanism” part. Describing resources in terms of attributes, 

as presented in this chapter, aligns well to ‘Pattern 8: Capability-based allocation’ of the Russell et al. 

(2005) catalogue. This pattern is described as “the ability to offer or allocate instances of a task to 

resources based on specific capabilities that they possess.” They call for a dictionary of capabilities 
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with distinct names and a range of possible values. The method presented in this chapter includes 

such a dictionary and gives guidance on how to use it to define resources and activities. 

5.3 Classification of resources and activities 
The process aspect of the MPMS architecture, discussed in 3.3.3.1 of Chapter 3, provides an activity 

model (see Figure 65) that shows the sequence of states that activities and resources can occupy. 

Activities and resources are defined independently to maintain the separation of functional and 

physical aspects. Ultimately, it is established that active resources can be assigned to task instances. 

The task instance contains a work item instance that provides the assigned resource with execution 

instructions. The data aspect of the MPMS architecture, discussed in Section 3.3.4 of Chapter 3, goes 

further to show that two resource types can be distinguished based on the capacity to act 

independently (following the formal framework of agency of Luck and d’Inverno (1995)). A resource 

can either be an agent or an object. An agent is a resource, either human or automated, that can 

perform work on its own volition, i.e. not controlled or operated by another entity. Objects are tools, 

products or materials used by or manipulated during the execution of work. A subset of the data 

aspect model of the MPMS architecture is shown in Figure 84. 

 

Figure 84: Overview of the data aspect model of the MPMS. 

Agents are resources with goals, regardless of the source of those goals. Thus, an agent (such as a 

human, robot or autonomous guided vehicle) may be given goals, in the form of tasks instance 

assignments. The goal is to complete the task instance, by performing the work specified in the work 

item instance. A task instance may require multiple agents to collaborate though, forming a coalition 

or team. In this research, the coalition is treated as temporary and only exists for the duration of the 

task. A task instance may also require an agent to use an object, such as a spanner or drilling machine. 

Therefore, multiple resources, both agents and objects, may be required to perform a single task 

instance. 

The definition of agent also helps to establish the definition of task. A task instance is a set of actions 

assigned to an agent or coalition of agents. Consequently, the scope of a task instance is determined 
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by the agent or agents it can be assigned to. If two sequential activities must be performed by the 

same agent or coalition, those activities may be part of a single task, if no other factors cause 

separation. 

A short note on automated agents should be mentioned. As this research is specifically interested in 

the allocation of versatile agents, “robot” will be used to represent the type of automated agents that 

should be defined for allocation. Robot, in this sense, refers to automation technologies comprised of 

the following (Nof, 1999; Rus et al., 2002; Heyer, 2010): 

• Computing hardware and software actuators and sensors with at least three joints, usually 

with three or more degrees of freedom, allowing movement in two- or three-dimensional 

space. 

• Autonomy with some degree of intelligence for decision making, as set by the necessary 

degree of human intervention. 

• Adaptability for changes in circumstances in the operating environment. Although 

autonomy is still fairly limited now, robots will perform increasingly well in unstructured 

environments. 

• The possibility to be reconfigured, usually when the robot is not in operation, for a new task 

or environment. 

• The ability to cooperate with humans is increasingly important, as is cooperation with other 

machines (including other robots). 

Figure 84 also shows the content of Chapters 5 and 6. The current chapter is concerned with the 

creation of resource definitions and activity definitions. Most attention will be given to agent 

definitions and task definitions, because ultimately agents are assigned to tasks. However, the agent 

definitions will contain information on the use of objects. This chapter therefore presents a method 

to define agents and tasks, to enable allocation of agents to task instances. This method consists of a 

step-by-step guide and, more importantly, agent and task models that helps the user to determine 

information to specify and how to specify that information. The agent and task models are 

constructed from scientific literature and evaluated in practice. 

5.4 Agent attributes 
The eventual purpose of agent attribute specification is to enable allocation of agents to task 

instances, with the MPMS. The MPMS is based on existing BPMS technology, i.e., systems primarily 

used to coordinate the work performed by human agents in a business environment. The logical 

starting point for this research is therefore human attributes. A set of human attributes is established 

from scientific literature. Thereafter, a comparable set of robot attributes is established based on a 

comprehensive literature study. The robot attributes are investigated to identify any overlap and 

conflict with human attributes. Lastly, the human and robot attributes are combined to create a final 

list of attributes that can be used to define both humans and robots. This list is then presented as the 

agent attribute model that is used as part of the method to define agents and tasks (see section 5.7 

of this chapter). 

5.4.1 Human attributes 
The taxonomy of human resource allocation criteria of Arias et al. (2017) fits perfectly to the topic of 

this research, as it lists the criteria that can be considered when selecting humans to perform tasks. It 
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is also the only such study that can be found at the time of submitting this thesis. The taxonomy is the 

result of a recent systematic literature review of resource allocation in business process management. 

The taxonomy consists of 27 resource allocation criteria, with 23 criteria grouped into five categories 

and four ungrouped criteria. Figure 85 shows the taxonomy proposed by (Arias et al., 2017). 

 

Figure 85: Proposed taxonomy of human resource allocation criteria of Arias et al. (2017). 

The Arias et al. (2017) also provides a description, from the assessed literature, for each criterium in 

the taxonomy of human resource allocation. Although the taxonomy is not infallible, it is at least 

recent, and it is the only such study that could be found. Given the comprehensive results, it seems 

illogical to repeat the work in a new literature study. The 27 criteria and their descriptions are used as 

the starting point for a set of human attributes. 

5.4.1.1 Task specificity of human resource allocation criteria 
Some criteria reveal more about the nature of the task than the agents, such as the widely-adopted 

“role” attribute (Zeng and Zhao, 2005). The role that an agent must possess is often specified as a lane 

on the process model and is associated to the activities in that lane. This leads to tight coupling 

between the agents and tasks. If the set of tasks in the manufacturing system changes, the agent 

descriptions may have to be revised to account for the changes. For example, if a new task is 

introduced, to transport a bin from a work cell to a storage zone, a new “bin transport” role may be 

required. Thus, the agent descriptions may need revision to add the new role. 

The increased demand for mass customised products leads to a manufacturing system that must 

rapidly adjust and adapt to changing customer expectations. Consequently, the set of activities will 

change rapidly, enforcing the need for looser coupling between agents and tasks. Agent attributes 

should be defined independently of task requirements, as much as is reasonable. It shouldn’t be 

necessary to update agent attributes every time the set of activities are changed. Table 27 shows the 

analysis of the remaining nineteen criteria of the Arias et al. (2017) taxonomy, with the goal of 

determining which criteria are too task specific. 
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Table 27: Analysis of the criteria for human resource allocation of Arias et al. (2017) to determine 
which criteria can be considered task specific. 

Category Criterium Description Task 
specific? 

None Amount Number of resources required to perform the 
activity. 

Yes. 

Preference Resource preference for executing certain types of 
activities. 

No. 

Trustworthiness Notion of trust degree that a resource may have 
to execute activities. 

Yes. 

Experience Resource experience executing process activities 
(e.g., years). 

No. 

Expertise Cognitive 
attributes 

Cognitive characteristics a resource might possess, 
such as sentience, volition and causability. 

No. 

Expertise Resources capabilities, competences, skills, and 
knowledge. 

No. 

Functional 
attributes 

Resource behaviour characteristics (e.g., 
adaptability). 

No. 

Non-functional 
attributes 

Other attributes that may influence the 
performance of the resources (e.g., environmental 
factors and technical aids). 

No. 

Work variety Analyses similar and dissimilar tasks done by a 
resource in a day. 

No. 

Previous 
performance 

Cost Evaluates cost attributes such as resource total 
cost. 

No. 

Feedback Resources give their feedback to accept or refuse 
the work done by other resources. 

No. 

Quality Evaluates the satisfaction level of the executed 
process activities (e.g., customer satisfaction). 

Yes. 

Reputation Evaluates resource social standing within a 
resource network based on previous performance. 

No. 

Time Evaluates time attributes such as execution time. No. 

WF execution 
history 

Audit trails provided by workflow management 
systems. 

Yes. 

Role Authorizations Constraints regarding to a specific person or role 
to allocate, and authorization privileges. 

No. 

Location Resources has attributes to describe its location 
and the structure of activities that it can perform 
in a workflow. 

No. 

Organizational 
position 

Constraints regarding to a specific organizational 
position. 

No. 

Responsibilities Set of responsibilities on a resource to perform 
specific activities. 

No. 

Social 
context 

Collaboration Measures resource collaboration and cooperation. No. 

Compatibility Measures resource compatibility. No. 

Influence Degree of the influence that a resource has on 
some other resources. 

No. 
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Social position Resources form various social communities and 
take different social positions while participating 
in business processes. 

No. 

Workload Availability An existing resource is available, busy or not 
available. 

No. 

Occupancy Consider the actual idle level of a resource. 
consider how a resource is occupied executing 
activities. 

No. 

Workload The capacity of resources to perform specific 
activities is constrained. 

No. 

Work Schedule Refers to different types of work schedules (e.g., 
shift plan, part time or full time). 

No. 

 

It is not necessarily the ambition of this thesis to provide guidance for all the criteria identified in the 

taxonomy of Arias et al. (2017). Instead, the objective is to create a method that helps a user define 

the attributes possessed by agents and required by tasks. More importantly, the method guides the 

user to define agent attributes without any consideration of tasks that the agent might perform. With 

that in mind, four of the criteria can be considered too task specific: amount, trustworthiness, quality 

and WF execution history. WF execution history is a valuable source of resource performance 

information, but it only gives information on the execution of specific tasks. These four criteria are 

therefore declared out of scope for the method to define agents and tasks, presented in Section 5.7.  

5.4.1.2 Guidance on the use of human attributes 
Although the taxonomy of Arias et al. (2017) provides a good overview of selection criteria, it does 

not give any guidance of how the criteria should be used or what information should be provided for 

each criterium. The author of this thesis made every effort to retrieve such guidance from the 

scientific knowledge base, but to no avail. 

Research regarding the capacity of humans to perform work is available though. These studies are 

related to the expertise category of the Arias et al. (2017) taxonomy. The expertise category contains 

five criteria: Cognitive attributes, expertise, functional attributes, non-functional attributes, and work 

variety. Thus, the expertise category contains a criterium also named expertise. This expertise 

criterium is then defined as “resource capabilities, competences, skills, and knowledge.” This 

definition does precious little to clarify the criterium and, more concerningly, refers to four wildly 

different concepts in the definition. 

Skills are specific personal attributes that are largely dependent on learning and represent the product 

of training in particular tasks, i.e. they are practiced acts (Koschmider et al., 2011). Competences refer 

to combinations of knowledge, skills, abilities and other characteristics that are needed for effective 

performance in a wide range of jobs (Boyatzis, 1983; Campion et al., 2011). The starting point for 

developing competence models usually lies in the organizational goals and job outcomes, rather than 

the specific tasks to be carried out. Knowledge, in the context of performing work, is the awareness 

of or familiarity with something (Nerland and Karseth, 2015), making it specific to a subject or task. 

Capability is difficult to define, because it simply refers to the ability to do something. Ability is better 

defined in industrial psychology, as an enduring attribute of an individual’s capability to perform a 

range of different tasks (Carroll, 1993; Fleishman, 1982). For example, whereas ‘written expression’ is 



 

138 

an example of an ability, associated skills could be proficiency in LaTeX functionalities or using in-text 

citations. 

Abilities are more general than skills and knowledge, but more focused on the actual tasks than 

competences. Thus, a single set of abilities may be applicable to various activities or even different 

industries. Skills and knowledge are highly context specific and practically unlimited in number, 

impeding their universal applicability. Conversely, competences are not specific enough to support 

selection of resources for specific tasks. Additionally, abilities have the benefit that they exhibit 

stability over time, with only gradual improvement with exposure to development stimuli (Snow and 

Lohman, 1984). 

Various theories and taxonomies are used to describe abilities, mostly related to the cognitive area of 

human performance (Cattell and Horn, 1978; Guilford, 1956; Spearman, 1927; Thurstone, 1938). The 

Taxonomy of Human Abilities of Fleishman (Fleishman, 1975) stands out, as the most comprehensive 

taxonomy and its validity is established in various studies (Fleishman and Mumford, 1991). It consists 

of 52 abilities in four categories: cognitive (21), psychomotor (10), physical (9) and sensory (12) 

abilities. Cognitive abilities represent the general intellectual capacity of a person. Psychomotor 

abilities combine cognitive and physical traits dealing with issues of coordination, dexterity and 

reaction time. Physical abilities focus solely on the muscular traits of a person. Lastly, sensory abilities 

are the physical functions of  vision, hearing, touch, taste, smell and kinesthetic feedback (noticing 

changes in body position) (Fleishman and Reilly, 1992). Figure 86 shows the 52 human abilities 

grouped in the four categories. The list of abilities and their descriptions is included in Appendix B. 
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Figure 86: Extract of the taxonomy of human abilities (Fleishman, 1975), showing selected abilities 
in each of the four categories. 

The Taxonomy of Human Abilities is accompanied by a tool to determine the ability requirements of 

various jobs. The Fleishman Job Analysis Survey (F-JAS) guides experts to determine whether an ability 

is necessary for a job, how important an ability is for a the job, and on what level the ability is required 

(Fleishman and Reilly, 1995). This can be done for each of the 52 abilities present in the Taxonomy of 

Human Abilities. 

Figure 87 is an extract of F-JAS, showing the scale for a single ability chosen at random (i.e. the written 

comprehension scale as one of the 21 cognitive abilities). The specific ability and its description are 

shown at the top, followed by two scales: one to measure the importance of the ability (A) and the 

other to measure the required level of an ability (B). The importance of an ability is measured on a 5-

point Likert scale. By comparing an applicants’ abilities with the importance of a required ability, a 

recruiter can determine whether the applicant is suitable for a job. The level follows a 7-point Likert 

scale to indicate to what extent a certain ability must be possessed by an individual. Reference anchors 

are provided to help the user determine the required level. The full F-JAS is available in Appendix C. 

Human abilities

Cognitive abilities

Oral Comprehension

Written Comprehension

Oral Expression

Written Expression

Fluency of Ideas

Originality

Problem Sensitivity

Deductive Reasoning

Inductive Reasoning

Information Ordering

Category Flexibility

Mathematical Reasoning

Number Facility

Memorization

Speed of Closure

Flexibility of Closure

Perceptual Speed

Spatial Orientation

Visualization

Selective Attention

Time Sharing

Psyphomotor abilities

Arm-Hand Steadiness

Manual Dexterity

Finger Dexterity

Control Precision

Multilimb Coordination

Response Orientation

Rate Control

Reaction Time

Wrist-Finger Speed

Speed of Limb 
Movement

Physical abilities

Static Strength

Explosive Strength

Dynamic Strength

Trunk Strength

Stamina

Extent Flexibility

Dynamic Flexibility

Gross Body Coordination

Gross Body Equilibrium

Sensory abilities

Near Vision

Far Vision

Visual Color 
Discrimination

Night Vision

Peripheral Vision

Depth Perception

Glare Sensitivity

Hearing Sensitivity

Auditory Attention

Sound Localization

Speech Recognition

Speech Clarity
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Figure 87: Measurement scale for one of abilities of the taxonomy of human abilities, extracted 
from (Fleishman and Reilly, 1995). 

The taxonomy and accompanying rating scale are widely used in human performance studies (Kanfer 

and Ackerman, 1989; Stajkovic and Luthans, 1998) and it is the foundation of the Occupational 

Information Network (O*NET), the primary job description database of the United States (Peterson et 

al., 1999). The reliability and validity of the measurement scales and anchors are confirmed through 

several studies (Fleishman and Mumford, 1991). In this thesis, the use of the taxonomy and rating 

scale is used as part of the method to define agent and tasks. While this is not its original intention, it 

is indeed designed to describe humans in relation to work. 

5.4.1.3 List of human attributes 
The taxonomy of human abilities (Fleishman, 1975) serves as good guidance for the definition of the 

expertise attribute. In fact, many of the human abilities also address cognitive attributes. The expertise 

and cognitive attributes of the Arias et al. (2017) taxonomy are therefore merged and renamed as 

abilities. Excluding the cognitive attribute and the four task-specific attributes eliminated in Section 

5.4.1.1, leaves 22 attributes from the Arias et al. (2017) taxonomy. Those 22 attributes have no 

guidance that helps the user define humans and robots. Given the lack of guidance from the taxonomy 

or any other scientific literature, the author took the opportunity to clarify the criteria and state how 

it can be practically expressed, as shown in Table 28. It should be noted that the expressions given in 

column four of Table 28 are entirely based on the author’s opinion and knowledge. 

Table 28: Self-determined expressions for the remaining 22 human attributes. Author is unable to 
determine how to express five of the attributes, leaving 17 human attributes. 

Category Attribute Description Can be expressed as 

None Preference Resource preference for executing 
certain types of activities. 

List of task types that 
the agent prefers. 

Experience Resource experience executing 
process activities (e.g., years). 

Number of years. 

Expertise Abilities Enduring attributes of an agent’s 
capability to perform a range of 
different tasks. 

52 abilities rated on a 
scale of 1 to 7 (see 
Section 5.4.1.2) 
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Functional 
attributes 

Resource behaviour characteristics 
(e.g., adaptability). 

Unknown. 

Non-functional 
attributes 

Other attributes that may influence 
the performance of the resources 
(e.g., environmental factors and 
technical aids). 

Unknown. 

Work variety Analyses similar and dissimilar tasks 
done by a resource in a day. 

List of tasks 
performed during 
current operating 
cycle. 

Previous 
performance 

Cost Evaluates cost attributes such as 
resource total cost. 

A monetary unit per 
time unit. 

Feedback Resources give their feedback to 
accept or refuse the work done by 
other resources. 

Boolean, to accept or 
refuse. 

Reputation Evaluates resource social standing 
within a resource network based on 
previous performance. 

Unknown. 

Time Evaluates time attributes such as 
execution time. 

Estimated duration to 
complete a task. 

Role Authorizations Constraints regarding to a specific 
person or role to allocate, and 
authorization privileges. 

Special allowances, 
such as licenses or 
certificates. 

Location Resources has attributes to describe 
its location and the structure of 
activities that it can perform in a 
workflow. 

Location in the 
facility. 

Organizational 
position 

Constraints regarding to a specific 
organizational position. 

Identifier of a 
position in the 
organisation 
structure. 

Responsibilities Set of responsibilities on a resource 
to perform specific activities. 

List of 
responsibilities. 

Social 
context 

Collaboration Measures resource collaboration and 
cooperation. 

Boolean, whether the 
agent can collaborate 
with other agents. 

Compatibility Measures resource compatibility. List of objects that 
the agent can interact 
with. 

Influence Degree of the influence that a 
resource has on some other 
resources. 

Unknown. 

Social position Resources form various social 
communities and take different social 
positions while participating in 
business processes. 

Unknown. 

Workload Availability An existing resource is available, busy 
or not available. 

Resource status. 
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Occupancy Consider the actual idle level of a 
resource. consider how a resource is 
occupied executing activities. 

Ratio of busy to idle 
time. 

Workload The capacity of resources to perform 
specific activities is constrained. 

List of tasks in queue. 

Work Schedule Refers to different types of work 
schedules (e.g., shift plan, part time 
or full time). 

Duration that the 
agent is available. 

 

The author is unable to determine how the following five attributes can be used to determine whether 

an agent can perform a task: functional attributes, non-functional attributes, reputation, influence 

and social position. Those five attributes have no guidance one the type or format of information that 

should be captured for that human attribute. The five attributes will therefore be eliminated from 

further consideration. Nevertheless, seventeen of the remaining 22 attributes can be comprehended 

and interpreted from the descriptions provided in the taxonomy. These seventeen attributes will be 

considered for inclusion in the method to define agents and tasks for dynamic agent allocation. 

5.4.2 Robot attributes 
Predictably, no comprehensive taxonomy of robot selection criteria is available. This is not surprising 

given the novelty of versatile robots, human-robot collaboration, and certainly the use of BPM in 

manufacturing systems. Thus, a systematic literature review (SLR) is conducted to find the attributes 

used to describe robots. The SLR is followed by extensive refinement to eliminate the attributes that 

can’t be used for resource allocation. At the end of this section the set of attributes is presented as a 

model to describe robots. 

5.4.2.1 Identification of robot attributes 
The objective of the SLR is to find all attributes that can be used to describe the capability of robots 

to perform manufacturing activities. The research question is defined as the following: 

Which attributes can be used to select an industrial robot to perform a manufacturing task? 

Unfortunately, no research on the selection and assignment of robots in manufacturing processes 

could be found. It seems that robots are not commonly deployed to perform a variety of tasks, 

nullifying the need for task allocation. By abandoning the association to manufacturing processes or 

activities, more useful results emerge, albeit too many to process further. Further refinement was 

necessary to find a reasonable number of results. Table 29 shows how the search term was 

incrementally refined and the number of results with each refinement, as obtained from ScienceDirect 

and Scopus. These two databases are considered adequate for research pertaining to resource 

allocation in manufacturing. 

Table 29: Incremental refinement of the SLR search term. 

Search Term ScienceDirect Scopus 

Robot And Select* 1360 1878 

Robot And (Select* OR compar* OR Choose* OR chos*) 1611 1888 
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Robot And (Select* OR compar* OR Choose* OR chos* OR 
rank*) 

1746 1905 

Robot And (Select* OR compar* OR Choose* OR chos* OR 
Rank*) AND (criteri* OR attribute*) 

21 174 

Robot And (Select* OR compar* OR Choose* OR chos* OR 
Rank*) AND (criteri* OR attribute* OR Specification* OR 
Requirement* OR characteristic* OR Feature*) 

145 503 

 

Naturally, the final search term yielded many scholarly articles that could not be included for further 

investigation. The list of 648 articles was further abridged according to the following steps, as shown 

in Figure 88: 

1. Remove research published 15 years before the SLR was conducted (i.e. before 2003). Given 

the rapid pace of robot technology development, 15 years is considered enough time to get 

a good representation of robot attributes. 

2. Articles for which the full-text could not be accessed. 

3. Duplicates between the two databases. 

4. Relevance check: Based on the research title and abstract, removing items that are judged 

to be irrelevant to the research. 
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Figure 88: Progressive refinement of the SLR results. 

The snowballing action shown at towards the bottom of Figure 88 can be thought of as an insurance 

policy. The reference list of all articles in the shortlist are checked for any relevant research. 

503 Paper retrieved
145 papers 
Retrieved

123 papers 
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95 papers remaining
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Search term

Remove papers 
published before or 
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Remove papers 
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Remove papers 
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Term
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Remove not 
accessible papers

Remove not 
accessible papers

147 paper 
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Remove dublicates

Remove papers that 
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title 

Longlist of 84 
articles

Shortlist of 40 
articles

Remove papers that 
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Additionally, citations of the articles in the shortlist are also checked for relevance. Fortunately, this 

snowballing only revealed one additional article that was added to the shortlist. 

Ultimately, the SLR yielded 203 unique attributes. The full list of attributes is presented in Appendix 

D, showing the number of times an attribute was found in the literature. Attribute definitions and 

sources of definitions are also provided, if available. 

5.4.2.2 Robot attribute definitions 
127 of the 203 attributes found in the SLR are not defined, making them difficult to use as a descriptor 

of a robot’s capability to perform a task. The following actions are taken to improve the attribute 

definitions: 

1. Part twelve of Handbook of Industrial Robotics (Ceroni and Nof, 1999) is consulted to find 

attribute definitions. 

2. Three experts in the field of industrial robots, who collaborated in the HORSE Project, are 

consulted to define attributes that are not defined in the original literature. 

3. The same three experts are consulted to improve poor definitions. 

Part twelve of Handbook of Industrial Robotics (Ceroni and Nof, 1999) provides definitions of many 

terms commonly used with regard to industrial robotics. Table 30 shows the six attribute definitions 

that could be retrieved from the handbook. 

Table 30: Six robot attribute definitions retrieved from the Handbook of Industrial Robotics 
(Ceroni and Nof, 1999). 

Attribute Definition 

Autonomy The capability of an entity to create and control the execution of its own plans 
and/or strategies. For instance, in mobile robots the ability of the robot for 
determining the trajectory to reach a specific location or pose. 

Manipulator Mechanism, usually consisting of a series of segments, or links, jointed or sliding 
relative to one another, for grasping and moving objects, usually in several 
degrees of freedom. It is remotely controlled by a human (manual manipulator) 
or a computer (programmable manipulator). The term refers mainly to the 
mechanical aspect of a robot. 

Man-machine 
interface 

Same as user interface. The interface between the robot and the operator 
through devices such as a teach pendant or PC. It provides the operator with 
the means to create programs, jog the robot, teach positions, and diagnose 
problems. 

Path 
Measuring 
Systems 

A part of the mechanical construction of each axis which provides the position 
coordinate for the axis. Typically, for translational axes, potentiometers or 
ultrasound are used for path measuring systems. But for rotational axes, 
resolvers, absolute optical encoders, or incremental encoders are used. A path 
measuring system may be located directly on a robot axis or included with the 
drive system. 

Precision A general concept reflecting the robot’s accuracy, repeatability, and resolution. 

Resolution The smallest incremental motion which can be produced by the manipulator. 
Serves as one indication of the manipulator accuracy. Three factors determine 
the resolution: mechanical resolution, control resolution, and programming 
resolution. 
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121 attributes remain undefined, after the six definitions from the Handbook of Industrial Robotics 

(Ceroni and Nof, 1999) are counted. These 121 attributes were presented to three robotics experts 

who collaborated in the HORSE Project. Unfortunately, only twelve more attributes could be properly 

defined by these experts. Table 31 shows the twelve new attribute definitions. 

Table 31: Twelve robot attributes newly defined in consultation with robotics experts. 

Attribute Improved definition 

Adaptability Average duration to change the configuration of the robot to 
perform different operations or at different locations. 

Ambient Temperature Range of temperature within which the robot functions as expected. 

Communication 
Bandwidth 

Range of bandwidth on which the robot can communicate. 

Communication Range Range of the communication system of the robot. 

External state sensors The ability of the robot to detect externally perceivable effects that 
it has. 

Force Output Amount of force a robot can generate. 

Internal state sensors The ability of the robot to detect the current status of its internal 
operation. 

Productivity Number of actions that can be performed in a time unit. 

Rest Time Time required by the robot to reset between operations. 

Sensing Range Distance to recognise a predefined shape, image or event. 

Space Requirements Space needed for the robot to be able to function correctly. 

Working range of joints Combination of Degrees of Freedom and Reach. 

 

Many attribute definitions from original literature are vague and ambiguous. The author of this thesis 

took the opportunity to improve and clarify these definitions with the robotics experts. Table 32 shows 

the ten attribute definitions from original literature that were improved. 

Table 32: Ten attribute definitions from original literature improved in consultation with robotics 
experts. 

Attribute Original definition Improved definition 

Dexterity The dexterity of industrial robots, 
introduced here as C6, has many 
definitions in the literature. Mainly, 
it can be considered as the ability 
to change position and orientation 
of the end effector, between two 
different configurations of the 
robotic structure 

The ability to change position and 
orientation of the end effector, 
between two different configurations 
of the robotic structure. 

Material Of 
robot 

Material that the robot is covered 
with. 

What material does the outer surface 
of the robot consist of. 

Noise Delivery Noise output during operation. The maximum noise output of the 
robot during runtime. 

Operation Costs Cost for running the robot Total cost of running the robot. 

Operation Time Duration that the robot can 
operate continuously. 

Duration of continual operation 
without required rest. 
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Overload 
capacity of the 
robot 

Maximum capacity that the robot 
can lift. 

Load capacity beyond the 
recommended specification. 

Power 
Consumption 

How much power does the robot 
use 

Amount of electric energy consumed 
during operation. 

Programming 
Flexibility 

while programming flexibility refers 
to a robot’s ability to accept 
different programming codes. 

Programming flexibility refers to a 
robot’s ability to accept different 
programming codes. 

Recommended 
Operating 
Humidity 

Recommended humidity around 
the robot. 

Range of humidity within which the 
robot functions as expected. 

Velocity Is used as Maximum Tip Speed in 1. Maximum movement speed of the end 
effector. 

 

Table 33 shows the results of the attribute definition improvement exercise. 90 attributes now have 

definitions and 113 remain undefined. 

Table 33: Sources of attribute definitions in three groups. 

Attributes Number of 
attributes 

Attributes with definitions from original source 72 

Definitions added from the Handbook of Industrial Robotics. 6 

Definitions added by experts 12 

Defined attributes 90 

 

5.4.2.3 Reduction of attributes 
The next step is to review the set of attributes for consistency. In this regard, consistency is thought 

of as a lack of conflict, overlap and ambiguity. The following five criteria are used to exclude attributes 

that reduce the set consistency: 

1. If an attribute is a duplicate of another attribute. For instance, connection type is exactly the 

same as mounting position. 

2. If an attribute is a subset of another attribute and the excluded attribute is unnecessarily 

precise for task allocation. For instance, AC power consumption is a subset of power 

consumption. 

3. If an attribute is a superset of another attribute and the excluded attribute is unnecessarily 

abstract for resource allocation. For instance, external state sensors include slip and tactile 

sensors, but it states nothing about the function of the external state sensors. 

4. If an attribute is too abstract to use for resource allocation. For instance, usage of robot is 

too general and can’t conceivably be used to select a robot for a task. 

5. If an attribute is a component attribute of a robot, rather than an output attribute of the 

robot. Resource allocation is concerned with the function and performance of a robot, not 

with the way it is constructed or what it consists of. 

The five steps are performed with all 203 original attributes, whether defined or not. This is to ensure 

that attributes aren’t eliminated prematurely. Table 34 shows the number of excluded attributes for 
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each of the criteria. In total, 106 attributes are excluded, resulting in 75 remaining attributes. 

Appendix E lists the complete set of 106 attributes with the criteria applied to each. 

Table 34: Overview of attributes eliminated in the interest of set consistency 

Criteria Rule Number of attributes excluded 

1 Too abstract 11 

2 Subset of 58 

3 Duplicate of 15 

4 Superset of 9 

5 Component attribute 13 

 Total 106 

 

Unfortunately, 24 attributes still could not be defined, and their meanings can’t be inferred from the 

name alone. The following attributes are therefore excluded from further consideration: 

• Classification by control method 

• Classification by type of mechanism 

• Coordinate System 

• Defect prevention handling parts 

• DH parameters 

• Environmental Performance 

• Exposure to operator Unrest 

• Gripper Control 

• Inconsistency with infrastructure 

• Maintainability/regular maintenance 

• Manipulability measure 

• Means used for rotary to rotary motion conversion 

• Motion transformation from actuator to link 

• Natural Frequency 

• Scheduling Utilization 

• Sensing Distribution 

• Sensing Quantity 

• Sensitivity 

• Singularities present 

• Spline Interpolation 

• Stroke 

• Supporting Channel Partner's performance 

• Type of gear train used 

• User Support 

73 robot attributes remain and are defined. Table 35 provides a quick overview of the attributes 

eliminated up to this point in the analysis. 
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Table 35: Overview of attribute elimination because of consistency check and undefined 
attributes. 

Action Remaining attributes 

Add original 203 attributes from the SLR. 203 

Remove 106 attributes because of the consistency check. 97 

Remove 24 undefined attributes 73 

 

The 73 remaining robot attributes are shown in Table 36. These attributes are either defined or the 

meaning can be inferred from the attribute name. These 73 attributes will be used in the next step of 

the analysis. 

Table 36: Remaining 73 robot attributes that are either defined or the meaning can be inferred 
from the attribute name. 

Robot attribute Attribute definition 

Accuracy Accuracy is the measure of closeness between the robot end 
effectors and the target point, and can usually be defined as the 
distance between the target point and the center of all points to 
which the robot goes on repeated trials. 

Adaptability Average duration to change the configuration of the robot to perform 
different operations or at different locations. 

Ambient Temperature Range of temperature within which the robot functions as expected. 

Autonomy The capability of an entity to create and control the execution of its 
own plans and/or strategies. For instance, in mobile robots the ability 
of the robot for determining the trajectory to reach a specific location 
or pose. 

Communication 
Bandwidth 

Range of bandwidth on which the robot can communicate. 

Communication Range Range of the communication system of the robot. 

Compliance This is the measure of displacement of the end effector in response 
to force (or torque) applied to it. 

Computational Capacity  

Convenience of use  

Convertibility (design for 
functionality changes) 

How easy to change robot for different functionalities 

Customization product 
Delivery 

 

Degree of freedom A term used to describe a robot’s freedom of motion in three-
dimensional space, specifically the ability to move forward and 
backward, up and down, and to the left and to the right 

Degree of protection Degree of protection denotes the protection provided by an 
enclosure against access to hazardous parts, ingress of solid foreign 
objects and water. 

Delivery Time  

Dexterity The ability to change position and orientation of the end effector, 
between two different configurations of the robotic structure. 

Drive Systems Electric/Hydraulic 

Environmental Impact Impact that the robot has on its environment during operation. 
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Force Output Amount of force a robot can generate. 

Horizontal Reach Reach of the robot of the horizontal axis. 

Implementation easiness  

Internal state sensors The ability of the robot to detect the current status of its internal 
operation. 

Joint Orientations  

Joint Sequence  

Learning  

Life expectancy Duration which the robot is expected to maintain full performance. 

Load Capacity Load capacity is the maximum load that a manipulator can carry 
without affecting its performance. 

Maintenance Costs Cost for maintaining the robot 

Man-machine interface Same as user interface. The interface between the robot and the 
operator through devices such as a teach pendant or PC. It provides 
the operator with the means to create programs, jog the robot, teach 
positions, and diagnose problems. 

Material Of robot What material does the outer surface of the robot consist of. 

Maximum Tip Speed Maximum tip speed is the speed at which a robot can move in an 
inertial reference frame. 

Means used for rotary to 
linear motion conversion 

 

Memory Capacity Memory capacity of a robot is measured in terms of number of points 
or steps that it can store in its memory while traversing along a 
predefined path. 

Mounting Position Mounting position represents the ability of a robot to fasten it 
securely on a given surface during the working cycle, 

Noise Delivery The maximum noise output of the robot during runtime. 

Number of end effectors Number of tips that the robot can use to manipulate something. 

Number of in and output 
channels of the controller 

 

Operation Costs Total cost of running the robot. 

Operation Time Duration of continual operation without required rest. 

Overload capacity of the 
robot 

Load capacity beyond the recommended specification. 

Path Measuring Systems A part of the mechanical construction of each axis which provides the 
position coordinate for the axis. Typically, for translational axes, 
potentiometers or ultrasound are used for path measuring systems. 
But for rotational axes, resolvers, absolute optical encoders, or 
incremental encoders are used. A path measuring system may be 
located directly on a robot axis or included with the drive system. 

Power Consumption Amount of electric energy consumed during operation. 

Power Source 
Requirement 

Type of power delivery that the robot needs. 

Processor  

RAM  

Recommended Operating 
Humidity 

Range of humidity within which the robot functions as expected. 

Reliability Such as reliability can be expressed by Mean Time Between Failure 
(MTBF) or Mean Time To Repair (MTTR) 
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Repeatability Repeatability is the measure of the ability of a robot to return to the 
same position and orientation over and over again. 

Resolution The smallest incremental motion which can be produced by the 
manipulator. Serves as one indication of the manipulator accuracy. 
Three factors determine the resolution: mechanical resolution, 
control resolution, and programming resolution. 

Rest Time Time required by the robot to reset between operations. 

ROM  

Sensing Range Distance to recognise a predefined shape, image or event. 

Service  

Simplicity  

Slip Sensors Any slip sensors that the robot might have. 

Space Requirements Space needed for the robot to be able to function correctly. 

Stability This is the measure of absence of oscillations at termination of arm 
movement. 

Tactile Sensors Any tactile sensors that the robot might have. 

Terrain Traversability Terrain over which the robot can traverse. 

Training Delivery Period Delivery time of the training 

Type of Cables used  

Type of Control System The type of control system that the robot has. 

Type of end effectors Type of end effectors used. 

Type of flexible drive 
system used 

 

Type of Joints Type of joints that the robot has. 

Type of memory  

Type of Robot  

Vendor's Service 
(Contract) 

Vendor’s service quality refers to the level and variety of services 
offered by a robot vendor. 

Vendor's training  

Versions of robot 
Installations 

 

Vertical reach Vertical reach of the robot 

Warranty  

Weight of the Robot  

Wrist reach distance Maximum distance in which the end effector of the robot arm 
reaches in the work envelop 

 

5.4.2.4 Comparison to manufacturing operations 
The last step towards a single set of robot attributes is to check the attributes for usefulness. In this 

case, useful means that the attribute can be used to determine whether a robot can perform a 

manufacturing task. The attributes yielded by the systematic literature review were largely from robot 

acquisition studies, rather than deployment or utilisation studies. As such, the attributes are analysed 

as descriptors for manufacturing operations. The taxonomy of manufacturing operations established 

in Section 4.3 is used to eliminate robot attributes that can’t be used to describe the type of tasks that 

will feature in manufacturing processes. This analysis is performed conservatively, i.e. an attribute is 

only eliminated if it can certainly not be used to describe any manufacturing operation. The analysis 

is performed according to the following procedure: 
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1. Consider one of the manufacturing operations. It is important to make sure that the 

operation and corresponding actions are known and understood. Its description is used, 

complemented by any literature used in the development of the taxonomy of 

manufacturing operations. 

2. Answer the following two questions for each of the 73 attributes: 

a. Is this attribute of any importance to determine whether a robot can execute the 

task? 

b. Can the attribute be used to determine which of two robots can perform a task 

better? 

If both questions are answered with a ‘no’, the attribute is marked as not applicable 

for that manufacturing operation.  

3. Repeat step one and two for all remaining manufacturing operations. 

An example is discussed to make the procedure more relatable. Consider a hypothetical assembly 

operation. Three metal parts are permanently attached to form a product. Two attributes are 

deliberated to display the two possible results. Firstly, the material of robot attribute: it is difficult to 

conceive of any way that this attribute is important for the assembly operation. It is therefore marked 

as not applicable for the operation under consideration. The second attribute, precision, is clearly 

important for an assembly operation, considering the precise movements that may be required to 

attach parts to each other. Therefore, this attribute is marked as applicable for the manufacturing 

operation under consideration.  

The procedure is performed for all 73 attributes for each item in the taxonomy of manufacturing 

operations. The analysis results in 34 attributes that are used for at least one operation, while the 

remaining 39 attributes are never used. Table 37 shows the excluded attributes with their 

corresponding definitions. 

Table 37: 39 robot attributes and corresponding definitions excluded as a result of the comparison 
to manufacturing operations. 

Attribute Description 

Communication Bandwidth Range of bandwidth on which the robot can communicate 

Communication Range Range of the communication system of the robot 

Computational Capacity Capacity of the robot to make calculations. 

Convenience of use How easy to use? 

Convertibility (design for 
functionality changes) 

How easy to change robot for different functionalities 

Customization product 
delivery 

How customized the robot can be delivered 

Delivery Time Delivery Time of the robot 

Dexterity The ability to change position and orientation of the end 
effector, between two different configurations of the robotic 
structure. 

Drive Systems Electric/Hydraulic 

Implementation easiness How easy to implement the robot 

Internal state sensors The ability of the robot to detect the current status of its 
internal operation. 
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Attribute Description 

Joint Orientations Joints 

Joint Sequence Joints 

Learning Ability of the robot to learn from previous activity execution. 

Life expectancy Expected Life range 

Maintainability/regular 
maintenance 

Ease and cost of maintenance. 

Man-machine interface Same as user interface. The interface between the robot and the 
operator through devices such as a teach pendant or PC. It 
provides the operator with the means to create programs, jog 
the robot, teach positions, and diagnose problems. 

Means used for rotary to 
linear motion conversion 

Joints 

Memory Capacity Memory capacity of a robot is measured in terms of number of 
points or steps that it can store in its memory while traversing 
along a predefined path. 

Number of in and output 
channels of the controller 

Controller 

Path Measuring Systems A part of the mechanical construction of each axis which 
provides the position coordinate for the axis. Typically, for 
translational axes, potentiometers or ultrasound are used for 
path measuring systems. But for rotational axes, resolvers, 
absolute optical encoders, or incremental encoders are used. A 
path measuring system may be located directly on a robot axis 
or included with the drive system. 

Power Source Requirement The type of energy consumed by the robot. 

Processor Processor 

RAM RAM 

ROM ROM 

Service Service provided by producer 

Simplicity How easy is the robot 

Training Delivery Period Delivery time of the training 

Type of Cables used Types Of Cables 

Type of Control System Control System 

Type of flexible drive system 
used 

Drive system used 

Type of Joints Which Type of Joints used 

Type of memory Type of memory used 

Type of Robot Robot Type 

Vendor's Service (Contract) Vendor’s service quality refers to the level and variety of 
services offered by a robot vendor 

Vendor's training Training from producer 

Versions of robot Installations Version of software 

Warranty Warranty Period 

Weight of the Robot Weight of the Robot 

 

5.4.2.5 List of robot attributes 
With a list of 34 attributes that can be used to select robots for manufacturing tasks, the only 

remaining step is to determine how those attributes should be completed to enable task allocation. 
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Thus, a unit of measurement or similar descriptor is needed for the attributes to be defined clearly 

and consistently. 

For most attributes, the unit of measurement is obvious, widely adopted, or perhaps even formally 

standardised, e.g. noise delivery is measured in decibel (dB). However, two of the 34 attributes are 

particularly interesting in this respect. The first attribute, autonomy, denotes the level of 

independence of an agent to perform activities. Humans have full autonomy, because we have 

motivations, but robot or machine autonomy is not as easily measured. Beer, Fisk and Rogers (2014) 

propose a framework for levels of robot autonomy, ranging from manual to full autonomy. The 

framework is shown in Appendix G and is used as the unit of measurement for the autonomy attribute. 

The second attribute, degree of protection, denotes the fortification of sensitive parts against ingress 

of foreign objects and water. The International Electrotechnical Commission (2001) recommends 

using the IP-codes (Ingress Protection codes) to describe degree of protection. The code is composed 

of IP followed by two integers corresponding to predefined object sizes and water force. The tables 

for IP-code are shown in Appendix F. 

The final list of robot attributes is thus complete. A total of 34 attributes are included in the list as 

shown in Table 38, each with a definition and a unit of measurement. 

Table 38: Final list of 34 robot attributes, with descriptions and units of measurement. 

Robot attribute Description Unit 

Accuracy Accuracy is the measure of closeness between the robot 
end effectors and the target point, and can usually be 
defined as the distance between the target point and the 
center of all points to which the robot goes on repeated 
trials. 

mm 

Adaptability Average duration to change the configuration of the robot 
to perform different operations or at different locations. 

seconds 

Ambient 
temperature 

Range of temperature within which the robot functions as 
expected. 

Range (⁰C) 

Autonomy The capability of an entity to create and control the 
execution of its own plans and/or strategies. For instance, 
in mobile robots the ability of the robot for determining 
the trajectory to reach a specific location or pose. 

See appendix 
G. 

Compliance This is the measure of displacement of the end effector in 
response to force (or torque) applied to it. 

mm 

Degree of 
protection 

Degree of protection denotes the protection provided by 
an enclosure against access to hazardous parts, ingress of 
solid foreign objects and water. 

IP-Code. See 
Appendix F. 

Degrees of 
freedom 

A term used to describe a robot’s freedom of motion in 
three-dimensional space, specifically the ability to move 
forward and backward, up and down, and to the left and 
to the right. 

Integer 
(1≤degrees≤6) 

Environmental 
impact 

Impact that the robot has on its environment during 
operation. 

CO2/Day 

Force output Amount of force a robot can generate. Newton 

Horizontal reach Reach of the robot of the horizontal axis. mm 
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Load capacity Load capacity is the maximum load that a manipulator can 
carry without affecting its performance. 

kg 

Material of robot What material does the outer surface of the robot consist 
of. 

List of 
materials 

Maximum tip 
speed 

Maximum tip speed is the speed at which a robot can 
move in an inertial reference frame. 

mm/sec 

Mounting 
position 

Mounting position represents the ability of a robot to 
fasten it securely on a given surface during the working 
cycle, 

List of 
surfaces 

Noise delivery The maximum noise output of the robot during runtime. dB 

Number of end 
effectors 

Number of tips that the robot can use to manipulate 
something. 

Integer 

Operation cost Total cost of running the robot. Monetary 
unit per time 
unit. 

Operation time Duration of continual operation without required rest. seconds 

Overload capacity 
of the robot 

Load capacity beyond the recommended specification. kg 

Power 
consumption 

Amount of electric energy consumed during operation. kWh 

Recommended 
operating 
humidity 

Range of humidity within which the robot functions as 
expected. 

Range (%) 

Reliability Such as reliability can be expressed by Mean Time 
Between Failure (MTBF) or Mean Time To Repair (MTTR) 

MTTF/MTTR 

Repeatability Repeatability is the measure of the ability of a robot to 
return to the same position and orientation over and over 
again. 

mm 

Resolution The smallest incremental motion which can be produced 
by the manipulator. Serves as one indication of the 
manipulator accuracy. Three factors determine the 
resolution: mechanical resolution, control resolution, and 
programming resolution. 

mm 

Rest time Time required by the robot to reset between operations. seconds 

Sensing range Distance to recognise a predefined shape, image or event. mm 

Slip sensors Any slip sensors that the robot might have. Yes/No 

Space 
requirements 

Space needed for the robot to be able to function 
correctly. 

mm3 

Stability This is the measure of absence of oscillations at 
termination of arm movement. 

mm 

Tactile Sensors Any tactile sensors that the robot might have. Yes/No 

Terrain 
traversability 

Terrain over which the robot can traverse. List of terrain            

Type of end 
effectors 

Type of end effectors used by the robot. List of end 
effectors 

Vertical reach Vertical reach of the robot. mm 

Wrist reach 
distance 

Maximum distance in which the end effector of the robot 
arm reaches in the work envelope. 

mm 

 



 

156 

5.4.3 Common agent attributes 
The two sets of attributes must be merged to establish a single set of attributes that can be used to 

describe any agent in a manufacturing process, whether human or automated. The human attribute 

analysis yielded 17 attributes, as discussed in Section 5.4.1.3 and the robot attribute analysis yielded 

34 attributes, as discussed in Section 5.4.2.5. The two sets will invariably contain overlapping and 

conflicting items. 

The larger list of 34 robot attributes is used as the master list to compare the 17 human attributes. 

The comparison yields nine overlapping attributes. Table 39 lists the nine overlapping robot attributes 

and the comparable human attributes. 

Table 39: List of robot ten attributes that are comparable to human attributes and a decision of 
whether to keep the human or robot attribute. 

Robot attribute Comparable human attribute Human or robot 
attribute kept 

Accuracy Human ability: Control precision. Human 

Force output Human ability: Static strength. Human 

Load capacity Human ability: Trunk strength. Human 

Maximum tip 
speed 

Human ability: Wrist-finger speed. Human 

Operation cost Human attribute: Cost. Robot 

Operation time Human attribute: Time Robot 

Resolution Human ability: Finger dexterity. Human 

Sensing range Human ability: Far vision. Human 

Stability Human ability: Arm-hand steadiness. Human 

Type of end 
effectors 

Can be equated to the tools that a human can use. 
Comparable to the human attribute: Compatibility. 

Robot 

 

Of the 34 robot attributes, ten were found to be comparable to human attributes. Seven of those 

ten are comparable to abilities included in the Taxonomy of Human Abilities (Fleishman, 1975). In 

the final set of agent attributes, the corresponding human abilities will be kept, rather than the 

robot attributes, to keep the Fleishman taxonomy consistent and complete. For the remaining three 

robot attributes that can be compared to human attributes, namely operation cost, operation time 

and type of end effectors, the robot attribute will be kept, because it has a definition. 

Table 40: Calculation of the eventual number of agent attributes. 

Change Justification for change Attributes remaining 

34 robot attributes 
added 

All robot attributes that are defined. 34 robot attributes 

7 robot attributes 
eliminated 

Comparable human abilities kept. 27 robot attributes 

17 human attributes 
added 

All human attributes. 44 agent attributes 

3 human attributes 
eliminated. 

Human attributes compatibility and cost 
overlap with robot attributes. 

41 agent attributes 
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As a quick note, the names of the cost and time attributes are found to be too abstract. Cost can refer 

to many different types of cost, such as operating cost, acquisition cost, maintenance cost, etc. For 

the purposes of resource allocation, the cost of assigning the agent is important. Therefore, the 

attribute is renamed to operating cost. A similar action is performed for the time attribute. Table 41 

shows the two name changes. 

Table 41: Two attribute names changed to better reflect their nature. 

Human attribute Robot attribute Final attribute name 

Cost Operation costs Operating cost 

Time Operating time Operating time 

 

Some of the attribute definitions are also rather unwieldy. These definitions are improved, based on 

the author’s understanding of the attributes, to better reflect the purpose of agent allocation. Table 

42 shows the eleven improved attribute definitions. 

Table 42: Attribute definition improvements to make more sense as attributes for agent 
allocation. 

Attribute Original definition Improved definition 

Authorization Constraints regarding to a 
specific person or role to 
allocate, and authorization 
privileges. 

Special allowances, such as licenses or 
certificates. 

Availability An existing resource is available, 
busy or not available. 

Whether the agent is available to be 
assigned to a task. 

Collaboration Measures resource collaboration 
and cooperation. 

Whether the agent can collaborate with 
other agents. 

Experience Resource experience executing 
process activities (e.g., years). 

Amount of time that an agent has spent 
performing a certain type of activity. 

Location Resources has attributes to 
describe its location and the 
structure of activities that it can 
perform in a workflow. 

Current location in the facility or locations 
that the agent has access to. 

Occupancy Consider the actual idle level of a 
resource. Consider how a 
resource is occupied executing 
activities. 

Ratio of busy to idle time. 

Operating 
time 

Evaluates time attributes such as 
execution time. 

Duration of continual operation without 
required rest. 

Organizational 
position 

Constraints regarding to a 
specific organizational position. 

The position in the organisation structure 
held by the agent. 

Work 
schedule 

Refers to different types of work 
schedules (e.g., shift plan, part 
time or full time). 

Duration that the agent is still available for 
future tasks. 

Work variety Analyses similar and dissimilar 
tasks done by a resource in a day. 

List of tasks performed during current 
operating cycle. 
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Workload The capacity of resources to 
perform specific activities is 
constrained. 

List of tasks in the agent’s queue. 

 

Finally, the complete list of agent attributes can be compiled. The agent attributes are grouped to 

make the set more digestible. The functional and non-functional attributes from the original Arias et 

al. (2017) taxonomy are repurposed as attribute categories. Table 43 shows the final list of 41 agent 

attributes that can be used to define agents for allocation to tasks. 

Table 43: Final list of 41 agent attributes for resource allocation, in alphabetical order. 

Attribute Description Unit of 
measurement 

Abilities Enduring attributes of an agent’s capability to perform a 
range of different tasks. 

52 ability levels 
(1≤ability≤7) 

Authorization Special allowances, such as licenses or certificates. Textual. 

Availability Whether the agent is available to be assigned to a task. Boolean. 

Collaboration Whether the agent can collaborate with other agents. List of agents. 

Experience Amount of time that an agent has spent performing a 
certain type of activity. 

Number of 
years. 

Feedback Resources give their feedback to accept or refuse the work 
done by other resources. 

Boolean, to 
accept or 
refuse. 

Functional 
attributes 

Adaptability Average duration to change the 
configuration of the robot to perform 
different operations or at different 
locations. 

seconds 

Autonomy The capability of an entity to create and 
control the execution of its own plans 
and/or strategies. For instance, in 
mobile robots the ability of the robot for 
determining the trajectory to reach a 
specific location or pose. 

See appendix G. 

Compliance This is the measure of displacement of 
the end effector in response to force (or 
torque) applied to it. 

mm 

Degrees of 
freedom 

A term used to describe an agent’s 
freedom of motion in three-dimensional 
space, specifically the ability to move 
forward and backward, up and down, 
and to the left and to the right. 

Integer 
(1≤degrees≤6) 

Degree of 
protection 

Degree of protection denotes the 
protection provided by an enclosure 
against access to hazardous parts, 
ingress of solid foreign objects and 
water. 

IP-Code. See 
Appendix F. 

Horizontal 
reach 

Reach of the agent of the horizontal 
axis. 

mm 
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Number of 
end effectors 

Number of tips that the agent can use to 
manipulate something. 

Integer 

Overload 
capacity of the 
robot 

Load capacity beyond the recommended 
specification. 

kg 

Reliability Such as reliability can be expressed by 
Mean Time Between Failure (MTBF) or 
Mean Time to Repair (MTTR). 

MTTF/MTTR 

Repeatability Repeatability is the measure of the 
ability of an agent to return to the same 
position and orientation over and over 
again. 

mm 

Rest time Time required by the robot to reset 
between operations. 

seconds 

Slip sensors Any slip sensors that the agent might 
have. 

Yes/No 

Tactile Sensors Any tactile sensors that the agent might 
have. 

Yes/No 

Terrain 
traversability 

Terrain over which the agent can 
traverse. 

List of terrain 

Type of end 
effectors 

Type of end effectors used. List of end 
effectors 

Vertical reach Vertical reach of the agent. Mm 

Wrist reach 
distance 

Maximum distance in which the end 
effector of the agent reaches in the 
work envelope. 

Mm 

Location Current location in the facility or locations that the agent 
has access to. 

List of locations 

Non-functional 
attributes 

Ambient 
temperature 

Range of temperature within which the 
agent functions as expected. 

Range (⁰C) 

Environmental 
impact 

Impact that the agent has on its 
environment during operation. 

CO2/Day 

Material of 
robot 

What material does the outer surface of 
the agent consist of. 

List of materials 

Mounting 
position 

Mounting position represents the ability 
of an agent to fasten securely on a given 
surface during the working cycle. 

List of surfaces 

Noise delivery The maximum noise output of the agent 
during runtime. 

dB 

Operation cost Total cost of running the agent. Monetary unit 
per time unit. 

Operation 
time 

Duration of continual operation without 
required rest. 

seconds 

Power 
consumption 

Amount of electric energy consumed 
during operation. 

kWh 

Recommended 
operating 
humidity 

Range of humidity within which the 
agent functions as expected. 

Range (%) 

Space 
requirements 

Space needed for the agent to be able to 
function correctly. 

mm3 
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Occupancy Ratio of busy to idle time. Ratio 

Organizational 
position 

The position in the organisation structure held by the 
agent. 

Position name. 

Preference Resource preference for executing certain types of 
activities. 

List of task 
types that the 
agent prefers. 

Responsibilities Set of responsibilities on a resource to perform specific 
activities. 

List of 
responsibilities. 

Work schedule Duration that the agent is still available for future tasks. Seconds 

Work variety List of tasks performed during current operating cycle. List of tasks. 

Workload List of tasks in the agent’s queue. List of tasks. 

 

5.5 Task requirements  
The method presented in this chapter guides a user to define both agent attributes and task 

requirements. A comprehensive analysis is performed in Section 5.4 to establish the list of agent 

attributes, and this section uses that same set of attributes as task requirements. Although the same 

set of attributes is used, task requirements are expressed differently to attributes possessed by 

agents. Table 44 lists the twelve attributes that can’t be used to specify a task requirement and the 

reasons for the exclusion from the list of task attributes. 

Table 44: Twelve agent attributes that can't be expressed as task requirements, with reasons 
given. 

Agent attribute not applicable 
as a task requirement 

Reason for exclusion 

Availability 
Adaptability 
Overload capacity of the robot 
Reliability 
Rest time 
Operating cost 
Occupancy 
Preference 
Work variety 
Workload 

Can’t be expressed as a task requirement. 

Experience Simply measures a time duration. If that experience gives an 
agent additional allowances, those must be specified as 
authorizations. 

Work schedule The work schedule of an agent must allow an agent to be 
available for the duration of the task. Duration of the task is 
captured in the operating time attribute. 

 

With twelve attributes eliminated, 29 attributes remain that can be used to specify task 

requirements. Table 45 lists the 29 attributes and updated definitions to reflect their use as task 

requirement attributes. 
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Table 45: List of 29 attributes that can be used to specify task requirements. 

Attribute Description Unit of 
measurement 

Abilities Abilities that must be possessed to perform the task. 52 ability levels 
(1≤ability≤7) 

Authorization Special allowances, such as licenses or certificates. Textual 

Collaboration Whether collaboration is needed to perform the task. Yes/No 

Feedback Whether feedback is required to perform the task. Boolean 

Functional 
attributes 

Autonomy The capability required by an entity to 
create and control the execution of its 
own plans and/or strategies. 

See appendix G. 

Compliance The required measure of displacement 
of the end effector in response to force 
(or torque) applied to it. 

mm 

Degrees of 
freedom 

The required freedom of motion in 
three-dimensional space, specifically the 
ability to move forward and backward, 
up and down, and to the left and to the 
right. 

Integer 
(1≤degrees≤6) 

Degree of 
protection 

Required protection provided by an 
enclosure against access to hazardous 
parts, ingress of solid foreign objects 
and water. 

IP-Code. See 
Appendix F. 

Horizontal 
reach 

Required reach of the agent of the 
horizontal axis. 

mm 

Number of 
end effectors 

Required number of tips that the agent 
can use to manipulate something. 

Integer 

Repeatability Required ability of an agent to return to 
the same position and orientation over 
and over again. 

mm 

Slip sensors Any slip sensors that the agent might 
require. 

Yes/No 

Tactile Sensors Any tactile sensors that the agent might 
require. 

Yes/No 

Terrain 
traversability 

Terrain over which the agent must 
traverse to perform the task. 

List of terrain 

Type of end 
effectors 

Type of end effectors required to 
perform the task. 

List of end 
effectors 

Vertical reach Required vertical reach of the agent. Mm 

Wrist reach 
distance 

Required distance in which the end 
effector of the agent reaches in the 
work envelope. 

Mm 

Location Location that the task must be performed. Location 
identifier 

Non-functional 
attributes 

Ambient 
temperature 

Range of temperature within which the 
agent must function to perform the 
task. 

Range (⁰C) 
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Environmental 
impact 

Maximum allowed impact that the agent 
may have on its environment during 
task execution. 

CO2/Day 

Material of 
robot 

The material that the outer surface of 
the agent must consist of to perform the 
task. 

List of materials 

Mounting 
position 

The required ability of an agent to 
fasten securely on a given surface during 
the working cycle. 

List of surfaces 

Noise delivery The maximum noise output allowed of 
the agent during runtime. 

dB 

Operation 
time 

Estimated task duration seconds 

Power 
consumption 

Maximum amount of electric energy 
that may be consumed during 
operation. 

kWh 

Recommended 
operating 
humidity 

Range of humidity within which the 
agent must function to perform the 
task. 

Range (%) 

Space 
requirements 

Space available for the agent to perform 
the task. 

mm3 

Organizational 
position 

The position in the organisation structure that must be 
held by the agent. 

Position name. 

Responsibilities Set of responsibilities that an agent must have to perform 
the task. 

List of 
responsibilities. 

 

Activities are combined to produce a product or set of products. As such, the nature of the product to 

be produced may have implications on the activities. These implications are typically encoded in the 

production order and product requirements. In small batch or discrete manufacturing systems these 

implications are even more important, due to the potential variation between subsequent production 

runs. 

In BPM terminology, a single instance of a process is called a case. Thus, any additional requirements 

imposed by the production order or product itself can be thought of as case requirements. As with 

task requirements, production orders and products are too diverse to define a uniform set of 

attributes that can be used to specify case requirements. It is therefore advisable to specify case 

requirements in terms of agent attributes, where possible. For example, the product mass may differ 

wildly for two production runs. The difference in mass can be expressed as a requirement to lift, carry 

or manipulate a certain mass, instead of simply specifying the product mass. This is only applicable to 

case requirements used for task allocation. Clearly, the production order and product requirements 

will contain additional information that is not necessary for task allocation. 

5.6 Tailoring the lists of agent and task attributes 
The list of agent and task attributes, as presented in Sections 5.4 and 5.5, respectively, entail 

significant work when used to define agents and tasks. Agents can be defined in terms of 41 different 

attributes, of which one, abilities, involves gauging the 52 ability levels of an agent. Similarly, tasks are 

requirements are defined in terms of 29 attributes, also including the 52 abilities. 
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The lists of agent and task attributes are certainly comprehensive but can never claim absolute 

completeness. All manufacturing systems and processes are unique, to some extent, and may require 

additional attributes to be defined. Similarly, some of the attributes may not be necessary to 

accurately represent the agents and tasks in a specific factory. The agent and task attributes are, 

therefore, extensible. In fact, it is encouraged that the lists are tailored to make them more 

representative and perhaps reduce the effort involved in agent and task definition. 

The author of this thesis decided to tailor the lists of attributes to fit the rest of the research better. 

The attributes are used as part of the method to define agents and tasks, discussed in Section 5.7. 

Furthermore, the output generated by the method is used in the agent allocation algorithm presented 

in Chapter 6. Therefore, the agent and task definitions created when performing the method should 

be compatible with the resource allocation mechanism they are intended for. The following steps are 

taken to reduce the effort involved in agent and task definition: 

1. The dynamism of attributes is considered, to determine whether an attribute is used during 

design-time or run-time. 

2. Changing the lists to better fit the method that the attributes are intended for. 

3. Identification of agent attributes that will always have a default value for humans, under 

ordinary circumstances. 

5.6.1 Dynamism of attributes 
The agent attributes established in Section 5.4.3 come from a variety of sources and are therefore 

updated at differing frequencies. For example, abilities improve relatively slowly with experience, 

coaching and studying, while availability may change rapidly as tasks are assigned and completed. 

Table 46 shows the 41 human attributes from Table 43 placed on relative time-scales. These 

placements are not meant to be infallible, but rather to give an indication of how the attributes 

compare to each other. Frequently updated can be interpreted as ‘at least once per day’, while 

infrequently refers to longer time spans. 

Table 46: Relative frequency at which different attributes are updated. 

Frequently updated Infrequently updated 

Availability 
Location 
Occupancy 
Work schedule 
Work variety 
Workload 

Abilities 
Adaptability 
Ambient temperature 
Authorization 
Autonomy 
Collaboration 
Compatibility 
Compliance 
Degrees of freedom 
Degree of protection 
Environmental impact 
Experience 
Feedback 
Horizontal reach 
Material of robot 
Mounting position 
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Noise delivery 
Number of end effectors 
Operation cost 
Operation time 
Organizational position 
Overload capacity of the robot 
Preference 
Power consumption 
Recommended operating humidity 
Reliability 
Repeatability 
Responsibilities 
Rest time 
Slip sensors 
Space requirements 
Tactile Sensors 
Terrain traversability 
Type of end effectors 
Vertical reach 
Wrist reach distance 
Operating cost 

6 35 

 

The significance of the different time-scales is indicative of when the attribute values are determined 

for a particular agent, and more importantly, how much effort can be spent defining those attributes. 

It is easier to justify the effort involved in the definition of attributes that remain stable over time and 

change infrequently. Conversely, attributes that change frequently should be easy to define or, ideally, 

automatically captured by devices or information systems. 

This comparative analysis does not disqualify any of the attributes, but rather eludes to the subset of 

attributes that should be included in the method to define agents and tasks. As the method requires 

significant effort, only the stable attributes (the grouping labelled ‘infrequently’ in Table 46) are 

included. The six attributes that require frequent updates should be captured automatically and are, 

therefore, not included in the forms to define agents and tasks, included in Appendices H and I, 

respectively. For example, the current location of an agent can be tracked and recorded in real time, 

using global positioning or radio frequency systems. 

5.6.2 Attribute changes 
A design decision was made by the author of this thesis, as part of the tailoring exercise, to consider 

humans and robots completely equally. For this reason, the following attributes are found to be 

difficult to apply to either humans or robots and are removed from the list: 

• Collaboration 

• Experience 

• Feedback 

• Compliance 

• Overload capacity of the robot 
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• Reliability 

• Repeatability 

• Slip sensors 

• Tactile Sensors 

• Material of robot 

• Noise delivery 

• Power consumption 

• Organizational position 

• Preference 

• Responsibilities 

With these fifteen attributes removed, the remaining 36 attributes are featured in the forms to define 

agents and tasks. The forms are included in Appendices H and I. 

Two of the attributes are also changed slightly, to better reflect the method to define agents and 

tasks. Location is renamed to tenancy, to allow the user to specify all the locations that the agent has 

access to. The current location of an agent should be tracked automatically, if possible. Secondly, 

environmental impact is changed to air pollution, to clarify the attribute’s meaning. 

5.6.3 Default attribute values for humans 
As an interesting observation, seven of the agent attributes will always have the same value for human 

agents, barring extraordinary circumstances. For example, the autonomy attribute will always have a 

value of full autonomy, unless the human is impeded by a mental disability. Nevertheless, these 

attributes are kept in the set of agent attributes.  Table 39 lists the 34 robot attributes compared to 

human attributes. 

Agent attribute Comment 

Autonomy Always set to “full autonomy” for humans. 

Degree of protection Should be set to IP44 for humans. 

Degrees of freedom Six degrees of freedom for humans, unless a disability is present. 

Environmental impact Difficult to measure for humans. Can be set to zero for humans, 
unless company policy specifies a different value. 

Mounting position Will always be set to “ground” for humans. 

Number of end effectors Humans generally have two hands. 

Power consumption Can be set to zero for humans, except when operating machines or 
using tools. 

Terrain traversability Humans can traverse any relevant terrain, unless a disability is 
present. 

 

5.7 Method to define agents and tasks 
With the models for agent attributes and task requirements established, a method is needed to make 

use of those models. The method takes a two-sided approach, corresponding to the specification of 

agents and tasks. Figure 89 shows a graphical depiction of method, with three steps each for agents 

and tasks. Four data tables are also shown, signifying the storage of the agent and task specifications. 

The steps and data tables are explained in detail in sections 5.7.2 and 5.7.1, for agents and tasks 

respectively. 
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Figure 89: Depiction of the method to specify tasks and agents in terms of attributes. 

In the interest of clarity, the following nomenclature is used purposefully: steps, tasks, user and agent. 

The method is comprised of steps performed by the user. The output of the method are specifications 

of tasks and agents. 

5.7.1 Definition of resources 
The specification of agents follows three steps: designating agents for task allocation, describing those 

agents, and determining the value for each attribute of the agent. 

Step A1: Identify agent(s) for task allocation. Not all resources in an organization will benefit from 

run-time task allocation. Only resources that can perform various tasks should be designated for 

specification. Such resources are invariably agents, following the distinction between agents and 

objects presented in section 5.3, because tasks can only be assigned to agents. Selecting an agent 

implies that the user must be able to determine which attributes are possessed by the agent. Given 

the variety of human competences and industrial technologies, specification of agents may require 

different experts. 

Step A2: Describe the agent. For each agent designated for allocation in step A1, the user completes 

section 1 of the agent specification form (see Appendix H). The user provides additional information 

regarding the agent, including agent type, the enterprise that employs or utilises the agent, and a 

short textual description of the agent.  

Step A3: Specify the attributes of the agent. The user completes section 2 of the agent specification 

form (see Appendix H). This step requires substantial effort and knowledge of the agent under 

consideration. Counsel from someone with such knowledge is recommended if not possessed by the 

user. 

5.7.2 Definition of tasks 
The specification of tasks also involves three steps: designating tasks for allocation, describing those 

tasks, and lastly determining the value for each requirement of the task. 

A1: Identify 
agent(s) for 
allocation

A2: Describe the 
agent

A3: Determine 
the value of 

each attribute

T1: Identify 
task(s) which 

require 
allocation

T2: Describe the 
task

T3: Determine 
the required 

value for each 
attribute

Start End

Performed for each 
agent available for run-
time allocation

Performed for each 
attribute possessed by 
an agent

Performed for each 
task that requires run-
time allocation

Performed for each 
attribute required to 
perform the task

Agent
data table

Task
data table

Agent-related
data tables

Task-related
data tables
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Step T1: Identify task(s) which require allocation. Not all tasks will benefit from run-time allocation. 

For example, a small factory with a single stamping machine will always allocate stamping tasks to 

current shift worker operating that machine. However, some tasks may be ad-hoc or the product 

variability may require frequent changeover of agents. During identification, the user needs good 

understanding of the tasks. 

Selecting a task implies that the user must be able to determine which attributes are required to 

perform the task. This can be particularly problematic if task variations exist in an enterprise. It is 

essential that the user can identify and scope a task such that its required attributes can be specified 

for all conditions. 

Step T2: Describe the task. For each task designated for allocation in step T1, the user completes 

section 1 of the task specification form agent specification form (see Appendix I). The user provides 

additional information regarding the task, including task type, a short textual description, and the 

process and enterprise that the task is part of. 

Step T3: Determine required abilities level. The user completes section 2 of the task specification 

form (see Appendix I). The form provides extensive guidance on the specification of requirements, 

but the user still needs extensive knowledge of the task to express its requirements in terms of agent 

attributes. 

5.8 Implementation in the MPMS 
The information generated by the method presented in section 5.7 of this chapter can be used to 

allocate specific resources to specific tasks, during process run-time. This information must be 

available to the MPMS though, to query during process-run time and find an appropriate agent for a 

task. The MPMS uses a local deployment of PostgreSQL 10. Figure 90 shows the database schema 

used for implementation. The main Agent data table is surrounded in a snowflake pattern (Bass et 

al., 2013) by the various data tables used to capture and store attribute values. 

Intermediate tables are used for both the agent and task definitions. Intermediate tables ensure 

that the same set of attributes are used to define agents and tasks, thus enabling direct comparison 

of agent definitions to task requirements. 
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Figure 90: Data tables used to store agent attribute information for allocation. 

As with the agent information, task information should be available to the MPMS. Figure 91 shows 

the database schema for task requirements. 

 

Figure 91: Data tables used to store task requirement information for resource allocation. 
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The definition of resources and tasks represent two system modules of the MPMS presented in 

Figure 74. Both resource definition and task definition modules are part of the definition tools 

subsystem, shown on the left of Figure 74. These modules are realised by implementing the agent 

definition and task definition forms (Appendices H and I, respectively) in electronic forms. These 

forms contain the same information as the forms shown in Appendices H and I, but the information 

captured by the user is immediately stored or updated in the MPMS database. 

5.9 Evaluation 
The method to define agents and tasks is intended for use in a manufacturing enterprise. As such, the 

evaluation will embrace practical utilisation of the method. The method was performed by people not 

involved in the research, to define agents and tasks. This approach gave detailed insight into the 

usefulness and ease-of-use of the method. 

As this is a substantial amount of work, the method is performed by only six participants from four 

different enterprises. Two of the participants are manufacturing personnel from TRI (one of the 

practical cases discussed in Chapter 2). Three participants are researchers in the field of robotics. The 

last participant is from a manufacturing company unrelated to the HORSE Project. 

The researcher used the forms presented in appendices H and I to guide the practitioners through the 

definition of agents and tasks, respectively. Once completed, the practitioner was interviewed to 

gauge the effectiveness, ease of use, usefulness and intention to use of the method. The interview 

was structured according to the Method Evaluation Model (Moody, 2003) and the sixteen questions 

were also rated by the practitioner. Table 47 shows the questions asked during the interview to gauge 

the practitioner’s acceptance of the method. 

Table 47: Questions used to structure the interview and gauge the practitioner’s acceptance of the 
method. 

Actual efficiency: 
How long (in minutes) did it take to fill in the form? 

  

Actual effectiveness: 
I think the set of attributes adequately describe the 
agent attributes for the purposes of task allocation. 

Agree                                     Disagree 
5            4            3            2            1 

Perceived ease of use: 
I found the procedure for applying the method complex 
and difficult to follow. 
Overall, I found the method difficult to use. 
I found the method easy to learn. 
I found it difficult to apply the method to the agent 
under consideration. 
I found the instructions of the method clear and easy to 
understand. 
I am not confident that I am now competent to apply 
this method in practice. 
 

Agree                                     Disagree 
5            4            3            2            1 
5            4            3            2            1 
5            4            3            2            1 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
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Perceived usefulness: 
I believe that this method would reduce the effort 
required to describe an agent. 
Agent attributes represented using this method would 
be more difficult for users to understand. 
This method would make it easier for users to determine 
whether an agent can perform a task. 
Overall, I found the method to be useful. 
 
Using this method would make it more difficult to 
maintain agent descriptions. 
Overall, I think this method does not provide an effective 
solution to the problem of defining agent attributes. 
Overall, I think this method is an improvement to 
existing agent description methods. 
Using this method would make it easier to communicate 
agent attributes. 
 

Agree                                     Disagree 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 
 
5            4            3            2            1 

Intention to use: 
I would definitely not use this method to document 
agent attributes. 
I intend to use this method in preference to the other 
agent attributes. 
 

Agree                                     Disagree 
5            4            3            2            1 
 
5            4            3            2            1 
 

Comments: 
 

 

The values provided by the participants can be found in Appendix J for agent definition and 

Appendix K for task definition. These appendices summarise the responses and the complete forms, 

as completed and signed by the participants, can be requested from the author of this dissertation. 

Figure 92 shows a chart of the evaluation ratings provided by the participants. It should be noted 

that the set of statements contained both positive and negative statements. Therefore, a negative 

statement should rate low (towards 1), while a positive statement should rate high (towards 5). 

Although the sample size is small, the results still indicate a general positive view of the method. 
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Figure 92: Results of the method evaluation, based on responses from 11 participants. 

The evaluation participants were highly enthusiastic about the method and associated agent and task 

attributes, even though it requires considerable effort. The participants appreciated the richness of 

the set of attributes and the ability to describe any agent or task with the same set of attributes. 

However, most of the participants expressed difficulty with some of the attributes, in relation to 

certain agents or tasks. This is especially true for the human abilities in relation to automated agents. 

The following attributes were highlighted as causing difficulty: 

• Written comprehension and expression 

• Time sharing 

• Trunk strength 

• Deductive and inducive reasoning 

This difficulty isn’t entirely surprising. The human abilities are obviously more relatable to humans, 

but it was more the scope of the robot that caused concern. The participants found it difficult to 

consider a robot, its control system and any peripheral sensors as one agent. The author of this 

research is confident that this difficult will subside with repeated execution of the method. 

A similar observation can be made for the task definition, although to a lesser extent. The participants 

found it helpful to state the task requirements, when approached from the point of view of a human 
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performing the task. The non-functional attributes proved more problematic for task definition. The 

participants found it difficult to state the requirements for operating time, configuration duration, air 

pollution and operating humidity. In many cases the participant simply didn’t know the requirement 

related to these attributes. 

5.10 Chapter conclusion 
The research presented in this chapter draws heavily on allocation criteria and robot attributes to 

create a single model that can be used to define both humans and robots. The taxonomy of Arias et 

al. (2017) represent a collection of many selection criteria, but it remains conceptual and provides no 

guidance on the content of the criteria. Contemporary BPMSs usually only cater for organisational and 

availability information, pointing to a lack of a clear set of attributes to be considered for resource 

allocation. This chapter presents exactly such a set, with clear definitions and guidance on how the 

attributes should be used. This set of attributes is also implemented in the MPMS and practically used 

to define agents and tasks. 

The method to define agents and tasks only has three steps each for agents and tasks, but still 

represents substantial work to perform. This was abundantly clear from the interviews performed 

during the evaluation, with interviews ranging from 45 minutes to two hours. It is unlikely that a 

company will spend as much effort to create definitions for a multitude of agents and tasks, given the 

lack of truly versatile, commercial industrial robotics. Nevertheless, the method represents a 

significant stride towards clear guidance on the definition of resources and tasks. The potential benefit 

of more advanced resource allocation based on resource characteristics is generally accepted (Mejía 

and Montoya, 2010; Shen et al., 2003), but the method presented in this chapter is the first 

comprehensive guidance on the definition of resource characteristics and task requirements. 

Ultimately, the method serves as a template for further elaboration. Vendors of process 

management software can elect to build some or all of the attributes into their software systems, 

perhaps leading to a competitive advantage. Alternatively, manufacturing enterprises can use the 

method as a starting point and tailor it according to their needs. It is certainly not a strict 

requirement that all the attributes must always be used, promoting the possibility to adapt it to 

specific needs. It is with this spirit that the agent and task attributes will be used as input into the 

agent allocation algorithm presented in chapter 6. 
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Chapter 6 
6. DYNAMIC AGENT ALLOCATION 

This chapter presents a mechanism to allocate agents to tasks, using the output of the method 

presented in Chapter 5. The mechanism takes the form of a dynamic agent allocation algorithm, 

because this thesis is dedicated to the investigation of fast-changing manufacturing processes, as 

discussed in Chapter 1. Dynamic allocation is a class of resource allocation in which the assignment of 

the resources to tasks may need to be continuously adjusted in response to changes in the 

environment or system performance, such as changes in number of tasks or status of resources 

(Lerman et al., 2006). The agent attributes and task requirements produced by the method of Chapter 

5 are equally applicable to agent allocation during process design or production planning, but 

allocation during process run-time is demonstrated here, as the most responsive alternative. 

The dynamic agent allocation algorithm is the artefact presented in this chapter, as it contains 

prescriptive knowledge on how to use agent attributes and task requirements to enable allocation of 

agents to tasks. The artefact presented in this chapter is not given a special name, but is rather 

referred to as ‘the dynamic agent allocation algorithm’, because it is not the only solution to the 

problem of dynamic allocation. Numerous changes can be made to the algorithm presented here, or 

perhaps even complete alternatives can be developed. However, the prescriptive knowledge on the 

use of the attributes and requirements remain applicable. 

The prescriptive knowledge is also implemented into an operational algorithm, to make the allocation 

mechanism more relatable by showing how the the agent attributes and task requirements are used. 

As proof of concept, the operational algorithm is demonstrated with utilisation in two of the practical 

cases discussed in Section 2.2. As the operational algorithm makes no claim regarding optimality, the 

following criterium will be used to claim successful demonstration: An agent is allocated to every task 

that is designated for agent allocation. 

6.1 Chapter outline 
This chapter starts with an overview of related work, in Section 6.2, to determine what can be learned 

for existing human and robot allocation techniques. Thereafter, the process view of the dynamic agent 

allocation module is presented in Section 6.3, using a Unified Modelling Language (UML) sequence 

diagram. The development view is presented in Section 6.4, before implementation of the algorithm 

is discussed in Section 6.5. Section 6.6 demonstrates the realisation of dynamic agent allocation, by 

referring to two of the practical cases presented in Chapter 2. Lastly, this chapter is concluded with 

findings and closing remarks in Section 6.7. 

It is important to note the different purposes of Sections 6.3 and 6.4, compared to Section 6.5 i.e. the 

algorithm design and implementation sections. Sections 6.3 and 6.4 gives guidance on the 

development of an algorithm that utilises the agent attributes and task requirements presented in 

Chapter 5. The discussion is purposefully general, to allow any number of different implementations. 

In design science research terminology (see Section 1.6), this is prescriptive knowledge on the design 
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of an algorithm. In contrast, Section 6.5 is descriptive, as it elaborates on the specific implementation 

of the agent allocation algorithm. 

6.2 Related work 
As discussed in Chapter 5, resource allocation consists of two parts: (1) design-time description of 

resources and activities such that it is possible to determine which resource can perform an activity, 

and (2) the mechanism that makes use of the descriptions to allocate resources to activities during 

process run-time (Zeng and Zhao, 2005). Chapter 5 presents a method to define resources and 

activities in terms of attributes. This chapter presents a resource allocation mechanism that makes 

use of the resource and activity definitions. 

The research presented in this thesis is concerned with manufacturing processes populated by both 

humans and machines (specifically versatile machines, i.e. robots). As with the definition of resources, 

allocation of humans and robots represent largely exclusive fields of research. These two fields are 

therefore briefly investigated. 

6.2.1 Human resource allocation 
Human resource allocation mechanisms vary considerably, ranging from optimization during planning 

to run-time allocation. Allocation during planning is a widely studied and long running research topic. 

As such, the techniques have become highly sophisticated, employing a variety of techniques such as 

shop floor scheduling (He and Sun, 2013), linear programming (Gomar Jorge E. et al., 2002), multi-

criteria decision-making (Lin and Gen, 2008), simulation (Weng et al., 2011) and swarm optimisation 

(S. Wang et al., 2009). Huang et al. (2011) combine resource optimisation with process mining to 

develop an approach which improves with data generated during process execution. Shehory and 

Kraus (1998) present several algorithms to optimise allocation by forming coalitions of agents to 

perform tasks. In physical industries, such as manufacturing, more emphasis is placed on resource 

scheduling, due to the inherent constraints of physical resources and their location (Altuger and 

Chassapis, 2010; Koltai and Tatay, 2013). Havur et al. (2016) consider how dependencies defined 

during design-time affect resource scheduling. Kumar et al. (Kumar et al., 2002) also advocates that 

balance must be found between quality and performance, by considering the competence of the 

resources. Koschmider et al. (2011) show that changes to resource allocation may affect the process 

configuration itself. 

The research presented in this thesis is more interested in run-time allocation of resources, as the 

problem domain is set to dynamic manufacturing processes. Allocation of resources during process 

run-time is the most responsive allocation approach and therefore more appropriate to this research. 

Although the expected benefit of more sophisticated allocation mechanisms is acknowledged (Macris 

et al., 2008), current approaches remain basic, because they only consider general organizational 

information, such as the role, position or business unit of a resource (Zur Muehlen, 2004). This proves 

problematic, because significant variation can be found between resources in the same role, position 

or business unit (Kumar et al., 2002). Such mechanisms are espoused under various names, including 

resource allocation (Cabanillas et al., 2013), actor assignment (Illibauer et al., 2015) or role resolution 

(Zeng and Zhao, 2005). To find some common ground amongst the various approaches, some 

categorisations have been proposed. Zur Muehlen (2004) distinguishes between push and pull 

resource allocation patterns. Push occurs when the system compels a resource to start working on a 
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work item, while pull occurs when a resource requests a work item from the system. The Russell et al. 

(2005) catalogue of resource management patterns recognizes four categories of allocation patterns: 

push, pull, detour and auto-start patterns. 

Although the potential benefit of more advanced resource allocation based on resource 

characteristics is generally accepted (Mejía and Montoya, 2010; Shen et al., 2003), current approaches 

consider only limited characteristics. The mechanism in this chapter goes beyond current approaches 

by combining the following three characteristics: 

1. It utilises the large number of agent attributes and task requirements generated by the 

method presented in Chapter 5, 

2. It is a run-time allocation mechanism that follows the push pattern of the Russell et al. 

(2005), to gain maximum responsiveness in the manufacturing processes. With a pull 

pattern it may be unclear when an agent will perform the task. 

3. It composes coalitions of humans and robots, as inspired by the coalition formation work of 

Shehory and Kraus (1998). 

6.2.2 Robot allocation 
Robot allocation similarly vary considerably, ranging from task distribution to multiple robots, to 

optimal sequencing of the tasks of a single robot. Fortunately, Gerkey and Matarić (2004) found a way 

to compare the different approaches in a taxonomy of Task Allocation in Multi-Robot Systems. As 

shown in Figure 93, the taxonomy uses the following three dimensions to distinguish eight main 

classes. 

 

Figure 93: Taxonomy of task allocation in multi-robot systems (Gerkey and Matarić, 2004b). 

The first criterium is task type, which covers the number of robots required to execute the tasks within 

the process. When all tasks require exactly one robot, task type will be single robot (SR), but when at 

least one task within the process requires multiple robots, the task type is multi robot (MR). The 

second criterium is the robot type, which covers the number of tasks that the robots within the 

process can execute simultaneously. When all robots can execute at most one task at a time, the robot 

type will be single-task (ST). Otherwise, when at least one robot is capable to execute multiple tasks 

at the same time, the robot type is multi-task (MT). The third criterium is the allocation type, which 

covers how often the tasks will be allocated to the robots. The allocation type is Instantaneous 
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assignment (IA) when the available information of the system allows only one assignment, without 

any planning for future assignments. When such information is available, for instance the arrival of 

tasks over time, the allocation type is time-extended (TA). 

Although the taxonomy is widely-adopted (cited 1224 times), Gerkey and Matarić (2004) acknowledge 

that their taxonomy is not complete, since it does not capture problems with interrelated utilities and 

task constraints. Korsah et al. (2013) agree and contend that the most important constraints missing 

are the precedence constraints, which may specify that one task must be performed before another. 

Korsah et al. (2013) introduce a degree of interdependence to the taxonomy, and rename it iTax. They 

also use the iTax taxonomy to investigate and classify the most prominent robot allocation techniques. 

 

Figure 94: The fourth dimension of the ITax, introduced by Korsah et al. (2013) as an enhancement 
of the taxonomy of (Gerkey and Matarić, 2004b). 

In iTax, four degrees of dependencies are differentiated, as can be seen in Figure 94. These degrees 

are defined as the following: 

• No dependencies (ND): No dependencies between any tasks. 

• In-Schedule Dependencies(ID): Dependent tasks will be executed by the same robot. 

• Cross-Schedule Dependencies(XD): Dependent tasks can be executed by different robots. 

• Complex Dependencies(CD): Dependent complex tasks that can be executed by different 

robots. Complex tasks are tasks that can be decomposed in multiple ways, which means 

that that the outcome of one subtask influence the next subtask.  

A key enabling technology of smart manufacturing is collaborative robotics (Heyer, 2010). These 

robots can perform activities near human workers without the need for physical separators (Johnson 

et al., 2014). Even more enticing is the prospect of true collaboration, where the robot can perform 

the activity in conjunction with the human, leveraging the physical prowess of the machine and the 

cognitive abilities of humans. As such, it is necessary for the dynamic allocation algorithm to form 

coalitions, or temporary teams, of agents and assign such a coalition to a task. 

Furthermore, the dynamic allocation algorithm is part of the process enactment subsystem of the 

MPMS (see Figure 74 in Chapter 3). The MPMS instantiates tasks according to the logic encoded in 

the process model. As tasks are instantiated, the agent allocation module uses the task requirements 

and agent attributes to find an agent (or coalition of agents) that can perform the task. Thus, the 

MPMS design has direct implications for the agent allocation algorithm. These implications can be 

codified according to the iTax taxonomy of Korsah et al. (2013), as shown in Table 48. 
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Table 48: Classification of the agent allocation algorithm, derived from features of the MPMS 
architecture. 

Taxonomy 
dimension 

Dynamic allocation 
algorithm 

Reason 

Task type Single task (ST) The MPMS always instantiates a single task at a time. 

Agent type Multiple agents 
(MR) 

A coalition of multiple agents may be required to 
perform a task, based on the task requirements. These 
agents can also be of different types. 

Allocation 
type 

Instantaneous 
assignment (IA) 

Agent selection and assignment is executed upon task 
instantiation, with no consideration of future tasks. 

Task 
dependencies 

Cross-schedule (XD) BPMN models use control flow to establish 
dependencies between tasks, but the tasks can be 
performed by different agents. 

 

The algorithm presented in this chapter can therefore be classified as XD [ST-MR-IA], as per the iTax 

taxonomy of Korsah et al. (2013). Unfortunately, Gerkey and Matarić (2004) contend that any ST-MR-

IA problem is strictly NP-hard and therefore optimality can’t be proven. As a result, no current XD [ST-

MR-IA] are available that can be adopted in this research. At any rate, it is not the objective of this 

research to develop an optimal solution, but rather to provide knowledge on the development of an 

agent allocation algorithm that uses the agent attributes and task requirements presented in Chapter 

5. 

To compensate, single-robot approaches (ST-SR-IA) are investigated to see what can be gleaned from 

them. The M+ system of Botelho and Alami (1999) uses a market system in which each robot that is 

not yet selected as best candidate for another task makes an offer on the task. The robot with the 

best offer will be the “best candidate”. The robot will be in the best candidate state until the robot 

starts on the task or when another robot has made a better offer for that particular task. After that, 

the robot will return to the so-called evaluation state, in which the robot is able to send offers for 

tasks. The system deals with dependency by showing only the executable tasks, of which the 

antecedents have been achieved.  However, the M+-system does not show how to decide in which 

order the executable tasks will be offered to the robots.  

Lemaire et al. (2004) proposes an approach in which simple ordering constraints between tasks are 

used. One of the tasks is offered to a robot, which makes this robot the “master”. This task determines 

the start time of the other connected tasks. The robots that get those other tasks assigned will be the 

“slave” robot, which means that this robot will follow every change that the master robot will make 

for this task sequence. 

MacKenzie (2013) proposes a variant of the market-based approach. Several tasks are made available 

and the agents submit bids with cost expressed as a function of constrained variables such as location 

and time. After submitting all bids, the auctioneer uses a cost minimization algorithm to determine 

the allocations of tasks to the agents and the values of the constrained variables. The limitation of this 

approach is that it only supports instantaneous assignment. 

As for mechanisms that do not use a market-based approach. Chien et al. (2000) offer a solution to 

the robot routing problem corresponding to a scenario in which a team of robots must perform a set 
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of activities (one robot per activity). Cross-schedule constraints between the robots are considered to 

find the optimal assignment arrangement. Mosteo et al. (2008) consider routing problems while 

assuming that the mobile robots have a limited communication range. In this approach, the schedule 

of an individual robot is coupled with other resources in such a way that ensures connectivity for 

communication. 

Of those five approaches investigated here, three are based on auctioning techniques (Botelho and 

Alami (1999), Lemaire et al. (2004) and MacKenzie (2013)) and two are concerned with routing 

problems (Chien et al. (2000) and Mosteo et al. (2008)). Unfortunately, none of those approaches are 

relevant to type of allocation mechanism discussed in this chapter, but the guidance of the iTax 

taxonomy will invariably be valuable. 

6.3 Process view of the agent allocation module 
The design process of the MPMS is laid out in Section 3.3.1. The design process follows the Kruchten 

4 + 1 framework (Kruchten, 1995) to structure the information system design. The framework uses 

the following five views to represent the system architecture: Scenario, logical, process, development 

and physical. The scenario view is discussed in Section 2.2 and the logical view is presented in Section 

3.3.3. The current section presents the process view of the agent allocation module and will be 

followed by the development view in Section 6.4. Lastly, the physical view of the MPMS architecture 

is presented in Chapter 7. 

The process view is concerned with the concurrency and synchronization of the system modules. 

Consequently, the agent allocation module is described in terms of the steps it must take to fulfil its 

purpose. The purpose of agent allocation is to select and assign an agent or coalition of agents to 

perform a task in a manufacturing process. For the remainder of this explanation, coalition will be 

used to refer to the assignee, even if the coalition contains only one agent. The algorithm uses the 

output generated by the method presented in Section 5.7. The method includes 78 attributes that can 

be used to define agent attributes and task requirements. 

The attributes are not entirely homogenous though, as two groups can be identified: 1) attributes 

indicating whether a coalition can perform a task and, 2) attributes indicating how well a coalition can 

perform a task. These two groups of attributes will be referred to as eligibility and performance 

attributes, respectively. For example, a task may require an agent to possess the authorization to work 

with hazardous chemicals, clearly indicating that authorization is an eligibility criterium. Conversely, 

an agent with a high workload (a large number of tasks in queue) is still eligible to perform a task, but 

may take longer to complete the task compared to an equivalent agent with a lower workload. 

The dynamic allocation algorithm performs allocation in seven steps, two of which correspond to 

using the eligibility and performance attributes. The following seven steps are executed by the 

algorithm:  

1. Identification information of the relevant task, process and case instances is passed from 

the process engine to the dynamic allocation algorithm, to allow retrieval of the correct 

requirements. 
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2. Relevant data are retrieved from the data stores. This includes the full list of agent 

definitions with their attributes, and task, process and case definitions related to the 

identifiers received in step 1. 

3. The list of agents is pre-filtered to minimise the number of potential coalitions that can be 

composed. The attributes considered in the pre-filtering are discussed in Section 6.3.2. 

4. All potential coalitions are composed by creating all combinations of all the agents that 

remain after step 3. Coalition composition also entails combining the attributes of coalition 

members, as discussed in Section 6.3.3. 

5. Each potential coalition is checked for eligibility, based on the combined attributes of the 

coalition members. 

6. All eligible coalitions are compared to each other, in the context of the task requirements 

and process objectives, and a single coalition is selected. 

7. Identification information of all members of the selected coalition are returned to the 

process engine so that the work item instance(s) can be sent to the selected agents. 

The first step is performed by the process engine module of the MPMS. The remaining six steps are 

performed by six sub-modules of the agent allocation module. Figure 95 shows a UML sequence 

diagram with the process engine and six agent allocation sub-modules, with interactions between 

them. The diagram shows the sequence of steps performed by the logical system sub-modules of the 

agent allocation module of the MPMS. Please note that these sub-modules are situated at aggregation 

level 3 of the MPMS architecture. The process engine module is also shown to elucidate the 

interaction between the process engine and agent allocation modules. 

 

Figure 95: UML sequence diagram of the agent allocation algorithm. 

The process engine module of the MPMS passes task and case identifiers to the agent allocation 

module. The data query sub-module uses the identifiers to retrieve task, case, process and agent 

information from the data stores of the MPMS. The agent pre-filter sub-module lists all candidate 

agents. The coalition formulation sub-module uses the agent information to form all potential 

coalitions from the candidate agents. The eligibility check sub-module then compares the attributes 

of the coalitions to task and case requirements to eliminate all ineligible coalitions. The eligible 

coalitions are then compared to each other, in the context of the process objectives, to find the best 

coalition. Identifiers of the selected coalition members are then passed back to the process engine to 

complete the allocation. 
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Five of the seven sub-modules shown in Figure 95 are briefly discussed to give more insight into their 

purpose and behaviour. The process engine and assignment functions are not further discussed, 

because these functions represent integration with the MPMS. Integration with the MPMS is 

discussed in Chapter 7. 

6.3.1 Data retrieval 
The agent allocation algorithm starts with retrieval of data from the data stores of the MPMS. The 

algorithm requires agent, task, process and case information to perform the necessary calculations. 

Each set of data is not necessarily stored in a single data table. For example, Figure 90 in Chapter 5 

shows that agent data is distributed across multiple tables, including AgentAbility, 

AgentAuthorization, AgentTenancy, etc. Thus, a complicated query may be required to retrieve all the 

necessary data. The retrieved data must also be stored as variables that can be used by the algorithm. 

Table 49 gives guidance on the storage of agent, task, case and process data in containers that can be 

used by the agent allocation algorithm. 

Table 49: Guidance on the retrieval of data and storage in containers that can be used by the 
algorithm. 

Entity Data item Stored as 

All agents Agent identifier List of agent identifiers (integers) 

Each agent Agent availability Single Boolean value 

Agent abilities 52 combinations of ability identifier (integers) and 
ability values (integers). 

Authorization List of authorization identiers (integers) 

Collaboration List of agent identifiers (integers) 

Functional 
attributes 

A single variable character (mix of integers and 
text) value for each functional attribute. 

Location Single location identifier (variable characters) 

Tenancy List of location identifiers (variable characters) 

Non-functional 
attributes 

A single variable character (mix of integers and 
text) value for each non-functional attribute. 

Occupancy Single number value larger than zero. Decimals 
allowed. 

Work schedule Single integer value. 

Work variety List of task identifiers (integers) 

Workload List of task identifiers (integers) 

Data for current 
task and current 
case 

Abilities 52 combinations of ability identifier (integers) and 
ability values (integers). 

Authorization List of authorization identiers (integers) 

Functional 
attributes 

A single variable character (mix of integers and 
text) value for each functional attribute. 

Location Single location identifier (variable characters) 

Non-functional 
attributes 

A single variable character (mix of integers and 
text) value for each non-functional attribute. 

Data for the 
process that the 
task is part of 

Process objectives Integer value for each process objective rating (see 
Section 6.3.5). 
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The location attribute has been split into two separate attributes, namely location and tenancy. This 

change is made to cater for portable agents, such as humans, vehicles and mobile robots. It is 

necessary to know the current location of an agent and the locations that agent has access to. For 

example, a certain operator may be assigned to work cell 1-1 for the current shift, but he or she may 

assist throughout production line 1. Thus, the current location and accessible locations of an agent 

are captured in two attributes, namely location and tenancy, respectively. 

The attributes used to specify task requirements are discussed in Section 5.5. During process run-time, 

task requirements consist of the task and case definitions. Any attribute included in the case definition 

simply overwrites the same attribute in the task definition. For example, a task may require an agent 

to have a horizontal reach of 30cm to handle the product. However, a case might require a reach of 

50cm, because an exceptionally large product must be processed. Therefore, the task requirement of 

50cm will be used for horizontal reach. 

6.3.2 Pre-filtering of agents 
Extensive pre-filtering of agents is performed to decrease the computation requirements of the 

dynamic allocation algorithm. A manufacturing system may have hundreds of agents that can be 

combined into many thousands of potential combinations. However, it is unnecessary to compose a 

coalition that will never be eligible. For example, if a task requires an agent to have authorization to 

work with dangerous chemicals, then all coalition members must carry such authorization. Therefore, 

any agent without the authorization can be immediately eliminated. 

This elimination only applies to attributes that must be possessed by all coalition members. The 

following eight agent attributes can be used for pre-filtering, before coalitions are formed: 

• Availability 

• Ambient temperature 

• Authorization 

• Degree of protection 

• Operating humidity 

• Organizational position 

• Responsibilities 

• Space requirements 

• Tenancy 

• Terrain traversability 

6.3.3 Coalition formation 
The coalition formation function follows the agent coalition formation approach of Shehory and Kraus 

(1998). An agent may be considered as a member of multiple coalitions to allow exhaustive 

comparison of all potential coalitions, regardless of coalition size. Thus, a function is needed to create 

all possible combinations of agents. 

Rosen (2018) presents equations to generate combinations of elements in a set. The algorithm 

progressively combines each element of a set with every other element, with an increasing 

combination size. The result is stored as a set of sets of combinations. If each Agent is an element in 
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a set, then the set Agents is a set containing all agent identifiers. Any coalition must therefore be a 

subset of the set of agents. All coalitions must also be stored in a set of Coalitions. 

𝐴𝑔𝑒𝑛𝑡𝑠 = {𝐴𝑔𝑒𝑛𝑡1, 𝐴𝑔𝑒𝑛𝑡2, 𝐴𝑔𝑒𝑛𝑡3, … } 

𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛 ⊆ 𝐴𝑔𝑒𝑛𝑡𝑠 

𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛𝑠 = {𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛1, 𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛2, 𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛3, … } 

All the possible coalitions are all possible combinations of all the agents. Therefore, Coalitions is the 

power set of Agents. 

𝐶𝑜𝑎𝑙𝑖𝑡𝑖𝑜𝑛𝑠 = 𝑃(𝐴𝑔𝑒𝑛𝑡𝑠) 

The coalition size can range from zero to the total set of agents in a single coalition. Although the 

empty set is always a possible subset, an empty coalition will simply be ignored because it doesn’t 

possess any attributes and is therefore not eligible to perform any task. It is expected that only a small 

number of agents will be considered for coalition formation, after the extensive pre-filtering explained 

in Section 6.3.2. The coalition size can also be limited to alleviate any fears that the computation will 

take unreasonably long. 

Each coalition will be considered for task assignment, based on the attributes possessed by the 

coalition members. Therefore, the attributes of coalition members must first be merged into a single 

set of attributes. However, not all agent attributes are treated the same during the merger. Table 50 

shows the operation performed for each attribute, indicating the result used for the coalition. 

Table 50: Merging of agent attributes to determine coalition attributes. The eight attributes used 
for pre-filtering, as explained in Section 6.3.2, are included, in case those attributes were not used 
to filter the agents before coalition formation. 

Agent 
attribute 

 Operation 

Agent ability Highest value of each ability is used as ability level for 
coalition. 

Agent authorization Only authorizations that are common for all coalition 
members are kept. 

Availability False if any coalition member is not available. 

Functional 
attributes 

Operation time Shortest operating time is used. 

Rest time Longest rest time is used. 

Type of end effectors Aggregate of all end effector types. 

Number of end effectors Sum of all end effectors. 

Mounting position Aggregate of all mounting positions. 

Degree of protection Lowest degree of protection used. 

Configuration duration 
(adaptability) 

Longest configuration duration used. 

Autonomy Highest level of autonomy is used. 

Degrees of freedom Highest degrees of freedom used. 

Horizontal reach Greatest horizontal reach is used. 

Vertical reach Greatest vertical reach is used. 

Wrist reach distance Greatest wrist reach is used. 

Terrain traversability Only terrain that is common for all coalition members 
are kept. 
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Non-
functional 
attributes 

Operating cost Sum of agent operating costs. 

Air pollution Sum of air pollution. 

Ambient temperature Most restrictive ambient temperature is used. 

Space requirements Sum of all space requirements. 

Operating humidity Most restrictive operating humidity. 

Occupancy Average of occupancy rates. 

Organizational position Only positions that are common for all coalition 
members are kept. 

Responsibilities Only responsibilities that are common for all coalition 
members are kept. 

Tenancy Only locations that are common for all coalition 
members are kept. 

Work schedule Most restrictive work schedule is used. 

Work variety Aggregate of all tasks performed during the last shift. 

Workload Longest task queue is used. 

 

6.3.4 Coalition eligibility check 
Eligibility attributes are simply compared to the corresponding task requirements, with a binary result 

indicating whether the coalition can perform the task. The coalition must possess all required 

attributes, at sufficient level, to be eligible for the task. Table 51 shows the result needed for the 

eligibility check performed for each attribute. To be clear, all results shown in Table 51 must be 

affirmative for a coalition to be eligible to perform the task. 

Table 51: Processing of eligibility attributes to determine whether a coalition can perform a task. 

Attribute or Requirement Result needed for coalition to be eligible 

Agent ability Level of all coalition abilities must be equal or higher. 

Agent authorization Coalition must possess all required authorizations. 

Availability All coalition members must be available. 

Terrain traversability All coalition members must be able to traverse the 
required terrain. 

Functional 
attributes 

Type of end effectors Coalition must have access to all end effector types 
required for the task. 

Number of end effectors Number of end effectors must be equal or higher than 
required for the task. 

Mounting position Coalition must have required mounting position. 

Degree of protection Coalition degree of protection must be equal or 
higher. 

Autonomy Coalition autonomy must be equal or higher. 

Degrees of freedom Coalition degrees of freedom must be equal or higher. 

Horizontal reach Coalition reach must be equal or better. 

Vertical reach Coalition reach must be equal or better. 

Wrist reach distance Coalition reach must be equal or better. 

Non-
functional 
attributes 

Ambient temperature All coalition members must be allowed to operate 
within the range required for the task. 

Space requirements Entire coalition must fit into the available space. 

Operating humidity All coalition members must be allowed to operate 
within the range required for the task. 
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Work schedule All coalition members must be available for the 
estimated duration of the task. 

 

As established in Section 5.5, the requirements of a production order (referred to as the case in BPM 

terminology) can have implications on the requirements of a task. Therefore, task and case 

requirements must be merged to determine the final set of requirements. This merger is significantly 

simpler than the merger of agent attributes though. Assuming task and case requirements are 

expressed with the same set of attributes, as prescribed in Chapter 5, then the case requirement will 

always overwrite the task requirement, if it exists. For example, a task might require the agent to lift 

a product with a mass of 5kg, but the production order specifies that the product weighs 7kg. In this 

case, the lifting requirement is 7kg and can therefore only be performed by an agent or coalition of 

agents that can lift a product of 7kg. 

6.3.5 Coalition performance comparison 
If at least two coalitions are found to be eligible, a performance comparison is needed to select the 

best coalition for the task. Best, in this sense, is both subjective and relativistic. Subjective, because it 

is entirely based on the expectations of the person or organisation responsible for the process. 

Relativistic, because the attributes have little meaning as absolute values. Thus, the comparison must 

be done in the context of a value system. For example, selecting an agent with a lower operating cost 

only is desirable only if cost-cutting is valued. 

The devil’s quadrangle of Brand and Van der Kolk (1995) is used here as the basis for such a value 

system. The devil’s quadrangle is often used to assess the impact of process improvements on four 

orthogonal dimensions: time, flexibility, quality and cost (Mansar and Reijers, 2007). The four 

dimensions are orthogonal, but dependent. This is intuitive, because time, flexibility, quality and cost 

can be measured independently, but a change in one dimension is bound to have an impact on one 

or more other dimension. Figure 96 shows the devil’s quadrangle, with an illustrative example 

showing how a decrease in process time (or duration) can lead to, or be the result of, increased cost. 
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Figure 96: The devil's quadrangle of Brand and Van der Kolk (1995). 

For the agent allocation algorithm, the four dimensions of the devil’s quadrangle are used as an 

indication of the importance placed on process dimensions. The relative importance can be expressed 

as weighted integers. For example, if a company is primarily concerned with lower costs, then the cost 

dimension can be prioritised to the detriment of one or more other dimensions. Therefore, the cost 

objective can be assigned a value of 3, while keeping the quality, time and flexibility values as 1. In 

such a case, the cheapest coalition will mostly likely be assigned, leading to increased throughput time 

or decreased quality. 

Eligibility attributes vastly outnumber the performance attributes, with only nine attributes that can 

be used to compare expected performance of coalitions. Table 52 shows the nine attributes and gives 

an indication of how each attribute should be used to determine the best coalition for the task. 

Table 52: The nine coalition attributes that can be used for performance comparison, with an 
indication for how each attribute can be used. 

Coalition 
attribute 

Impacted 
dimension(s) of the 
devil’s quadrangle 

How the attribute is used 

Operating time Time The duration of continuous operation that can be 
expected from the coalition, before rest is needed. 
Thus, if the operating time is shorter than the 
estimated task duration, then the task duration will be 
extended by the rest time. 

Rest time Time The time duration needed to recover between 
continuous operation. 

Configuration 
duration 

Time If configuration is required before execution can start, 
then the expected task duration will be extended by 
the configuration duration of the coalition. 

Operating cost Cost The sum of the operating cost of all coalition 
members. 
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Air pollution Quality The sum of the air pollution caused by all coalition 
members. 

Occupancy 
 

Flexibility and 
quality 

Coalition with the lowest busy to idle ration should be 
assigned, if all other criteria are equal. 

Work variety 
 

Flexibility and 
quality 

Coalition with the lowest variety of tasks performed 
should be assigned, if all other criteria are equal. 

Workload Time Coalition with the lowest workload is most likely to 
complete the task the fastest. 

Terrain 
traversability 

Time The speed component of the attribute can be used to 
calculate the time for coalition members to reach the 
task location and start execution. 

 

Terrain traversability is interesting in this regard, because it has two components. The capability to 

traverse a certain type of terrain is an eligibility criterium, but the speed of traversal is a performance 

criterium. The speed of traversal can be used to calculate the time it will take an agent to reach the 

task location or the time it will take to complete a transport task. Regardless, both of these possibilities 

ultimately contribute to the estimated task time. Consequently, ten attributes (nine in Table 52 plus 

terrain traversability) can be used to compare the expected performance of eligible coalitions. 

6.4 Development view of the agent allocation module 
The development view specifies how the software system is organized in a developmental 

environment. The functions of the agent allocation algorithm, as shown in Figure 95, must be 

implemented as software instructions to develop the agent allocation module of the MPMS. A UML 

class diagram, shown in Figure 97, is used to specify the objects of the module, the properties of those 

objects and the relationships between the objects. Terminology and variable types of Java 9 are used 

in the class diagram, because the MPMS is realised in using that programming language (discussed in 

Chapter7). 

The agent allocation algorithm utilises the following four sets of data, as established in section 6.3.1: 

• Agent attributes: The set of criteria used to describe an agent, divided into eligibility and 

performance criteria. 

• Task requirements: The set of criteria used to describe a task, divided into eligibility and 

performance requirements. 

• Case requirements: The same set of criteria used to describe a task, that may be used to 

overwrite task requirements to cater for production and product variability. 

• Process objectives: The value system used to determine the relative importance of time, 

flexibility, quality and cost. 

The four sets of information must be combined in such a way to determine which coalition is best 

suited to perform the task. Agent attributes must be compared to task and case requirements to 

calculate which coalition of agents best support the process objectives. Therefore, the following five 

objects are identified and marked as blue in Figure 97: agent, task, case, process, and coalition.  
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Figure 97: UML class diagram of the agent allocation algorithm. 

The CombinationGenerator is not a contribution of this research, as it is directly used from Rosen 

(2018). The programming code, as retrieved and used, is included in Appendix L. 
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The object named Selection performs most of the calculations of the algorithm. It retrieves the task 

identifier from the process engine, filters the agents per Section 6.3.2, then sends all candidates to 

CombinationGenerator. CombinationGenerator returns the list of potential coalitions to Selection. 

With a list of potential coalitions created, the Selection object performs the following three functions: 

1) it checks the eligibility of all potential coalitions, 2) compares the eligible coalitions in context of 

the process objectives, and 3) it returns the identifiers of the members of the selected coalition to the 

process engine. This series of operations are expressed with pseudo code below. 

// Retrieve necessary data from database 
Connection connection = DBConnection.openDB 
Task currentTask = GetTaskInfo.queryTask(connection, task_id) 
Process currentProcess = GetProcessInfo.queryProcess(connection, process_id) 
Task currentCase = GetCaseInfo.queryCase(connection, case_id) 
Agent[ ] agents = GetAgentInfo.queryAgents(connection) 
 
// Pre-filter agents that can never be in eligible coalitions 
Agent[ ] candidates = agents 
FOR EACH agent IN agents 
 IF agent.filterAttributes CONTAINS ALL task.filterAttributes 
  THEN do nothing 
 ELSE REMOVE agent FROM candidates 
 
// Create all possible coalitions, by calling the CombinationGenerator 
Coalition coalition = Agent[ ] 
IF candidates IS empty 

THEN send message to responsible manager 
ELSE 
 Coalition[ ] coalitions = CombinationGenerator(candidates) 
 
// Combine attributes of coalition members 
FOR EACH coalition IN coalitions 
 FOR EACH attribute IN member.attributes 
  coalition.attribute = MAX(member.attribute FOR EACH member in coalition) 
 
// Check each coalition for eligibility 
Coalition[ ] eligibleCoalitions = coalitions 
FOR EACH coalition IN coalitions 
 FOR EACH attribute in currentTask.attributes 
  IF coalition.attribute < currentTask.attribute 
   THEN REMOVE coalition FROM eligibleCoalitions 
 
// Performance comparison of eligible coalitions. 
// Four performance factors are used (cost, time, quality and flexibility) 
// These factors represent the attributes identified in Section 6.3.5 
IF eligibleCoalitions IS empty 

THEN send message to responsible manager 
ELSE 
 FOR EACH coalition IN eligibleCoalitions 
  coalition.cost = SUM(coalition.member.cost) 
  coalition.time = MAX(coalition.member.time) 
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  coalition.quality = MAX(coalition.member.quality) 
  coalition.flexibility = MAX(coalition.member.flexibility) 
  coalition.performance = coalition.cost + coalition.time + coalition.quality +  

coalition.flexibility 
 
// Select best coalition. Start with a performance rating of zero and move up. 
Coalition selectedCoalition 
selectedCoalition.performance = 0 
FOR EACH coalition IN coalitions 
 IF coalition.performance > selectedCoalition.performance 
  THEN selectedCoalition = coalition 
 
// Increase workload of selected coalition members, close database connection 
// Return identifies of selected coalition members 
FOR EACH member IN selectedCoalition.members 
 SetAgentWorkload.queryAgents(member) 
Connection connection = DBConnection.openDB 
RETURN selectedCoalition.member.id  

6.5 Implementation 
The agent allocation algorithm must be invoked by the process engine of the MPMS. As established 

in Section 5.7, not all tasks benefit from dynamic allocation. Figure 98 shows an illustrative process 

model using BPMN2.0. The first task, named Task A, is not designated for dynamic agent allocation 

and will therefore use conventional resource allocation. Conversely, Task B is designated for dynamic 

agent allocation and will therefore call the dynamic agent allocation integration model, shown in 

Figure 99. 

 

Figure 98: Illustrative process model showing one task without dynamic allocation and one with 
dynamic allocation. 

The agent allocation algorithm must be invoked once the process engine reaches a task designated 

for dynamic agent allocation (illustrated with Task B in Figure 98). However, the algorithm only returns 

identification information of the members of the selected coalition. Those members must still be 

assigned to a task by the process engine. The process model shown in Figure 99 is used to invoke the 

agent allocation algorithm, then assign the selected coalition members to the task under 

consideration. This same model can be used for all tasks designated for dynamic agent allocation. 
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Figure 99: The process model called by all tasks designated for dynamic agent allocation. 

The first task in Figure 99, named Select Coalition, invokes the agent allocation algorithm. This is a 

normal service task, in BPMN2.0 terminology, that calls the algorithm and passes it the task_id, 

case_id and process_id. This task ends once a result is returned and stored as an assignee variable. 

Four different result types are possible: 1) a coalition with only automated agent members, 2) a 

coalition with only human members, 3) a coalition with a mix of human and automated agent 

members, and 4) no eligible coalition found. The different coalition compositions are differentiated 

because the process engine assigns agent types differently. Humans receive task assignments via a 

user interface showing task information. Automated agents are assigned via data exchange between 

the process engine and the agent control system. 

6.6 Proof of concept 
This section provides evidence that the agent allocation algorithm can successfully use the agent 

attributes and task requirements, generated by the method from Chapter 5. The following success 

criteria was established at the start of this chapter: An agent is allocated to every task that is 

designated for agent allocation. Therefore, the aim is to demonstrate that agents are selected and 

assigned to tasks, by the agent allocation algorithm. Two of the three practical cases in Section 2.2 

are used for the following two demonstrations: 

1. The TRI case is used to demonstrate that the algorithm can select an agent, from multiple 

options, to perform a task. 

2. The Sand-Casting Foundry case is use to demonstrate that the algorithm can assign a 

coalition of multiple agents to a task. 

               

           

         

                

              

   

              

   

            

                

        

            

         

              

           

        

           

      

                

           

                 

     
                

          

                  

                 

              

   

         

      

      

           
              

           

      

         



191 

This section is purposefully named proof of concept, rather than evaluation, to avoid misrepresenting 

the development presented in this chapter. The agent allocation algorithm in this chapter does not 

make any claims regarding optimality or superiority compared to other algorithms. 

6.6.1 Thomas Regout International 
The MPMS with the implemented agent allocation algorithm was deployed at Thomas Regout 

International in 2018. The MPMS was used to enact the process of the first TRI scenario, discussed in 

Section 2.2. However, the process model shown in Figure 33 of Chapter 2 depicts the pre-intervention 

scenario, before the HORSE Project introduced new manufacturing technologies. In the new scenario, 

post-intervention, the human operator is assisted by a mobile robot to fetch and return the parts of 

the tool assembly. The operator is also guided by an augmented reality system that projects 

information on the workbench. Figure 100 shows a photo of the process in-action and a short video 

is available online4. 

 

Figure 100: Photo of the TRI tool assembly process, post-intervention. 

Figure 101 shows the new process, with tasks spread across two roles for tool assembly and parts 

transport. The confusing layout is somewhat unavoidable due to the dependencies between tasks and 

page size limit. All four tasks in the ‘tool collector’ lane are designated for agent allocation, thus calling 

the re-usable process model shown in Figure 99. 

 

                                                                        
4 https://youtu.be/bqTDEZvOdVI 

https://youtu.be/bqTDEZvOdVI
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Figure 101: Tool assembly scenario at TRI after introduction of a mobile robot and augmented 
reality. 
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The objective of this proof of concept is to demonstrate that the agent allocation algorithm, as 

presented in this chapter, can use the agent and task definitions to assign of agents to tasks. To that 

end, the same scenario will be used to compare process duration without the algorithm and with the 

algorithm. Without the algorithm, the tool engineer tasks will always be allocated to the operator 

assigned to the work cell and the tool collection tasks will always be assigned to the mobile robot. 

With the algorithm, every time one of the fetch or return tasks in the ‘tool collector’ lane is 

instantiated, the agent allocation algorithm is executed to find the best coalition for the task. In this 

case, the coalition will always consist of only one agent, either the mobile robot or the human 

operator currently assigned to the tool assembly work cell. Figure 102 shows the result of the test, 

with four instances of the process without the allocation algorithm and four with the algorithm 

enabled. 

 

Figure 102: Comparison of the tool assembly process duration comparison without agent 
allocation and with agent allocation enabled. 

The results displayed in Figure 102, and the subsequent Figure 103 and Figure 104, are directly 

extracted from the event log of the MPMS. 

 

Figure 103: Duration of the assembly and disassembly tasks as performed by different agents. 
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Figure 103 shows the duration of assemble and disassemble tasks, performed by different agents. No 

significant difference can be found between the duration of tasks performed by the two groups of 

operators. Moving on to the fetch and return tasks, the durations are shown in Figure 104. In this case 

a clear difference is visible between the fetch and return tasks performed by the mobile robot and the 

human operator. The difference in process duration shown in Figure 102 can be directly attributed to 

the difference in fetch and return task duration. Essentially, the agent allocation algorithm determined 

that the faster fetching and returning performed by the human is sometimes more supportive of the 

process objectives set by the process supervisor. 

 

 

Figure 104: Duration of fetch and return tasks, as performed by different agents. 

Although the results obtained from the demonstration are quite compelling, no process performance 

improvement can be proven. The sample size is too small, due to the lengthy duration of a single 

process execution. Nevertheless, the results do demonstrate that the implemented agent allocation 

algorithm achieves the success criteria defined at the start of this chapter: An agent is allocated to 

every task that is designated for agent allocation. 

6.6.2 Foundry in Poland 
The agent allocation algorithm was also part of the MPMS implementation at the second practical 

case, the foundry in Poland, as described in Chapter 2. This demonstration is significantly simpler than 

the TRI case described in Section 6.6.1, because it does not compare the process with and without 

dynamic allocation. Instead, this proof of concept has a solitary purpose: to demonstrate the 

allocation of multiple agents in a coalition to a single task. In this case, the coalition of agents consists 

out of a human operator and an industrial robot. The two agents collaborate to perform the “teach 

cutting plan to auto agent” task shown in Figure 105. 
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Figure 105: Grape separation scenario at SCF in Poland. 
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As evidence for the execution of a coalition task, video footage of the teaching-by-demonstration task 

is available online5. The task was performed under laboratory conditions, but the role of the MPMS is 

not affected. The agent allocation algorithm can select multiple agents for a single task. 

6.7 Chapter conclusion 
This chapter presents a detailed design of an agent allocation algorithm. It is purposefully called “an 

algorithm” to avoid misrepresenting its value. It is not the only or definitive solution to the problem 

of dynamic agent allocation, but rather a viable solution. It is presented as a complete algorithm for 

two reasons: 1) to provide prescriptive knowledge on the use of the agent attributes and task 

requirements generated by the method of Chapter 5, and 2) to give insight into how the prescriptive 

knowledge can be implemented and integrated. 

The algorithm has been implemented and realised as part of the MPMS and deployed at two 

operational factories. Although the proof of concept is limited, the results are certainly indicative of 

the potential benefit of dynamic allocation of agents. This is especially true for processes that require 

rapid and frequent change, such as those emerging in Industry 4.0. The benefit can be further 

enhanced by catering for coalitions of agents, as demonstrated with the second proof of concept in 

Section 6.6.2. Regardless of the specific implementation and options, the presented allocation 

algorithm is a significant improvement over current techniques that rely solely on organisational 

information.  

The design presented in this chapter represents the process and development views of the Kruchten 

4+1 framework (Kruchten, 1995). This framework is discussed in Chapter 3 and is used as the overall 

structure of the developments in this thesis. The process view corresponds to Section 6.3 and the 

development view to Section 6.4 of this chapter. These views will feed into the physical view of the 

MPMS, as presented in Chapter 7. 

  

                                                                        
5 https://youtu.be/Oks28m0sP4Q 

https://youtu.be/Oks28m0sP4Q
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Chapter 7 
7. REALISATION AND EVALUATION 

As the name implies, this chapter serves two purposes. First, a realisation of the MPMS is presented. 

It is purposefully referred to as “a realisation” because it isn’t the only or even definitive realisation 

of the system architecture presented in Chapter 3. Instead, the objective of this chapter is to 

demonstrate that the system architecture is viable, i.e. it can be realised as an operational system. 

The second purpose of this chapter is to report on the evaluation of the overall research study. In 

Chapter 1 the research outcome is positioned as a theory for the exaptation of BPM for smart 

manufacturing operations. It is also argued that the theory includes the following four artefacts: 

1. An architecture model of an information system to design and enact manufacturing 

processes. 

2. A set of models that can be used as building blocks to design executable manufacturing 

operations processes. 

3. A method that guides the user to describe resources that participate in manufacturing 

processes. 

4. A method that enables automated assignment of resources in dynamic manufacturing 

processes. 

Artefacts two, three and four are individually evaluated in Chapters 4, 5 and 6. However, artefact one 

and the overall design theory remain untested. Therefore, this chapter reports on the evaluation of 

the MPMS architecture and the theory for the exaptation of BPM for smart manufacturing operations. 

7.1 Chapter outline 
The chapter structure aligns to its dual purpose of realisation and evaluation. The chapter starts with 

a detailed discussion about the realisation of the MPMS in Section 7.2. The realisation discussion itself 

is divided into three parts that cover the technologies that enable the realisation, verification of the 

complete design, and illustration of the actual system realisation as part of the HORSE System. 

Thereafter, demonstration and evaluation of the realised system in two practical cases are described 

in Section 7.3. The evaluation is settled with a report on the interviews conducted with factory 

personnel who interacted with the system. Section 7.4 presents notable findings from the 

demonstrations and interviews and, lastly, Section 7.5 reflects on the MPMS as a whole and its 

contribution towards the objective of this research. 

7.2 Realisation of the MPMS 
The logical view of the MPMS architecture is presented in Chapter 3. The logical view is well positioned 

as the conceptual design of the system, as it defines the structure and functionality of the system 

without committing to specific technologies and platforms. In this chapter though, and specifically in 

this section, the physical view completes the design by determining how and where the software will 

run. The exact software and hardware may be different for each deployment, but the type of 
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technology remains the same. To round-off the system realisation, the MPMS is presented as the 

central orchestration hub of the HORSE System, demonstrating an information system that is 

deployed and utilised in real factories. 

7.2.1 Physical view of the MPMS architecture 
In this section, the physical view of the Kruchten 4 + 1 framework is applied. The goal of this section 

is to analyse the technologies needed to realise the MPMS, with a focus on the role of Industry 4.0 

technologies. The development presented in this thesis does not start from scratch, but rather builds 

on existing technology. An existing BPMS is presented in Section 7.2.1.1 to identify the necessary 

enhancements for manufacturing process management. Thereafter, the “where” of implementation 

is explored, by investigating the separation between cloud-based and on-premise. The cloud-

supported parts of the system are identified, which leads to a clear division between the modules 

running ‘in the cloud’ and those running on-premise. This division is discussed and justified in section 

7.2.1.2 of this chapter based on performance and security considerations. The divide is used to 

construct an IoT-view of the MPMS, which is presented in Section 7.2.1.3. 

7.2.1.1 Existing business process management technology 
BPM is a well-established domain with many commercial and open-source BPMSs. The selection of a 

BPMS as foundation for the MPMS was driven by requirements of the HORSE Project. It is not sensible 

to list all the requirements here, but Table 53 gives a good overview of the requirements considered 

during the selection of a foundational BPMS. 

Table 53: Weighted comparison of four prominent BPMSs. 

BPM aspect Requirement Weight Camunda 
BPM 

Pega 7 Bizagi IBM BPM 

Platform / 
Software 

Supported Platforms 1 Java J2EE JEE 
.NET 

Java 
.NET 

Supported DBMS 1 MySQL 
MariaDB 
Oracle 
IBM DB2 
PostgreSQL 
Microsoft 
SQL Server 
H2 1.3 

Oracle 
SQL 
DB2 

Oracle 
SQL 

Oracle 
SQL 

On premises / Cloud 
servers 

1 Both Both6 Both Both 

Security / 
Authorisation 
solutions 

1 + + + + 

Robustness 1 + + +/-7 + 

Runtime scalability 1 + + +/- + 

Integration / 
Compatibility 
with other 
systems 

Supported 
middleware layers 

2 Service and 
connector 
types 

Service and 
connector 
types 

Component 
Library 
(API, 
connectors) 

WebSphere 
Enterprise 
Service Bus 

                                                                        
6 The Pega Business Cloud is not just for process design, but can also handle process execution. 
7 Bizagi Xpress Edition does not offer options for fault tolerance and clustering. Only in Enterprise 
editions they are possible. 
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(SOAP, 
JMS, etc.) 

(SOAP, 
JMS, etc.) 

WebSphere 
Message 
Broker 

Features and 
actual 
development 
 

Inclusion of 
enactment engine 

2 + + + + 

Process Modeller 2 + + + + 

Process language, 
syntax and notation 
support 

2 BPMN 2.0 
DMN 1.1 
CMMN 1.1 

Own 
notation / 
Rule-based 
modelling 

BPMN 2.0 Unknown 

Supports agent 
management 

2 + + + + 

Dashboard / Cockpit 
features for runtime 
overview 

2 + + + + 

Simulation 
capabilities 

1 +/- +/-8 +/- + 

Ability to create a 
prototype / Test 
environment 

2 + + + + 

Well-documented / 
Support / Training 

2 + + +/- + 

Flexibility in coding / 
development 

2 + +/-9 + +/- 

Connectivity 
among 
services 

Supports web 
services 

1 + + + + 

Supports REST/JAVA 
API 

1 + + + + 

Supports 
SOA/Interoperability 

1 + + + +/-10 

Human 
interaction 

Comprehensibility 
and easiness of 
learning 

1 + +/- + - 

Possible integration 
with UIs of other 
systems 

1 + + +/- + 

Supports external 
web applications as 
user interaction  

1 + + +/- + 

Integration with 
Augmented Reality 
devices 

1 + + + + 

Other 
requirement 
and 
restrictions 

Cost / Licensing 2 Free / 
Enterprise 

Unknown Free / 
100€ per 
user11 

Unknown 

 Total 33 24 22 24 

                                                                        
8 Simulation is available both at the skeleton process level and at whole process level. However, this support is 
fairly basic (Craggs, 2011). 
9 Integration to backend services, databases and applications is cumbersome in PRPC, frequently requiring hand 
coding in Java and Pegasystems consultants to assist on projects (AVIO Consulting, 2013). 
10 IBM Websphere ESB is included for BPM but is restricted and not available for general use unless purchased 
separately (only in Advanced edition). 
11 Price for Bizagi Xpress Edition, perpetual license. Maintenance costs are €20. 
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Camunda BPM emerged as the most suitable BPMS to form the basis for development of the MPMS. 

Camunda BPM is an open source platform for workflow and business process management. It is highly 

extensible and includes native support to model and enact BPMN 2.0 models. Camunda BPM is used 

to show how the MPMS can be realised, based on existing technology. 

 

Figure 106: Simplified representation of Camunda BPM architecture (Camunda Services GmbH, 
n.d.). 

Figure 106 shows a simplification of the software aspect of the Camunda BPM information system 

architecture. The following components come as standard part of the package: 

• Modeler: Modelling tool for BPMN 2.0 and CMMN 1.1 diagrams as well as DMN 1.1 

decision tables. 

• Process Engine: A Java library responsible for executing BPMN 2.0 processes, CMMN 1.1 

cases and DMN 1.1 decisions. It has a lightweight POJO (plain old Java object) core and 

uses a relational database for persistence. ORM mapping is provided by the MyBatis 

mapping framework. 

• REST API: Allows you to use the process engine from a remote application or a JavaScript 

application. 

• Tasklist: A web application for human workflow management and user tasks that allows 

process participants to inspect their workflow tasks and navigate to task forms in order to 

work on the tasks and provide data input. 

• Cockpit: A web application for process monitoring and operations that allows you to 

search for process instances, inspect their state and repair broken instances. 

• Admin: A web application that allows you to manage users, groups and authorizations. 

To show how the MPMS can be realised with Camunda BPM, Figure 107 shows how modules of the 

MPMS (see Figure 75 in Chapter 3) maps to modules of Camunda BPM. Green connections indicate 

that the two modules correspond directly, in terms of functionality and scope. It can be seen that 
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Camunda BPM is a direct implementation of the WfMS reference architecture (see Figure Figure 72 

in Chapter 3), because process definition tools, process engine, administration & monitoring tools, 

tasklist and custome applications all directly map to modules of the Camunda BPM architecture. 

 

Figure 107: Mapping between modules of the MPMS and Camunda BPM. 

Four modules of the MPMS architecture do not map to any modules in Camunda BPM. These four 

modules correspond to the two new system functions identified in Table 13 of Chapter 3. The first 

three modules are part of the definition tools subsystem and deliver the resource definition 

functionality. The resource definition module is accompanied by task definition and location definition 

modules, based on the definitions established in the data aspect design (see Section 3.3.3.4). The 

agent allocation module is part of the process enactment service subsystem and delivers the resource 

allocation function listed in Table 13 of Chapter 3. 
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The red connection indicates that the interface to automated agents control systems does not 

currently exist, but Camunda BPM specifically caters for “custom applications” in such cases. The 

realisation of such a custom application is further explored in Section 7.2.2. Furthermore, the task 

definition, resource definition, location definition and agent allocation modules are currently not 

supported by Camunda BPM, but are developed in Chapters 4 to 6 and realised as part of the HORSE 

System, discussed in Section 7.2.2. 

7.2.1.2 Cloud Support for the MPMS 
In the physical view, it is determined how and where the software resulting from the previous three 

views will run. The exact software and hardware may be different for each deployment of the MPMS, 

but the type of technology remains the same. This research is more concerned with the separation 

between cloud-based and on-premise deployments. Thus, the cloud-supported parts of the MPMS 

are identified, which leads to a clear division between the modules running ‘in the cloud’ and those 

running on premise. 

Given the primary context of small and medium manufacturing enterprises, it is first determined 

which modules of the system can be situated in the cloud. Performance expectations for each module 

of the MPMS is considered to determine which modules can be hosted in the cloud. For example, 

modules used during design-time generally do not require guaranteed sub-second response times. 

Hence, such modules can be hosted as cloud applications and be subjected to the normal performance 

impact of distance and Internet traffic. To add some nuance to the discussion, two cloud-based 

models and a non-cloud model are used as reference for software deployment (Shawish and Salama, 

2014). 

• The Software-as-a-Service (SaaS) model provides a software application as a hosted service 

on the Internet, eliminating the need to install and run the application on local computers. 

• The Platform-as-a-Service (PaaS) model provides an application environment in which users 

can create their own application that will run on the cloud. 

• The on-premise model represents traditional computing with no part of the software or 

computer hardware hosted in the cloud. 

Rimal et al. (2011) advocates for scalability, performance, multi-tenancy, configurability, and fault-

tolerance as the primary considerations for cloud support of applications. Table 54 lists the 

advantages and disadvantages inherent to each cloud-support model in relation to the five 

considerations. 

Table 54: Advantages and disadvantages of SaaS, PaaS, and on-premise models in relation to the 
five considerations for cloud-support. 

Consideration SaaS PaaS On-Premise 

Scalability 

Software and computing 

resources can be scaled 

quickly. 

Computing resources 

can be scaled quickly. 

Scaling requires 

installation of new 

software and hardware. 

Performance Cannot be guaranteed 

because it is subject to 

Cannot be guaranteed 

because it is subject to 

Best response-time 

performance attainable. 



203 

network quality, traffic, 

and distance. 

network quality, 

traffic, and distance. 

Multi-tenancy 

Tenancy can easily be 

extended to any agent 

with Internet access. 

Additional tenants 

added with additional 

software installation 

or expansion. 

Only within its local 

environment. 

Configurability 

Software and computing 

resource changes are 

subject to the 

agreements with the 

service provider. 

Computing resource 

changes are subject to 

agreements with the 

service provider. 

All changes are under 

the control of the user. 

Fault-

tolerance 

Fault-tolerance is defined 

as part of the  

quality-of-service 

agreements. 

Fault-tolerance is 

defined as part of the 

quality-of-service 

agreements. 

Fault-tolerance is under 

the control of the user. 

 

The five considerations listed in Table 54 are applied to determine which modules of the MPMS can 

be hosted with the SaaS or PaaS cloud computing models. The results of the analysis are listed in 

Table 55. Please note, all modules related to the MPMS, as shown in Figure 74, are considered in 

this analysis to establish the line between cloud-based and on-premise deployment. 

Table 55. Application of the five considerations for cloud-support for the modules of the MPMS. 

System Module or 
Data Store 

Cloud 
Support 

Rationale 

Process definition 
Resource definition 
Location definition 
Administration and 
monitoring tools 
ERP and other 
information systems 

SaaS The scalability and multi-tenancy afforded by SaaS is an 
opportunity to extend service to additional production 
areas, sites, or even enterprises. 
Singular deployment implies no configurability 
requirements. 
No strict performance guarantees required. 
Fault-tolerance can be addressed with the quality-of-
service agreements with the service provider. 

Task Design PaaS The platform can be scaled to additional production 
areas, sites, or enterprises. 
Tenancy can be extended with additional software 
deployments on the same platform. 
Technology-heterogeneity requires extensive 
configuration of software on the same platform. 
No strict performance guarantees required.  
Fault-tolerance can be addressed with the quality-of-
service agreements with the service provider. 
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Human agent 
interface 
Auto agent control 
system 

On-premise Multiple, technology-heterogeneous realizations for 
each local deployment requires no scalability or multi-
tenancy. 
The configuration is done during design-time. 
The control of multiple, interacting agents require strict 
performance guarantees in the millisecond domain and 
near-zero fault tolerance. 

 

Figure 108 shows the result of the five considerations as an overlay on the logical view of the MPMS 

architecture. The modules at the global layer support process design, agent design, process 

enactment, and monitoring. Process and agent design are interactive modules but do require any 

guaranteed performance. A further advantage of the SaaS model is simplified versioning and upgrade 

of the software since manufacturing is becoming more flexible (Chang et al., 2003; Mishra et al., 2014). 

Process enactment and monitoring has a real-time character but without very strict timing 

requirements. Consequently, it is possible to deploy all global layer modules and both the data stores 

in the cloud. An important requirement for the cloud environment is a very high quality of service 

(QoS) in terms of availability: unavailability of global functionality typically brings a process-oriented 

manufacturing plant to a halt within minutes if not seconds. 

 

Figure 108. Overview of cloud support for the MPMS. 

The modules at the local layer control the activities of agents—either individually or in teams—are 

very much real-time cyber-physical systems. This means that part of their functionality has very strict 

response-time requirements, possibly in the order of milliseconds. A good example is safety 

management, which requires fast synchronization between sensors, local awareness functionality, 

local execution functionality, and agents (humans and robots). 
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7.2.1.3 The MPMS as an IoT Application 
With the process enactment services in the cloud and the agent control systems on-site, the MPMS 

relies heavily on communication between the cloud and the Things that perform manufacturing 

activities. This communication is facilitated by the Internet-of-Things. Significant disagreement exists 

regarding the nature and scope of the IoT (Atzori et al., 2010), but Wortmann and Flüchter (2015) 

offer a complete overview of the concept by bringing together computing, connectivity, and devices 

in a single technology stack. The technology stack follows the concept of functional abstraction (Bass 

et al., 2013), i.e., each layer builds on the functionality of the layer below. For example, the control 

software of a thing/device makes use of the actuating and sensing components to exert control over 

the hardware of the thing/device. 

The technology stack draws attention to the division between the things or devices (including its 

embedded control system) on the factory floor and software situated in the IoT cloud. The 

connectivity layer facilitates communication between the IoT Cloud and one or more things/devices. 

Functional abstraction and the division between the cloud and the device is applied to construct a 

technology stack for the MPMS. The resulting technology stack, which is shown in Figure 109, serves 

two purposes: (1) to describe how modern technologies contribute to realize the MPMS and (2) to 

justify the designation of the MPMS as an IoT application. 

 

Figure 109. Technology stack showing the MPMS as an IoT application. 
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Starting from the bottom of Figure 109, to simplify the explanation of the assimilation of technologies, 

the various things and devices are shown as simple icons. Human interfaces are represented with 

displays and handheld devices. The sensors are represented with a camera and microphone while 

robots are represented with a robotic arm and a vehicle. Lastly, augmented reality is represented with 

wearable glasses and a sensor to track human movements. The displayed things or devices are only 

representative since the actual set may differ in a factory. On the second layer from the bottom, the 

various devices and things are controlled by their respective software systems. These software 

systems are left purposefully abstract to signify the open nature of the MPMS. Many different 

technologies can be utilized in conjunction with the MPMS. The software systems of the devices are 

connected to the MPMS via the local area network of the factory. 

Three work cell control systems, from competing vendors, are shown for thing/device communication 

and management. This again demonstrates the openness and versatility of the MPMS in a 

technologically heterogeneous environment. This layer is also the most significant deviation from the 

IoT technology stack of Wortmann and Flüchter (2015). The thing/device communication and 

management is not included in the Cloud grouping of the technology stack because of the 

requirement for guaranteed, sub-second communication and synchronization between agents in a 

work cell. 

A singular block named Internet is shown to represent the connectivity between Local and Global 

features. This implies all standard infrastructure and protocols. Communication may be directed via 

an enterprise service bus to allow all subsystems to subscribe to it and publish messages. 

At the top of Figure 109, the on-cloud functionality is presented in three layers. Camunda BPM can 

run equally well on a Wildfly or Apache Tomcat application platform. The process management layer 

contains the same three subsystems as shown in Figure 108. The more detailed modules of the MPMS 

are omitted here in the interest of legibility. Lastly, the MPMS itself is shown at the top of the 

technology stack, highlighting the MPMS as IoT application, with multiple layers of functionality 

covering the complete technology stack of Wortmann and Flüchter (2015). 

7.2.2 The MPMS as the core of the HORSE System 
The HORSE Project is introduced in Chapter 1 as part of the scope of this research. The project aims 

to bring together, develop and refine advanced manufacturing technology in a package that is 

accessible to SMEs. The technologies include human-robot collaboration, situational awareness, robot 

teaching-by-demonstration and augmented reality. The various technologies are packaged in modular 

and integrated information system, appropriately named the HORSE System, such that an SME can 

easily deploy selected technologies at its premises. The MPMS acts as the central linking pin between 

the included technologies, as it orchestrates the activities of the humans, robot and sensors that 

participate in smart manufacturing operations. The MPMS is therefore not optional, because no 

activity can be initiated without it, regardless of any other technologies involved. Several videos of 

the HORSE System and its various technologies can be found on the HORSE Project website12. The 

video labelled ‘MPMS demo video’ gives overview of the use of the MPMS. 

                                                                        
12 http://www.horse-project.eu/Media 

http://www.horse-project.eu/Media
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The core role of the MPMS in the HORSE System has technological implications on the MPMS. Table 

56 lists the technologies used for the implementation of the MPMS as part of the HORSE System, 

but alternative technologies are undoubtedly possible. 

Table 56: Technology decisions for the realisation of the MPMS. 

System features Technology  

Data storage PostgreSQL 10 Single database shared by all partners of 
the HORSE Project (see Chapter 1). 

Integration with MPMS Direct invocation Only simple variable values passed 
between the process engine and algorithm. 

Algorithm operationalisation Java 9 Basis technology of the MPMS has native 
support for Java 9. 

 

The HORSE System has a layered architecture pattern, with a global orchestration layer and a local 

control layer (Grefen et al., 2016). Figure 110 shows a model of the HORSE System. The upper layer 

represents global control and the lower layer contains the technologies that are utilized by a human 

or robot on the factory floor. 

 

Figure 110: Software aspect of the HORSE System (Grefen et al., 2016). 

Additionally, the HORSE System covers the design and execution lifecycle stages of manufacturing 

activities. Both the global and local system layers are divided into design-time and run-time sub-

systems. Processes and agents are defined in the HORSE Design Global sub-system, while tasks and 

physical constraints are defined in the HORSE Config Local subsystem. The definition information 

generated during design-time is stored in the two data stores is then utilized during the execution of 

manufacturing processes. 
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The subsystem labelled ‘HORSE Exec Global’ is responsible for the orchestration of activities during 

process run-time. HORSE Exec Local includes the human interface and the control systems of 

automated agents. This subsystem controls the steps performed by agents and sub-second 

synchronization between agents. It is an abstract system, with instantiations based on different 

technologies. In the HORSE Project, the HORSE Exec Local subsystem is realized using Robot Operating 

System (ROS) and KUKA Sunrise technology. Thus, the control systems of automated agents may run 

on different operating systems and even follow different control approaches. For example, a cutting-

edge KUKA robot and a computer numerical controlled machine can participate in the same process. 

The MPMS and its modules presented throughout this thesis is synonymous with the entire global 

layer of the HORSE System. As such, the design-time and run-time subsystems of the global layer are 

elaborated further. It should be noted that the MPMS and HORSE System were designed under 

completely different circumstances. The MPMS design is the product of an individual research, based 

on existing scientific knowledge with limited extensions to satisfy domain-specific requirements. 

Conversely, The HORSE System is a larger endeavour, designed by a team of contributors. The 

contributors include multiple industry professionals and scientists from different disciplines, including 

the author of this thesis. Although the author applied the same design principles and approach, the 

HORSE System is the product of compromise, as the design team included a range of perspectives and 

expertise. This compromise inevitably results in a system architecture that is slightly awkward to 

explain, albeit still entirely valid. The awkwardness also extends to the mapping between the MPMS 

and the HORSE System. 

7.2.2.1 HORSE Design Global 
The HORSE Design Global is roughly divided between the process design and agent design subsystems. 

These subsystems can be used independently as needed for the task at hand. The Process Design 

module contains the functionality to (re-)design manufacturing processes. Results of design activities 

are stored in the Process/Agent Definitions data store. In case of redesign, the input is retrieved from 

this database before update. The Agent Design module contains the functionality to define 

manufacturing agents, i.e., describe their attributes. Product definitions data store is contained and 

populated in external information systems, typically PLM or computer-aided design software. Task / 

step and cell data is populated in the local layer of the HORSE System. 

The HORSE Design Global subsystem corresponds directly to the Design Tools subsystem of the MPMS. 

Figure 111 shows the mapping between the MPMS and the HORSE Design Global subsystem. 
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Figure 111: HORSE Design Global logical architecture, aggregation level 4. 

The Location Definition module of the MPMS is not mapped to any part of the HORSE System in Figure 

111. The equivalent module in the HORSE System is named Workcell Simulator, situated in the local 

layer as shown in Figure 110. As for HORSE Design Global modules that are not present in the MPMS, 

Table 57 provides reasons why these missing modules do not affect the realisation or evaluation of 

the MPMS. 

Table 57: Explanation of HORSE Design Global modules not included in the MPMS. 

HORSE Design Global module Disclaimer 

Syntax violation detection 
Process animation 

These modules are not yet realised in the HORSE Project at the 
time of writing this thesis. 

Agent class allocation This is the equivalent of specifying whether a task must be 
performed by a human or automated agent. This module is no 
longer needed and will not be developed in the HORSE 
Project. 
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7.2.2.2 HORSE Exec Global 
The HORSE Exec Global sub-system contains the modules involved in execution and monitoring of 

manufacturing processes. These modules provide the functions used to enact a sequence of tasks, 

assign agents to those tasks and provide the agents with necessary information. Exception handling 

and performance tracking modules are also included. The Production Execution Monitoring module 

supports real-time monitoring of manufacturing execution in terms of processes, orders, and agents 

(human and automated). HORSE Exec Global also includes two Global Awareness modules. The Global 

Safety Guard is a mechanism that can halt all process execution in case of emergency. Lastly, the Event 

Processing module is a sophisticated piece of software that attempts to connect seemingly unrelated 

events in the factory to detect problems before occurrence. 

The HORSE Global Execution subsystem corresponds directly to the Process Enactment Service and 

Administration & Monitoring Tools subsystems of the MPMS. Figure 112 shows the mapping between 

the MPMS and the HORSE Design Global subsystem. 

 

Figure 112: Global Execution module software architecture, aggregation level 4 
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As with the design-time subsystem, the mapping between HORSE Exec Global and the MPMS is not 

entirely straight forward. However, the HORSE System covers all three run-time modules of the 

MPMS, namely the process engine, agent allocation and administration & monitoring tools. As for 

modules of the HORSE System not covered by the MPMS, Table 58 provides reasons why these missing 

modules do not affect the realisation or evaluation of the MPMS. 

Table 58: Explanation of HORSE Exec Global modules not included in the MPMS. 

HORSE Exec Global module(s) Disclaimer 

New task selection 
Worklist delivery 

These modules should be part of Production Execution Control. 
These modules were elevated to highlight the importance of 
the functionality. 

Structured exception handling 
Global performance tracking 
Global safety 
Event processing 

These modules are not yet realised in the HORSE Project at the 
time of writing this thesis. 

 

As the HORSE Exec Global subsystem is based on BPMS technology and uses BPMN2.0, it is proven for 

level 4 processes (Wohed et al., 2006). The interface to the HORSE Exec Local subsystem enables the 

process management system to also enact level 3 processes. The Global Execution subsystem sends 

work items to a variety of humans, robots and automated guided vehicles, and receives responses 

from those agents (e.g. task completed, or task failed). 

 

Figure 113: The HORSE System positioned in the functional hierarchy of IEC62264:2013-1. 

Figure 113 shows the run-time subsystems of the HORSE System in the architecture of computer 

integrated manufacturing.  The HORSE Exec Global subsystem occupies the position of the MPMS. The 

HORSE Exec Local subsystem occupies the place of all human interfaces and automated agent control 

systems. As such, the HORSE Exec Local subsystem is a realization of the internet-of-things, acting as 

the connection between the MPMS and the devices. This realization is discussed in detail by Grefen 

et al. (2018). As with the architecture presented in Figure 52, separate interfaces between 

manufacturing operations management systems and other control systems are still possible, as shown 

by the interface between the MES and PLC in Figure 113. 
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7.3 Evaluation 
With the MPMS realised as part of the HORSE System, the last evaluation can be discussed. This 

evaluation is about the realised MPMS and the overall theory for the exaptation of BPM knowledge 

for smart manufacturing operations. The new developments of the MPMS are separately evaluated 

in Chapters 4, 5 and 6, but the MPMS as a whole is evaluated in this section. Thus, the evaluation is 

divided into three parts, corresponding to practical demonstration of process management, 

verification of the MPMS design and, lastly, gauging the acceptance of the technology by factory 

workers. 

7.3.1 Practical demonstration of process enactment in smart 
manufacturing 

The HORSE System is used to model and execute the manufacturing processes of two factories in 

Europe. These two factories provide opportunity for varied evaluation, as they employ entirely 

different production methods. Detailed process models were developed by the researcher and 

accepted by the appropriate factory managers to be used for demonstrations of the HORSE System. 

The scenarios used in the two factories are elaborated in Chapter 2. The author documented the 

evolution from initial observations to executable manufacturing process models in Vanderfeesten et 

al. (2019) 

7.3.1.1 Thomas Regout International 
The case study performed at TRI is the most substantial and significant of the practical evaluations. 

TRI is positively open and transparent regarding its current operations and future directions. This 

allowed the HORSE Project partners, and this research by extension, to perform expansive 

interventions across the manufacturing system. Ultimately, the TRI case study is a good indication of 

the transformation required towards a smart factory. The company published a video about the 

transformation that it is undergoing, with the HORSE Project and the MPMS as core to that 

transformation13. 

This case study will elaborate on the transformation in the context of the executable models of the 

manufacturing processes. As a reminder, TRI manufactures telescopic sliders for industrial-grade 

racks, cupboards and other containers. The manufacturing process is divided into three main 

production phases preceded by a tool preparation phase. Figure 31 shows the complete 

manufacturing process, designed according to the guidance provided in Chapter 4. The process is 

broken into separate pools because it is asynchronous, i.e. there may be waiting time between 

manufacturing phases. 

                                                                        
13 https://youtu.be/JBodoko84jc 

https://youtu.be/JBodoko84jc
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Figure 114: TRI manufacturing process, showing tool preparation and three phases of production. 

Figure 114 shows four subprocesses (in BPMN2.0 terminology), depicted with a bold border to 

indicate that they are further elaborated in separate process models. The interventions of the HORSE 

Project are contained in those subprocesses, as the best opportunities to demonstrate smart 

manufacturing technologies. The first of these subprocesses, single tool assembly, was already 

discussed and demonstrated as part of the evaluation of dynamic agent allocation, in Chapter 6. The 

second subprocess, place profiles in bin, is further elaborated in Figure 115. 
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Figure 115: Executable model of the 'place profiles in bin' subprocess. 
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The process shown in Figure 115 involves a human operator, an industrial robot from Universal 

Robots, and an automated guided vehicle that can transport bins full of metal profiles. Both the 

automated agents are controlled by an instantiation of the HORSE Exec Local subsystem based on the 

Robot Operating System platform and the activities of all three agents are orchestrated by the MPMS. 

The activities with bold borders call the reusable process model shown in Figure 99 of Chapter 6 to 

find a suitable agent or coalition of agents and make the connection with the control system if an 

automated agent is allocated. This scenario demonstrates complete vertical integration, across levels 

2, 3 and 4 of the functional hierarchy. 

The third subprocess also involves handling of metal profiles. The most significant difference of this 

scenario compared to the previous is that one of the tasks can be allocated to a human or robot. The 

grab, lift and hang single profile task can be performed by the loading robot or the human operator 

stationed at the work cell. Unfortunately, the robot performs its duties relatively quickly compared to 

the duties of the operator, resulting in unwavering allocation to the robot. 

The last call activity shown in Figure 114 leads to a subprocess that is essentially the mirror image of 

Figure 117. The two subprocesses involve the same activities and agents, in inverse order. Its process 

model is omitted, in the interest of brevity and because it doesn’t contain any new knowledge. 

Nevertheless, the presence of the MPMS in four important subprocesses gives good insight into the 

status of production in the factory. All four these subprocesses were entirely manual before the 

HORSE Project intervention, causing uncertainty about the progress of production orders. As 

established in Chapter 1, uncertainty is detrimental to the flexibility so urgently needed by TRI. 

 

Figure 116: Screenshot of the SCF during execution. 
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Figure 117: Executable model of the P2 loading' subprocess. 
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7.3.1.2 Sand-casting foundry 
The second practical case, as elaborated in Chapter 2, is used to demonstrate that the MPMS can be 

used to design and enact cross-functional processes. This case is at a medium-sized foundry in Poland 

and uses sand-casting to produce small batches of highly customizable metal parts for various 

industries, including automotive, railway and aerospace. The company has more than a thousand 

active part numbers at any time, emphasizing the need for manufacturing flexibility. Rapid design and 

fabrication of moulds enables the company to quickly cycle between different production orders. 

However, the finishing operations remain problematic. Casted products require substantial surface 

treatment and refinement operations to satisfy customer requirements. While casting operations 

have seen widespread automation, the finishing operations remain largely manual, with use of 

traditional tools such as grinders and hammers. This problem is aggravated by the extensive product 

customization. It is exceedingly difficult to develop a robotic solution that can perform surface 

treatment and finishing operations on parts that change shape, size and layout every hour. 

The HORSE System is used to model and enact the manufacturing process of the foundry, as shown in 

Figure 118, populated by humans and a variety of automated systems. This cross-functional process 

includes activities of several business functions at both level 3 and 4 of the functional hierarchy. Level 

4 functions include Sales and Marketing (supported by an ERP system) and Engineering (supported by 

a Product Lifecycle Management (PLM) system). Level 3 functions include production, inventory and 

quality operations, supported by PLM, MES and QMS. Maintenance operations are absent from this 

process model because the model is limited to the production phase of the business lifecycle. 

Most of the activities shown in Figure 118 are decomposed on one or more levels.  To demonstrate 

integration to robotics, the ‘separation’ sub-process, as part of PA3: Finishing, is further elaborated 

here. Separation is necessary because four to eight castings share a single mould and remain attached 

to each other due to excess metal in the mould. A robot is deployed to remove the excess metal with 

a disc cutter. The process model for this operation is shown in Figure 119 and makes use of teaching-

by-demonstration technology. After loading the production order, the operator moves the robot arm 

through the necessary trajectory (see ‘Teach cutting plan to auto agent’ task in Figure 119). Once the 

cutting plan is captured and a grape is placed on the table, the MPMS initiates cutting by sending the 

instruction to the robot. The robot receives work items from the global layer (the process 

management system) and responds with outcomes of the task (i.e. task completed, failed, paused). 

The MPMS then moves on to the next activity, as dictated by the process model. A video of the 

operational process is available online14 and a screenshot is shown in Figure 116. The MPMS is not 

explicitly shown in the video, but as a core part of the HORSE System, the process can’t function 

without it. 

 

                                                                        
14 https://youtu.be/Oks28m0sP4Q 

https://youtu.be/Oks28m0sP4Q
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Figure 118: Executable model of the cross-functional process, including sales, marketing, 
engineering and operations activities. 
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Figure 119: Executable model of separation process in the finishing production area. 
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This demonstration shows integration between levels 2, 3 and 4 of the functional hierarchy. 

Additionally, cross-functional integration between distinct parts of the factory is also demonstrated. 

Short videos showing the execution and integration of the HORSE System are available at 

http://www.horse-project.eu/Media. 

7.3.1.3 Automobile parts assembly 
The third case, at APA, demonstrates two functionalities of the MPMS as part of the HORSE System: 

1) Allocation of a coalition of agents to a single task, and 2) A highly responsive process that reacts 

to changes in the manufacturing system. Figure 120 shows the executable model of the inspection 

and packaging process at APA. This process includes a task named ‘visual inspection’ that must be 

performed by an industrial robot and camera system together. The MPMS allocates the task to the 

two agents, as shown in the video15. The process also includes several boundary events that 

prompts intervention by an assigned agent. This indicates the power of the MPMS to dynamically 

reassign agents to tasks. 

 

                                                                        
15 https://youtu.be/P6XhSHQJj_s 

http://www.horse-project.eu/Media
https://youtu.be/P6XhSHQJj_s
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Figure 120: Executable model of the inspection and packaging process at APA. 
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7.3.2 MPMS verification 
With the design complete and the MPMS realised, the system architecture can be confronted with 

the requirements established in Chapter 2. The set of requirements are derived from scientific 

literature on smart manufacturing and the practical cases presented in Chapter 2. Table 59 shows the 

original ten system requirements and evidence for the satisfaction of those requirements. 

Table 59: MPMS requirements from Chapter 2, as derived from scientific literature and practical 
cases. 

R# Requirement Verification 
type 

Evidence Source of 
evidence 

R01 The MPMS can be 
integrated into the 
existing enterprise 
architecture of a 
manufacturing enterprise. 

Demonstrate Integration in real factory 
with other information 
systems. 

CSF case (see 
Section 7.3.1.2). 

R02 The MPMS enables 
vertical integration, i.e. 
control across levels 2, 3 
and 4 of the functional 
hierarchy of 
IEC62264:2013-1. 

Demonstrate Orchestration of human 
and automated agents 

All three 
practical cases 
(see Section 
7.3.1). 

R03 The MPMS integrates the 
main technologies that 
drive smart 
manufacturing. 

System 
realisation 

Integration of IoT, cloud 
computing and smart 
devices. 

Section 7.2. 

R04 The MPMS can be used to 
define dynamic 
manufacturing processes. 

Demonstrate MPMS used to design 
real manufacturing 
processes. 

All three 
practical cases 
(see Section 
4.6.2). 

R05 The MPMS can enact 
dynamic manufacturing 
processes. 

Demonstrate MPMS used to enact real 
manufacturing processes. 

All three 
practical cases 
(see Section 
4.6.2). 

R06 The MPMS can be used to 
define manufacturing 
resources, such that it can 
be determined which 
resource is needed for an 
activity. 

Demonstrate MPMS used to define 6 
resources and 5 tasks. 

Section 5.9. 

R07 The MPMS can select 
resources for activities, 
based on the task 
requirements and 
resource attributes. 

Test MPMS used to select and 
assign resources to tasks 
based on attributes. 

TRI case (see 
Section 6.6.1). 

R08 The MPMS can coordinate 
the activities of 
heterogeneous actors 
(humans and different 
robots). 

Demonstrate MPMS used to 
coordinate activities of 
humans, robots and 
automated guided 
vehicles. 

All three 
practical cases 
(see Section 
7.3.1). 
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R09 The MPMS can assign 
multiple actors to a single 
activity. 

Demonstrate Coating task assigned to 
coalition of human and 
robot. 

SCF case 
(Section 6.6.2) 
APA case 
(Section 
7.3.1.3) 

R10 The MPMS can respond to 
changes in the 
manufacturing processes. 

Demonstrate Reassignment of tasks 
based on stress level of 
operator. 

APA case 
(Section 
7.3.1.3). 

 

The MPMS and its modules have been extensively verified in appropriate practical scenarios. All ten 

requirements defined in Chapter 2 are satisfied, with evidence provided in Table 59. It can thus be 

concluded that the technology, as realised, is correct. However, the users of such technology should 

also find it acceptable. The MPMS must still be assessed by users to determine whether it is an 

appropriate solution to the problem defined in Chapter 1. 

7.3.3 Technology acceptance evaluation 
The objective of this thesis is to develop a theory on the exaptation of BPM for smart manufacturing 

operations. The objective is pursued by extending existing BPM knowledge and technology to design 

the MPMS. The MPMS is then realised as part of the HORSE System and deployed in three real-world 

manufacturing scenarios. Various users interact with the HORSE System during these scenarios, 

including operators, supervisors and managers. The deployment at the first practical case, TRI, yielded 

a valuable opportunity to evaluate the acceptance of the system. 

To be clear, the HORSE System as a whole is evaluated, because it is infeasible to distinguish the MPMS 

from the rest of the HORSE System, from the perspective of the users. Typical users are concerned 

with the solution to the problem, rather than the architecture or components of the solution. 

Nevertheless, the MPMS is a core component of the HORSE System and together with the 

“infrastructure” (middleware and platform) creates an integrated solution. Evaluation can be 

attributed to parts of the system (which will be indicated if that is clear) but certainly also to the whole 

HORSE System. 

The Technology Acceptance Model (TAM) (Davis, 1989) is used as both survey and outline for the 

interviews. The model includes twelve questions divided into two sections for usefulness and ease of 

use. Importantly, the questions aim to determine whether the user prefers to use the new technology, 

compared to the previous way of working. All twelve questions are measured on a Likert scale of one 

to seven, ranging from extremely likely to extremely unlikely. Figure 121 shows the 7-point Likert scale 

for the questions. The questionnaire is translated to Dutch to interview participants in their native 

language. The form as used is included in Appendix M. 

 

Figure 121: 7-point Likert scale for usefulness and ease of use. 

Nineteen people were interviewed, immediately after a person interacted with the HORSE System. 

The nineteen people can be broken into the following categories: 
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• 2 experienced tooling engineers. 

• 2 intermediate tooling engineers (fully trained but not yet experienced). 

• 13 inexperienced operators. 

• 2 supervisors. 

The 19 surveys and interviews generated significant data to be used for evaluation. Table 60 shows 

the 12 statements posed to the interviewees and the average rating as reported by the interviewees. 

The system, as named in the survey statements, refers to the HORSE System, i.e. the collection of 

HORSE developments involved in the pilot case scenario. As an overview, the system rated favourably, 

with only two statements garnering a slightly unfavourable rating. 

Table 60: Questions asked during interviews with average ratings by interviewees. 

Nr Statement Average 
rating 

1 Using the system in my job would enable me to accomplish tasks more quickly. 2,32 

2 Using the system would improve my job performance. 2,26 

3 Using the system in my job would increase my productivity. 2,37 

4 Using the system would enhance my effectiveness on the job. 2,21 

5 Using the system would make it easier to do my job. 1,79 

6 I would find the system useful in my job. 2,16 

7 Learning to operate the system would be easy for me. 1,42 

8 I would find it easy to get the system to do what I want it to do. 3,53 

9 My interaction with the system would be clear and understandable. 1,84 

10 I would find the system to be flexible to interact with. 3,58 

11 It would be easy for me to become skilful at using the system. 1,68 

12 I would find the system easy to use. 1,79 

 

With 4 representing a completely neutral point on the scale of 1 to 7, none of the questions had a 

below average overall response. To give some more insight into the range of responses, Figure 122 

shows the average ratings and standard deviations for all twelve questions. 
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Figure 122: Graph showing the response averages and standard deviations. 

The participants were highly enthusiastic of the usefulness of the system. This optimism is often 

attributed to the procedural nature of the process-centric approach. They acknowledged the value of 

having a system that encourages disciplined process execution. This is even more important for 

inexperienced operators, who can be trained faster to participate in complex processes. Apart from 

increased discipline, some participants also appreciate the lessened mental burden. The augmented 

reality presents the relevant information, as encoded in the process model, to perform a task and the 

process automatically moves to the next task, thus making it easier for an operator to follow 

instructions and perform the work. 

A common realisation amongst participants was that they never noticed the mobile robot. The tooling 

parts were simply available when needed and removed again once the participant finished. This 
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observation points to two positive outcomes. Firstly, the process is well-designed from a physical 

perspective, because the two agents can operate near each other but not disturb each other. 

Secondly, and more importantly, the MPMS can coordinate two agents well enough for the tooling 

engineer (the evaluation participants in this case) to allow the mobile platform to work entirely on its 

own. 

The most common complaint by participants were that the system forces them to work a certain way. 

Manufacturing processes that involve human participants tend to offer some flexibility to the 

participants on the precise order of tasks. This is no longer possible when the process is controlled by 

augmented reality and a process management system. This is complaint is reflected in the average 

score of flexibility statement of the TAM, as shown with statement 10 in Table 60. The operators felt 

restricted and constrained by the system, minimising their opportunity to pursue process 

improvement. This is a matter of process design and task definition though. If more autonomy is 

needed, fewer details can be specified on the task level. The MPMS and its process design capabilities 

are highly flexible and can accommodate users who want more autonomy. Perhaps this can be used 

as motivation for multiple variations of a process, based on the profile of a user. A more experienced 

user can be given more informative guidance, rather than restrictive guidance. The experience 

attribute identified in Section 5.4 can be used to enable allocation of process or task variations, based 

on the specific operator. 

The second most common negative observation, especially as perceived by the more experienced 

participants, is related to deeper understanding about the process, by the operator. The experienced 

operators remark that an executable process will make it less important for operators to consider why 

the process is performed a certain way. They will simply perform the work, as instructed by the 

system. This presents two possible problems: 1) when something goes wrong, the operators are less 

likely to respond appropriately, and 2) the operators will offer less ideas for improvement, because 

they are not engaged to consider deficiencies in the process. This sentiment is again reflected in the 

questionnaire, as shown with statement 8 in Table 60. While this criticism is fair, it is again a matter 

of the information presented to users. The practical part of the evaluation, with users performing the 

process as guided by the HORSE System, only presented limited process-related information to the 

users. The evaluation was technology-driven, to see how users interact with and accept the 

technology. However, the information-display prowess of the MPMS were somewhat neglected in 

favour of the augmented reality system. The MPMS is perfectly positioned to present rich process-

related information to the user, given that it also manages the upstream and downstream processes. 

The user can be presented with status information about upcoming cases and also inform the user 

about activities that will happen subsequent to the current task. 

7.4 Findings 
The HORSE System provides adequate evidence that the MPMS can be realised as a useable system 

in conjunction with other technology to control the machines. More importantly, the HORSE System 

shows that a single process management system can be used to design and enact business and 

manufacturing operations processes. 

The original problem statement defined in Chapter 1 was as follows: Current manufacturing process 

management techniques and technologies are not well equipped for the flexibility needed in Industry 

4.0. The MPMS, as a core part of the HORSE System, shows that BPM techniques and technologies 
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can instead be used to design and execute manufacturing processes populated by humans, robots 

and new technologies, such as augmented reality and situational safety awareness. These processes 

are also more flexible, because the tasks are defined independently of the agents that might execute 

those tasks. This makes it possible to allocate different agents to tasks, based on the characteristics 

of agents and the status of the process. 

Beyond the goal of demonstrating the viability of process management in manufacturing operations, 

the realized system yielded other benefits in the test cases. Apart from integration between levels 2, 

3 and 4, what can be thought of as vertical integration, the system also enhances integration between 

various instantiations of level 2, i.e. horizontal integration. The process management system of the 

HORSE Project is connected to level 2 systems based on different technology, including ROS and KUKA 

Sunrise. Coupled with direct interfaces to humans, the MPMS can enact cross-functional processes by 

orchestrating the activities of any agent in an enterprise. More interestingly, it is easier to allocate 

agents from one business unit to assist elsewhere. For example, if an automated vehicle fails to 

transport items from the warehouse, the receiving operator can be directly informed of the problem 

and instructed to fetch the items. Previously, the vehicle would be controlled by the warehouse 

management system while the operator receives instructions from the MES. 

Other advancements stem from the open and standardized nature of process management. By using 

international standards and open-source software, the process management system is extendible and 

adaptable. Companies can change the system to suit their needs or opt for a different system with the 

same notation. Additionally, adopting an international standard notation brings substantial 

embedded knowledge. BPMN enjoys extensive academic and commercial support and interest, which 

will see it evolve and improve over time. This status is particularly beneficial for recruitment purposes. 

The pool of professionals or consultants with BPMN knowledge and skill is larger than any proprietary 

notation. 

The most prominent shortcoming of the proposed unification is a lack of current support among 

vendors of manufacturing information systems. Vendors of information systems understandably 

prefer their own proprietary process management techniques and notations, they vie for competitive 

advantage. Removing core functionality of existing information systems reduces the prospects where 

a competitive advantage can be achieved. However, it is exceedingly likely that process management 

in manufacturing will be consolidated in dedicated systems, as transpired in enterprise information 

systems. The capabilities of industrial-grade, standalone process management systems will eventually 

surpass that of manufacturing operations management systems, if this has not already occurred. 

Even with the extensive capabilities of current and future process management systems, the proposed 

unification of process management presents a typical trade-off between standardization and agility. 

A unified system, based on international standards and open architecture, can orchestrate truly 

heterogenous processes, yet remain simple enough to keep updated with changes to the enterprise. 

However, a centralized system also forces compliance, limiting the options when responding to 

unexpected events or when attempting to improve the current way of working. A single monolith 

system serving a large enterprise, or even complete supply chain, may also become a bottleneck if 

overloaded. 
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7.5 Chapter conclusion 
Three relatively recent advancements enable the use of business process management technology for 

manufacturing operations. Firstly, BPMN is standardized and well-formed, supporting both the 

modelling and execution of complex processes. The richness of the notation is remarkably well-suited 

for manufacturing operations, with a wide range of events and activity options. Secondly, 

advancement in robotic technology allows for more flexible deployment of automation. As robots 

continue to become smarter, the extent of instruction required by those robots will decline. A smarter 

robot needs less control to perform tasks. Thirdly, the internet-of-things pledges a connected world. 

By connecting the humans, robots, sensors and other equipment found in a factory to a central 

orchestration system, the system can adapt to changing conditions and endeavour to ensure the most 

appropriate resources are assigned to perform activities. 

This chapter shows that a process management system can be used to facilitate integration across 

levels 2, 3 and 4 of a manufacturing enterprise and that the control can extend down to individual 

humans and robots. This capability is demonstrated with three real-world manufacturing cases. The 

end-to-end manufacturing processes and selected subprocesses are modelled and enacted, with 

activities performed by humans and robots. 
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Chapter 8 
8. REFLECTION AND CONCLUSION 

The manufacturing industry is experiencing unprecedented disruption. Fluctuating demand and mass 

customization compel factory managers to look for new ways to improve manufacturing flexibility. A 

manufacturing system must be able to rapidly adapt its operations to produce small volumes of highly 

variable products. Fortunately, several emerging technologies are anticipated to deliver the flexibility 

so eagerly awaited. More intelligent and versatile industrial robots can perform the larger variety of 

actions necessary to produce more product variants. Handheld devices, augmented reality and 

collaborative robotics enhance the already considerable proficiency of highly skilled factory workers. 

The ubiquitous connectivity promised by the Internet-of-Things and cloud computing enables 

improved insight into the state of the manufacturing system and the ability to quickly react to changes. 

It is expected that mass customized products will be produced by smart robotics in dynamic processes 

managed in the cloud (Zhang et al., 2014). 

The new technologies, while promising, introduce a new set of problems to the factory. New 

technologies invariably require new knowledge and skills. Incompatibilities with existing systems and 

practices in the manufacturing system are also inevitable. Apart from incompatibilities with existing 

systems, the new technologies are also not available as a single, integrated package. In fact, the 

absence of out-of-the-box solutions that combine the different technologies is considered a primary 

impediment on the path towards smart manufacturing (Kang et al., 2016). 

Apart from the problems inherent to these technologies, the more pressing concern is the increasing 

complexity of manufacturing. A manufacturing system with dynamically changing processes, 

populated by versatile robots and augmented humans is incomparable to conventional facilities with 

dedicated manufacturing lines. The research presented in this thesis is dedicated to the investigation 

of processes in such complex manufacturing systems. This chapter, the last of the thesis, summarises 

and concludes the research with the following four sections: 

1. A summary of the research presented in this thesis, focussed on how the various 

developments contribute towards achievement of the research objective. 

2. A discussion on the scientific relevance of the research presented in this thesis, with 

emphasis on the scholarly value of the artefacts. 

3. A discussion on the societal relevance of the research, with emphasis on the practical value 

of the artefacts. 

4. Closing remarks and reflection on the research, including limitations and prospects. 

8.1 Research summary 
Extensive problem analysis, as elaborated in Chapter 2, found the following three process-related 

problems in smart manufacturing, all contributing to a decrease of flexibility in an enterprise: 

• Process management in manufacturing is fragmented, with different techniques applied to 

different parts of the enterprise. 
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• Smart manufacturing technologies are under-utilized, because the rigid process design and 

management does not encourage rapid reconfiguration and reassignment of resources. 

• The number of hardware and software systems continue to increase, based on different 

control regimes from different vendors. These systems are difficult to integrate and utilise 

together in the same process. 

It is argued that current manufacturing process management techniques and technologies are not 

well equipped for the flexibility needed in Industry 4.0. These techniques and technologies tend to 

focus on localised optimisation and improvement (Cameron and Ingram, 2008; Moro, 2003), rather 

than the broader, cross-functional improvement required for increased flexibility. This research takes 

the broader perspective and proposes that the application of BPM techniques can be beneficial to 

factories seeking increased flexibility. BPM holds several advantages in that it is technology agnostic 

(Hepp et al., 2005) and a proven driver of integration (van der Aalst, 2013). 

Applying BPM in manufacturing has seen some attention. Its integrative potential has been explored 

(Prades et al., 2013; Gerber et al., 2014) and specialised notation extensions have been proposed (Zor 

et al., 2011). However, these efforts are rather ad-hoc and isolated. This research takes a more 

comprehensive approach by developing the manufacturing process management system (MPMS), an 

information system that can be used to manage dynamic manufacturing processes. 

8.1.1 Design of the MPMS 
The MPMS is a complicated information system with multiple system functions and modules. To 

compensate, its architecture is presented using multiple views. The logical view, representing the 

conceptual design without any commitment to specific technologies or implementation, is presented 

in Chapter 3 of this thesis. To further subdivide the architecture model, the logical view is presented 

according to the Truijens 5 aspect framework (Truijens, 1990). Figure 123 shows the software aspect 

of the MPMS, with indications of the chapters dedicated to the extensions required for 

manufacturing. 

 

Figure 123: Software aspect of the MPMS architecture, showing the chapters dedicated to its 
extensions. 
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The extensions indicated with chapter numbers in Figure 123 are not necessarily software 

developments, but rather detailed conceptual investigations on the use of MPMS functionality for 

manufacturing operations processes. The following three investigations are presented in Chapters 4 

to 6: 

• Chapter 4: The definition of executable manufacturing processes. 

• Chapter 5: The definition of manufacturing resources and tasks. 

• Chapter 6: The allocation of resources to tasks during process run-time. 

• Chapter 7: Explanation of how the MPMS can be realised, with emphasis on new 

technologies and interfaces to robot control systems. 

8.1.2 Definition of executable manufacturing processes 
The MPMS can be used to design and enact processes using established business process modelling 

notation. However, a manufacturing enterprise performs material processes in addition to business 

processes. Medina-Mora et al. (1992) differentiate between material and business processes based 

on the handling of physical and information items, respectively. This differentiation corresponds well 

to the functional hierarchy shown in Figure 15 of Chapter 2. Level 4 of the hierarchy contains the 

processes that are administrative in nature, i.e. the business processes, while level 3 contains the 

operations processes, i.e. the material processes. Thus, it is necessary to investigate the use of 

business process modelling notation for the operations processes of a manufacturing enterprise. 

This investigation yields a set of model fragments that can be combined to model manufacturing 

operations processes. The fragments are depicted using the popular BPMN2.0 standard for modelling 

business processes. The fragments are checked for suitability and completeness by modelling and 

enacting the processes of all three practical cases described in Chapter 2. The results show strong 

support for the use of business processes modelling for both representation and enactment of all 

manufacturing processes, including processes that directly contribute value to the product. 

8.1.3 Definition of resources and tasks 
It is widely recognized in the BPM domain that resource allocation can be enhanced by considering 

resource characteristics during selection. However, little guidance is available that shows how such 

characteristics should be specified. This development provides such guidance, in the form of a method 

to specify resource attributes and task requirements. The method consists of three steps to define 

resources and three steps to specify tasks. Resource definition starts with deciding whether a resource 

should be defined. This decision centres on the agency of a resource. If a resource can perform tasks 

independently, then it is designated as an agent and its attributes should be specified. The second 

step involves describing the agent, and the third step is the actual definition of the attributes 

possessed by the agent. Task definition involves similar steps, except that task requirements are 

specified, instead of possessed attributes. Both resource attributes and task requirements are defined 

using a set of 78 descriptors, extracted from an extensive literature study. As evaluation, the method 

is first applied to a practical case that illustrates the viability of the method. Secondly, the method is 

performed by six people to specify six resources and five tasks from three different real cases. Those 

people are then interviewed to determine the perceived usefulness, ease-of-use and intention to use 

the method. 
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The results show that the method sufficiently describes the characteristics of resources in terms of 

their capability to perform manufacturing tasks. Although the method is time-consuming, it does 

provide a remarkable view of the capabilities of resources to perform tasks. The method is also 

tailorable, as shown in Section 5.6. The extensibility of the method improves its accessibility by 

allowing a factory to only define the resource and activity attributes needed to enable resource 

allocation. 

8.1.4 Allocation of resources to tasks during process run-time 
The fourth and final investigation included in the thesis seeks a way to allocate resources to tasks 

during process run-time. An algorithm is developed that uses the data generated by the method to 

specify resource attributes and task requirements to perform the following functions: 

1. Retrieve all relevant task, process, case and agent data. 

2. Create all possible coalitions of agents to support collaborative task execution. 

3. Check the eligibility of each potential coalition by comparing the possessed attributes to the 

task requirements. 

4. Determine the (subjectively) best coalition by comparing all eligible coalitions in terms of 

predefined process objectives. 

5. Return the identifiers of the agents in the selected coalition to the MPMS to complete 

allocation. 

As proof of concept, the algorithm is demonstrated in two of the three practical cases. The first case 

shows preliminary indications that allocation of resources during process run-time can deliver 

performance improvement. The second case demonstrates the capability of the algorithm to allocate 

a coalition of multiple agents to a task. 

8.1.5 Realisation and evaluation 
The MPMS and its detailed developments are realised as a complete, cloud-enabled system in Chapter 

7. The cloud support enhances its accessibility to small and medium enterprises. The MPMS is also 

shown as the core component of the HORSE System, further enhancing the capabilities of the MPMS 

by complimenting it with connectivity technology. The HORSE System can facilitate direct control of 

individual humans and robots, as encoded in the process model, task definitions and agent definitions. 

Apart from the individual evaluations of the different artefacts, the MPMS as a whole and the theory 

for the exaptation of BPM in smart manufacturing operations were also evaluated in Chapter 7. This 

evaluation centres around three diverse, real manufacturing cases that shows that the MPMS can 

indeed enable execution of processes populated by humans and industrial robots, supported by new 

technologies such as autonomous guided vehicles, augmented reality and collaborative robots. 

8.2 Scientific relevance 
Developing and implementing the MPMS and its extensions is not the objective of this research, but 

rather allows for demonstration of the knowledge created during the development. Instead, the 

objective of the research presented in this thesis is to develop a theory for the exaptation of BPM for 

manufacturing operations processes. Exaptation is a type of design science research that investigates 

the application of existing knowledge in a new problem domain. The problem domain of this research 

is dynamic manufacturing operations processes supported by smart manufacturing technologies, 
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including collaborative robotics and augmented reality. Considering the use of BPM for such 

processes, the following two research questions are asked: 

1. How can manufacturing operations processes be designed and enacted using established 

business process modelling notation? 

2. How can resources (human operators and automated agents) be dynamically allocated to 

manufacturing activities to improve the ability of the manufacturing system to respond to 

changes? 

Design science research does not attempt to explain observed phenomena. Instead, the purpose is to 

provide knowledge that helps practitioners to perform design activities or solve problems. Thus, the 

research questions are answered with packages of prescriptive knowledge named artefacts. The 

following artefacts are developed as part of this research (artefacts 1 and 2 correspond to question 

one, and artefacts 3 and 4 correspond to question two): 

1. An architecture model of an information system to design and enact manufacturing 

processes. 

2. A set of models that can be used as building blocks to design executable manufacturing 

operations processes. 

3. A method that guides the user to describe resources that participate in manufacturing 

processes. 

4. A method that enables automated (re)assignment of resources in dynamic manufacturing 

processes. 

The theory for the exaptation of BPM for manufacturing operations processes is comprised of those 

four artefacts. The scientific contribution by this research is, therefore, prescriptive knowledge on the 

use of BPM to solve problems encountered in smart manufacturing operations. Scientific rigor is also 

ensured with extensive evaluation. All four of the artefacts are individually evaluated with practical 

demonstrations and interviews, and the theory as a whole is also evaluated with broad deployment 

in an operational factory. 

The theory contributes to the BPM scientific domain in two ways. Firstly, it extends the reach of 

business process management into the material processes of manufacturing enterprises. This is 

demonstrated with the design of executable manufacturing operations processes and the subsequent 

enactment of those processes with a process management system based on BPM technology. 

Secondly, it provides an extensible framework for the definition of resource and task attributes. This 

framework is a product of extensive literature analysis, of both BPM and manufacturing, to be as 

exhaustive as is reasonable. 

8.3 Practical relevance 
The express purpose of design science research is to produce knowledge that can be used in practice 

to solve problems. In Chapter 1, the following three process-related problems are identified in smart 

manufacturing, all contributing to an inability to increase of flexibility in an enterprise: 

1. Process management in manufacturing is fragmented, with different techniques applied to 

different parts of the enterprise. 
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2. Smart technologies, such as versatile robots and autonomous guided vehicles, are under-

utilized, because the rigid process design and management does not encourage rapid 

reconfiguration and reassignment of resources. 

3. The number of hardware and software systems continue to increase, based on different 

control regimes from different vendors. These systems are difficult to integrate and utilise 

together in the same process. 

The artefacts presented in this thesis are exactly targeted at those three practical problems. Problem 

1 is addressed in two parts, corresponding to the MPMS and design of processes. Chapter 3 shows 

how a single process management system can drive integration in a manufacturing enterprise, by 

managing cross-functional processes, regardless of the position in the enterprise. Chapter 4 shows 

how established business process modelling notation can be used to design executable processes that 

involve both information and material processing. Thus, a single information system can support the 

design and enactment of all processes in a manufacturing enterprise. 

Problem 2 is also addressed in two parts. First, Chapter 5 presents a method that guides a user to 

define the characteristics of humans, robots and other resources. These definitions express the 

capacity of the resources to perform tasks in the manufacturing processes. Second, Chapter 6 shows 

how the MPMS can use the resource definitions to allocate resources to tasks, during process 

execution. This capability can significantly increase the flexibility of a manufacturing system, by enable 

dynamic reconfiguration of the resources that perform manufacturing activities. The process model 

captures the activities that must be done, then the MPMS takes care of assigning resources to those 

activities. 

Problem 3 is addressed in Chapter 7 by showing how the MPMS can be used to orchestrate the 

activities of humans and various automated agents such as robots and autonomous guided vehicles. 

The MPMS, as a core component of the HORSE System, is conjoined with middleware and multiple 

robot control systems, to deliver seamless integration across the entire functional hierarchy. 

Processes are managed by the MPMS and the individual tasks in the process are allocated to coalitions 

of agents, instructed by the MPMS and controlled by their control systems. This prowess positions the 

HORSE System well as a reference architecture model of a modern manufacturing operations 

management system. 

The practical value of the research presented in this thesis is evident, but it is further enhanced by its 

involvement with the HORSE Project. This enhancement is further discussed in two parts: 1) The 

practical value of the HORSE System, and 2) The accessibility afforded by the option of deploying the 

HORSE System, and by extension the MPMS, in the cloud. 

8.3.1 Practical relevance enhanced by the HORSE Project 
To recap, the HORSE Project is part of the Factories of the Future research area of the Horizon 2020 

programme. This is a long-term research programme aimed at developing key enabling technologies 

that will allow European industries to retain competitiveness and capitalise on new markets. The 

programme also encourages technology and knowledge transfer between research institutions and 

commercial enterprises, as evidenced by the range of organisations involved in the HORSE project. 

The primary objective of the HORSE Project is to make advanced manufacturing technology more 

accessible to small and medium enterprises and to solve their flexibility problems, by more 
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dynamically dealing with customized products and demand fluctuation. This objective is achieved by 

developing the HORSE System, a modular, complex cyber-physical system that provides horizontal, 

cross-functional manufacturing process management and vertical control of heterogenous work cells. 

The system embodies the assimilation of traditional enterprise information systems (e.g., explicit 

process management) and advanced manufacturing technology (e.g., human-robot collaboration and 

the IoT). The HORSE System architecture is proposed as a reference architecture for a manufacturing 

operations management system for Industry 4.0. Thus, the architecture model of the HORSE System 

can be used as a template or framework to position and develop a commercial-grade manufacturing 

operations management system for Industry 4.0. 

The applicability of the HORSE System is directly demonstrated by implementing the technology in 

three operational factories. Those three factories feature throughout this thesis and serves as 

practical demonstration of the MPMS as part of the HORSE System. The HORSE Project is still ongoing, 

and the HORSE System will be deployed at an additional seven factories across Europe. As with 

previous deployments, the MPMS will continue to play a key part as the orchestrator of the various 

technologies built into and controlled by the HORSE System. 

8.3.2 Accessibility enhanced by the cloud 
The modular nature of the HORSE System allows extensible cloud support, enhancing its accessibility 

to small and medium enterprises. Cloud computing is emphasized as a fundamental enabling 

technology of the HORSE System. Cloud-based software lowers the barriers-to-entry for Industry 4.0. 

SMEs can focus on the use of smart devices to solve problems on the factory floor instead of being 

concerned with the installation and maintenance of software for those smart devices. 

Cross-functional, configurable manufacturing process management also opens new ways for smart 

manufacturing by supporting flexible process definitions, dynamic allocation of tasks to human and 

robotic workers, and real-time coupling of work cell events for manufacturing processes. Such process 

management processes also hold promise beyond a single site or enterprise.  

Cloud-based process management supports improved interoperability in manufacturing chains  

and networks. 

8.4 Closing remarks 
Although the design theory is comprehensive and practically applicable, it is not without its 

shortcomings. It is the distinct hope of the author that the limitations and prospects discussed in this 

section can be addressed by future research. 

8.4.1 Limitations 
The design science research approach ensures practical relevance by investigating the problems 

encountered in real factories, but it also increases the risk of overlooked problems or missed 

opportunities. This risk is mitigated by extensive reference to scientific literature, to extrapolate the 

specific problems from the factories to more general problems. However, the manufacturing industry 

is large and diverse. Completely unrelated problems may exist in other factories, which may not be 

considered in this research. As compensation, the seven additional cases of the HORSE Project will 

provide valuable insight into the applicability of BPM for diverse manufacturing processes and to 

identify any shortcomings. 
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Regardless of the access afforded by the HORSE Project, the evaluation of the theory on the exaptation 

of BPM for manufacturing remains limited. It is simply incredibly difficult and time-consuming to enact 

true interventions in operational manufacturing systems. Tests can take several days to set up and 

execute, during which the factory suffers undue disruption. It is also infuriatingly difficult to prove 

causality in practical cases. There are numerous potential influences on a real-world manufacturing 

process, making it difficult to isolate the intervention as the true cause for improvement. 

The most prominent shortcoming of the MPMS is a lack of current support among vendors of 

manufacturing information systems. Vendors of manufacturing information systems understandably 

prefer their own proprietary process management techniques and notations, as they vie for 

competitive advantage. Removing core functionality of existing information systems reduces the 

prospects where a competitive advantage can be achieved. However, it is exceedingly likely that 

process management in manufacturing will be consolidated in dedicated systems, as transpired in 

enterprise information systems. The capabilities of industrial-grade, standalone process management 

systems will eventually surpass that of manufacturing operations management systems, if this has not 

already occurred. 

8.4.2 Prospects 
The research presented in this thesis provides a compelling case for the use of BPM in smart 

manufacturing operations. The research relies on established modelling techniques and process 

management technology. The modelling techniques and notations can certainly be enhanced to 

improve its expressiveness for the manufacturing domain. For example, the representation and 

execution support of material flow and buffers can be added to enhance the suitability of the process 

model building blocks presented in Chapter 4. As for the process management technology, a 

commercial-grade manufacturing process management system was not created. Instead, a prototype 

was developed and implemented to demonstrate the feasibility of a system incorporating cloud 

computing, the Internet-of-things, and smart devices. Further complications will undoubtedly arise on 

the quest for a commercial-grade system, but, at least, the presented system architecture can serve 

as a proven template for such a development. 

As for specific improvements to the research, the MPMS gains good responsiveness for the 

functionality to allocate resources to tasks during process run-time. However, resource allocation is 

only one type of response to a change in the manufacturing process. Process exceptions, such as 

emergency situations or equipment malfunctions, may require a different type of response. Although 

it falls outside the scope of this research, the MPMS can certainly benefit from improved exception 

handling functionality. Such functionality can be bolstered with complex event processing to identify 

event patterns or links between seemingly unrelated events. Event processing is enjoying active 

research and development (Theorin et al., 2015; Baumgraß et al., 2016), promising significant benefit 

to the responsiveness of the MPMS. The responsiveness of the MPMS can also be enhanced by 

improving its access to enterprise date. It was not the objective of this research to establish 

integration to enterprise information systems, such as the ERP system of MES, but such integration 

can further enhance flexibility. If customer orders and the production schedule can automatically be 

fed into the MPMS, then the manufacturing system starts to resemble an autonomous system that 

configures itself according to the demands placed on it. 
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The cloud-supported nature of the HORSE System, and by extension the MPMS, can improve 

interoperability within manufacturing networks where a manufacturing process takes place across 

multiple sites or even autonomous enterprises. Software modules that are used in a software-as-a-

service paradigm are typically of a standardized kind so that the same functionality can be used by 

multiple parties. Applying functional standardization to the modules of the MPMS can improve 

interoperability between multiple manufacturing enterprises that collaborate. Consequently, it may 

be simpler to set up supply chains or supply networks with automated support for manufacturing 

processes across enterprises. 

Cross-organizational manufacturing is an ongoing research topic due to its numerous potential 

benefits (Gerhard et al., 2001; Lee and Whang, 2000). The concept has been demonstrated in the 

CrossWork project (Grefen et al., 2009), albeit without complete vertical integration down to the 

factory floor as in this research. In the CrossWork project, multiple manufacturing enterprises in the 

same supply chain network use a single, centralized process management system to synchronize their 

activities. These connected enterprises temporarily form an instant virtual enterprise, i.e. non-

permanent collaborations with the sole purpose of producing a single product series. Combining the 

concepts and ideas of the CrossWork project with the research in this thesis may prove to hold 

considerable benefits. 

8.4.3 Takeaway message 
Manufacturing is often described as the lifeblood of an economy. Not only does it deliver the myriad 

products that we depend on, but it also provides a significant number of job opportunities. Those jobs 

have been dwindling for a long time, with the ever-encroaching advance of automation. The latest 

advances, as part of the fourth industrial revolution, are no different. Machines can now perform a 

larger variety of activities than ever before, further threatening the place of the human on the factory 

floor. However, other technologies, such as augmented reality and wearable devices, promise to 

enhance the abilities of the factory worker. 

These technological advances promise to deliver the flexibility needed to produce the personalised 

and sophisticated products demanded by consumers. However, new technologies disrupt current 

practices and introduce complexity into the manufacturing systems. Gaining benefit from the IoT, 

cloud computing and collaborative robotics requires knowledge not typically held by manufacturing 

personnel. This thesis provides such knowledge and packaged it into a useful information system 

architecture. The provided knowledge can be used to model manufacturing processes, define the 

capabilities of resources and realise a process management system that enacts the processes and 

allocates resources to the activities in the processes. 
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APPENDIX A: TERMS AND ABBREVIATIONS 

Table 61 provides definitions for terms that feature prominently in this thesis and Table 62 clarifies 

abbreviations used. 

Table 61: Definitions for terms that feature prominently in the thesis. 

Term Definition Source 

Action A discrete event that which changes the state of 
the environment. 

Luck and d’Inverno (1995) 

Agent An instantiation of an object together with an 
associate goal or set of goals (it does not have to 
be its own goals, but simply that it satisfies some 
goals/purpose). 

Luck and d’Inverno (1995) 

Attribute A perceivable feature. Luck and d’Inverno (1995) 

Autonomous 
agent 

An instantiation of an agent together with an 
associated set of motivations. 

Luck and d’Inverno (1995) 

Coalition One or more agents who collaborate to perform a 
task. 

 

Event Something that happens indicating a change of 
state. 

 

Goal A state of affairs to be achieved in the 
environment. 

Luck and d’Inverno (1995) 

Manufacturing 
process 

A set of activities (subprocess or tasks) that 
transforms inputs into outputs. 
Inputs: materials, product specifications, 
production order. 
Outputs: product or assembly 

Based on ISO9000:2015 
(International 
Organization for 
Standardization, 2015) 

Manufacturing 
system 

The arrangement and operation of elements 
(machines, tools, materiel, people and 
information) to produce a value-added physical, 
informational or service product whose success 
and cost is characterized by the measurable 
parameters of the system design. 

(Suh et al., 1998) 

Motivation Any desire or preference that can lead to the 
generation and adoption of goals and which 
affects the outcome of the reasoning or 
behavioural task intended to satisfy those goals. 

Luck and d’Inverno (1995) 

Object An entity that comprises a set of actions and a set 
of attributes. 

Luck and d’Inverno (1995) 

Product An artefact that is produced, is quantifiable, and 
can be either an end item in itself or a component 
item. 

PMBOK5 (Project 
Management Institute, 
2013) 

Resource Any item, object or agent that participates in or is 
used during process execution. 

 

Taxonomy A scheme that partitions a body of knowledge 
and defines the relationships among the pieces. 

INCOSE Concepts and 
Terms WG (1998) 

  



259 

Table 62: Clarification of abbreviations used in this thesis. 

Abbreviation Meaning 

APA Automotive Parts Assembly (anonymised company name) 

API Application programming interface 

BPM Business process management 

BPMN Business process model & notation 

BPMS Business process management system 

CMMN Case management model & notation 

DBMS Database management system 

DMN Decision model & notation 

HEG HORSE Exec Global 

HEL HORSE Exec Local 

F/NF Functional / Non-functional 

ICT Information and communication technology 

IT Information technology 

MPMS Manufacturing process management system 

PF Process function 

POJO Plain old Java object 

REST Representational state transfer 

SCF Sand-Casting Foundry (anonymised company name) 

SF System function 

TRI Thomas Regout International 
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APPENDIX B: TAXONOMY OF HUMAN ABILITIES 

The full Taxonomy of Human Abilities (Fleishman, 1975) is copied here for convenience. 
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APPENDIX C: FLEISHMAN JOB APPLICATION 

SURVEY 

The full Fleishman Job Application Survey (F-JAS) is included here for convenience. 

 

  



                                             1 O*NET Abilities Questionnaire

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

Instructions for Making Abilities Ratings

These questions are about job-related activities. An ability is an enduring talent that can
help a person do a job.  You will be asked about a series of different abilities and how
they relate to your current job – that is the job you hold now.

Each ability in this questionnaire is named and defined.

For example:

You are then asked to answer two questions about that ability:

How important is the ability to your current job?

For example:

How important is ARM-HAND STEADINESS to the performance of your current job?

Mark your answer by putting an X through the number that represents your answer.
Do not mark on the line between the numbers.

*If you rate the ability as Not Important to the performance of your job,
mark the one [      ] then skip over question B and proceed to the next ability.

What level of the ability is needed to perform your current job?

To help you understand what we mean by level, we provide you with examples of
job-related activities at different levels for each ability. For example:

What level of ARM-HAND STEADINESS is needed to perform your current job?

Mark your answer by putting an X through the number that represents your answer.
Do not mark on the line between the numbers.

Arm-Hand Steadiness The ability to keep your hand and arm
steady while moving your arm or while
holding your arm and hand in one
position.

A

B

 1 

   

Light a candle    Thread a needle   Cut facets in a diamond 

  
   

Highest Level   
  

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is ORAL COMPREHENSION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of ORAL COMPREHENSION is needed to perform your current job?

A. How important is WRITTEN COMPREHENSION to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of WRITTEN COMPREHENSION is needed to perform your current job?

1. Oral Comprehension The ability to listen to and understand
information and ideas presented through
spoken words and sentences.

2. Written Comprehension The ability to read and understand
information and ideas presented in
writing.

   
Understand a   

television commercial   
  

Understand a coach’s oral 
   instructions for a sport 

  
  

Understand a lecture   

on advanced physics   

Highest Level   
  

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

   Understand signs  
on the highway   

  

Understand an 
 

  
apartment lease   

  

Understand an instruction book   
on repairing missile guidance systems   

  

Highest Level   
  

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is ORAL EXPRESSION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of ORAL EXPRESSION is needed to perform your current job?

A. How important is WRITTEN EXPRESSION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of WRITTEN EXPRESSION is needed to perform your current job?

3. Oral Expression The ability to communicate information
and ideas in speaking so others will
understand.

4. Written Expression The ability to communicate information
and ideas in writing so others will
understand.

     
Cancel newspaper  
delivery by phone   

  
  

to a lost motorist   

  
Explain advanced principles  

of genetics to college freshmen   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Give instructions 

     
Write a note to remind someone  
to take food out of the freezer   

 
Write a job recommendation  

for a subordinate    

  
Write an advanced  
economics texbook   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is FLUENCY OF IDEAS to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of FLUENCY OF IDEAS is needed to perform your current job?

A. How important is ORIGINALITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of ORIGINALITY is needed to perform your current job?

5. Fluency of Ideas The ability to come up with a number of
ideas about a topic (the number of ideas
is important not their quality,
correctness, or creativity).

6. Originality The ability to come up with unusual or
clever ideas about a given topic or
situation, or to develop creative ways to
solve a problem.

    
Name four different 

uses for a screwdriver 

   
Think of as many ideas as 

possible for the name of a new company   

 
Name all the possible strategies 

for a military battle   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

    

Use a credit card to 
open a locked door 

  

  
Redesign job tasks to be 

interesting for employees   

   
Invent a new type of  

man-made fiber   
  

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is PROBLEM SENSITIVITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of PROBLEM SENSITIVITY is needed to perform your current job?

A. How important is DEDUCTIVE REASONING to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of DEDUCTIVE REASONING is needed to perform your current job?

7. Problem Sensitivity The ability to tell when something is wrong
or is likely to go wrong.  It does not involve
solving the problem, only recognizing that
there is a problem.

8. Deductive Reasoning The ability to apply general rules to specific
problems to produce answers that make
sense.

     
Recognize that an unplugged   

lamp won’t work   

Recognize from the mood 
of prisoners that a prison riot   

is likely to occur   

Recognize an illness at an 
early stage of a disease when 

there are only a few symptoms   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

 
a stalled car 

can coast downhill 

Decide what factors 
to consider in 

selecting stocks   

Design an aircraft 
wing using principles 
of aerodynamics   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Know that 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is INDUCTIVE REASONING to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of INDUCTIVE REASONING is needed to perform your current job?

A. How important is INFORMATION ORDERING to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of INFORMATION ORDERING is needed to perform your current job?

9. Inductive Reasoning The ability to combine pieces of
information to form general rules or
conclusions (includes finding a
relationship among seemingly unrelated
events).

10. Information Ordering The ability to arrange things or actions in
a certain order or pattern according to a
specific rule or set of rules (e.g., patterns
of numbers, letters, words, pictures,
mathematical operations).

 
 

Decide what to wear 
based on the weather report 

   
Determine the prime suspect     

based on crime scene evidence   

 
 
Diagnose a disease using   

results of many different lab tests 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

     
Put things in 

numerical order   

 
Follow the correct steps 

to make changes    

  
Assemble a 

nuclear warhead   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is CATEGORY FLEXIBILITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of CATEGORY FLEXIBILITY is needed to perform your current job?

A. How important is MATHEMATICAL REASONING to the performance of your
current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of MATHEMATICAL REASONING is needed to perform your current job?

11. Category Flexibility The ability to generate or use different
sets of rules for combining or grouping
things in different ways.

12. Mathematical
       Reasoning

The ability to choose the right
mathematical methods or formulas to
solve a problem.

   Sort nails in a  
toolbox on the 
basis of length   

Classify flowers 
according to size, 
color, and smell   

  
terms of their strength, cost, 

flexibility, melting points, etc.   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Classify man-made fibers in 

     
10 oranges will cost when 

they are priced at 2 for 20 cents   

 
profits to determine the 

amounts of yearly bonuses    

  
required to simulate a space 
craft landing on the moon   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Determine how much Decide how to calculate Determine the mathematics 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is NUMBER FACILITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of NUMBER FACILITY is needed to perform your current job?

A. How important is MEMORIZATION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of MEMORIZATION is needed to perform your current job?

13. Number Facility The ability to add, subtract, multiply, or
divide quickly and correctly.

14. Memorization The ability to remember information such
as words, numbers, pictures, and
procedures.

     
 
 

Add 2 and 7   

 
 
 

Balance a checkbook 
 

  
 

Compute the interest payment that 
should be generated from an investment   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

     
Remember the number on your bus to 

to be sure you get back on the right one   

 
Recite the first names of the 

five people you just met    

  
Recite the Gettysburg  Address  
after studying it for 15 minutes   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is SPEED OF CLOSURE to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SPEED OF CLOSURE is needed to perform your current job?

A. How important is FLEXIBILITY OF CLOSURE to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of FLEXIBILITY OF CLOSURE is needed to perform your current job?

15. Speed of Closure The ability to quickly make sense of,
combine, and organize information into
meaningful patterns

16. Flexibility of Closure The ability to identify or detect a known
pattern (a figure, object, word, or sound)
that is hidden in other distracting
material.

   Recognize a song 
after hearing only 
the first few notes   

Make sense 
out of strange 
handwriting   

Interpret patterns on 
weather radar to decide 

if the weather is changing   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

    
Tune in a radio 
 in a noisy truck   

  
Look for a golf ball 

in the rough   

 
Identify camouflaged tanks 
from a high-speed airplane   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is PERCEPTUAL SPEED to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of PERCEPTUAL SPEED is needed to perform your current job?

A. How important is SPATIAL ORIENTATION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SPATIAL ORIENTATION is needed to perform your current job?

17. Perceptual Speed The ability to quickly and accurately
compare similarities and differences
among sets of letters, numbers, objects,
pictures, or patterns.  The things to be
compared may be presented at the same
time or one after the other.  This ability
also includes comparing a presented
object with a remembered object.

18. Spatial Orientation The ability to know your location in
relation to the environment or to know
where other objects are in relation to you.

 
   Sort mail according to ZIP 

codes with no time pressure   
10 seconds to make sure each  

temperature is within safe limits   
they flow by on a fast-moving 

assembly line   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Read five temperature gauges in Inspect electrical parts for defects as  

 
   to locate a store   

In a mall   
through a dark room   

without hitting anything   
only the positions of     

the sun and stars   

Highest Level 
  

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Use the floor plan Find your way  Navigate an ocean voyage using 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is VISUALIZATION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of VISUALIZATION is needed to perform your current job?

A. How important is SELECTIVE ATTENTION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SELECTIVE ATTENTION is needed to perform your current job?

19. Visualization The ability to imagine how something will
look after it is moved around or when its
parts are moved or rearranged.

20. Selective Attention The ability to concentrate on a task over a
period of time without being distracted.

   Imagine how to put paper 
in a typewriter so that 

the letterhead comes out on top   

Follow a diagram 
to assemble a 

metal storage cabinet   

Anticipate opponent’s as well as 
your own future moves 

in a chess game   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

     
coworker talking nearby   

Monitor security TV screens for   
intruders throughout the night shift   

Study a technical manual   
in a noisy boiler room   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Answer a business call with 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is TIME SHARING to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of TIME SHARING is needed to perform your current job?

A. How important is ARM-HAND STEADINESS to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of ARM-HAND STEADINESS is needed to perform your current job?

21. Time Sharing The ability to shift back and forth between
two or more activities or sources of
information (such as speech, sounds,
touch, or other sources).

22. Arm-Hand Steadiness The ability to keep your hand and arm
steady while moving your arm or while
holding your arm and hand in one
position.

     
 

papers   

 
 

at 30 miles an hour   

 
transmissions to keep track of aircraft 

during periods of heavy traffic   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

while filing 
Listen to music 

while driving 
Watch street signs Monitor radar and radio 

    
 

Light a candle   

  
   

Thread a needle   

  
Cut facets   

in a diamond   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is MANUAL DEXTERITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of MANUAL DEXTERITY is needed to perform your current job?

A. How important is FINGER DEXTERITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of FINGER DEXTERITY is needed to perform your current job?

23. Manual Dexterity The ability to quickly move your hand,
your hand together with your arm, or
your two hands to grasp, manipulate, or
assemble objects.

24. Finger Dexterity The ability to make precisely coordinated
movements of the fingers of one or both
hands to grasp, manipulate, or assemble
very small objects.

     
 
   

Put coins in a parking meter   

  
 

Attach small knobs to stereo 
equipment on an assembly line   

 
 

Put together the inner workings 
of a small wrist watch   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

     
Screw a light bulb 
into a light socket   

 
Pack oranges in crates 
as quickly as possible   

Perform open heart 
surgery with surgical 

instruments   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is CONTROL PRECISION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of CONTROL PRECISION is needed to perform your current job?

A. How important is MULTILIMB COORDINATION to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of MULTILIMB COORDINATION is needed to perform your current job?

25. Control Precision The ability to quickly and repeatedly
adjust the controls of a machine or a
vehicle to exact positions.

26. Multilimb Coordination The ability to coordinate two or more
limbs (for example, two arms, two legs, or
one leg and one arm) while sitting,
standing, or lying down.  It does not
involve performing the activities while the
whole body is in motion.

     
 

Row a boat   

 
Operate a forklift truck 

in a warehouse   

  
Play the drum set 

in a jazz band   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

     
Adjust a room light 

with a dimmer switch   

   
   

Adjust farm tractor controls   

 
 

Drill a tooth   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is RESPONSE ORIENTATION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of RESPONSE ORIENTATION is needed to perform your current job?

A. How important is RATE CONTROL to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of RATE CONTROL is needed to perform your current job?

27. Response Orientation The ability to choose quickly between “two
or more movements”  in response to “two
or more different signals” (lights, sounds,
pictures).  It includes the speed with which
the correct response is started with the
hand, foot, or other body part.

28. Rate Control The ability to time your movements or the
movement of a piece of equipment in
anticipation of changes in the speed
and/or direction of a moving object or
scene.

     
 

Ride a bicycle 
alongside a jogger   

  
 

Keep up with a   
car that changes speed   

 
 

Shoot a duck 
in flight 

Highest Level   

1   2   3   4   5   6   7   

   When the doorbell and telephone 
ring at the same time, quickly select 

which to answer first   

Hit either the automobile 
break or gas pedal 
in a skid situation   

  
spacecraft, react quickly to  

restore control   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

In an out of control 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is REACTION TIME to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of REACTION TIME is needed to perform your current job?

A. How important is WRIST-FINGER SPEED to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of WRIST-FINGER SPEED is needed to perform your  current job?

29. Reaction Time The ability to quickly respond (with the
hand, finger, or foot) to a signal (sound,
light, picture) when it appears.

30. Wrist-Finger Speed The ability to make fast, simple, repeated
movements of the fingers, hands, and
wrists.

     
car when a traffic  
light turns  yellow   

Throw a switch 
when a red warning 

light goes off   

Hit the brake when 
a pedestrian steps 
in front of the car   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Start to slow down the 

    
Use a manual 

pencil sharpener   

 
Carve roast beef 

in a cafeteria 
 

  

 
Type a document at 
90 words per minute 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is SPEED OF LIMB MOVEMENT to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SPEED OF LIMB MOVEMENT is needed to perform your current job?

A. How important is STATIC STRENGTH to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of STATIC STRENGTH is needed to perform your current job?

31. Speed of Limb
       Movement

The ability to quickly move the arms and
legs.

32. Static Strength The ability to exert maximum muscle force
to lift, push, pull, or carry objects.

    
Saw through 

a thin piece of wood   

 
Swat a fly 

with a fly swatter   

   
Throw punches   

in a boxing match   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

   Push an empty  
shopping cart   

Pull a 40-pound sack 
of fertilizer across the lawn   

Lift 75-pound bags 
of cement onto a truck   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is EXPLOSIVE STRENGTH to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of EXPLOSIVE STRENGTH is needed to perform your current job?

A. How important is DYNAMIC STRENGTH to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of DYNAMIC STRENGTH is needed to perform your current job?

33. Explosive Strength The ability to use short bursts of muscle
force to propel oneself (as in jumping or
sprinting) or to throw an object.

34. Dynamic Strength The ability to exert muscle force
repeatedly or continuously over time.
This involves muscular endurance and
resistance to muscle fatigue.

   
Hit a nail 

with a hammer 
  

 
Jump onto a  

3-foot high platform   

 
Throw a shot-put 
in a track meet 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

    
Use pruning shears 

to trim a bush   

 
Climb a 48-foot 

long ladder   

 
Perform a gymnastics 
 routine using the rings 

 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is TRUNK STRENGTH to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of TRUNK STRENGTH is needed to perform your current job?

A. How important is STAMINA to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of STAMINA is needed to perform your current job?

35. Trunk Strength The ability to use your abdominal and lower
back muscles to support part of the body
repeatedly or continuously over time
without “giving out” or fatiguing.

36. Stamina The ability to exert yourself physically over
long periods of time without getting winded
or out of breath.

    
 
Sit up in an office chair   

 
 

Shovel snow for half an hour   

 
 

Do 100 sit-ups   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

   
 

Walk ? mile    

 
 

Climb 6 flights of stairs 
 

 
Run 10 miles 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is EXTENT FLEXIBILITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of EXTENT FLEXIBILITY is needed to perform your current job?

A. How important is DYNAMIC FLEXIBILITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of DYNAMIC FLEXIBILITY is needed to perform your current job?

37. Extent Flexibility The ability to bend, stretch, twist, or reach
with your body, arms, and/or legs.

38. Dynamic Flexibility The ability to quickly and repeatedly
bend, stretch, twist, or reach out with
your body, arms, and/or legs.

    
Reach for a microphone 

in a patrol car   

 
Reach for a box on 

a high warehouse shelf 

  
Work under the 

dashboard of a car   

H ighest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

  
Hand pick a bushel 

of apples from a tree 

 
Perform a dance routine as 
 part of a cheerleading squad 

 
Maneuver a kayak 
through swift rapids 

Highest Level   

1   2   3   4   5   6   7   
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is GROSS BODY COORDINATION to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of GROSS BODY COORDINATION is needed to perform your current job?

A. How important is GROSS BODY EQUILIBRIUM to the performance of your current
job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of GROSS BODY EQUILIBRIUM is needed to perform your current job?

39. Gross Body
       Coordination

The ability to coordinate the movement of
your arms, legs, and torso together when
the whole body is in motion.

40. Gross Body Equilibrium The ability to keep or regain your body
balance or stay upright when in an
unstable position.

    
 

Get in and out of a truck 

 
 

Swim the length of a pool 

 
 
Perform a ballet dance 

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

  
 
 

Stand on a ladder   

 
 
 

Walk on ice across a pond   

 
 

Walk on narrow beams 
in high-rise construction 

Highest Level   

1   2   3   4   5   6   7   
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is NEAR VISION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of NEAR VISION is needed to perform your current job?

A. How important is FAR VISION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of FAR VISION is needed to perform your current job?

41. Near Vision The ability to see details at close range
(within a few feet of the observer).

42. Far Vision The ability to see details at a distance.

    
Read dials on the 

dashboard of a car   

 
Read the fine print of 

a legal document   

 
Detect minor 
defects in a diamond   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

    
 

Read a roadside billboard   

 
 

Focus a slide projector   

 
Detect differences in 
ships on the horizon   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is VISUAL COLOR DISCRIMINATION to the performance of your
current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of VISUAL COLOR DISCRIMINATION is needed to perform your current
job?

A. How important is NIGHT VISION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of NIGHT VISION is needed to perform your current job?

43. Visual Color
Discrimination

The ability to match or detect differences
between colors, including shades of color
and brightness.

44. Night Vision The ability to see under low-light
conditions.

     
Separate laundry 

into colors and whites   

 
Trace electrical circuits marked 

By various colored wires    

  
Paint a color portrait 

Of a live person   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

    
Read street signs at dusk 

(just before sunset)   

 
Take notes during 

a slide presentation   

 
Find your way through the 
woods on a moonless night   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is PERIPHERAL VISION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of PERIPHERAL VISION is needed to perform your current job?

A. How important is DEPTH PERCEPTION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of DEPTH PERCEPTION is needed to perform your current job?

45. Peripheral Vision The ability to see objects or movement of
objects to one’s side when the eyes are
looking ahead.

46. Depth Perception The ability to judge which of several
objects is closer or farther away from
you, or to judge the distance between you
and an object.

    
marching in a 

military formation   

 
of your teammates while 

dribbling a basketball   

 
from enemy planes 
during air combat   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

Keep in step while Be aware of the location Distinguish friendly 

    
Merge a car into traffic 

on a city street   

 
Operate a crane to move materials 

from a truck bed to the ground   

 
Throw a long pass to a 

closely guarded teammate   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is GLARE SENSITIVITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of GLARE SENSITIVITY is needed to perform your current job?

A. How important is HEARING SENSITIVITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of HEARING SENSITIVITY is needed to perform your current job?

47. Glare Sensitivity The ability to see objects in the presence
of a glare or bright lighting.

48. Hearing Sensitivity The ability to detect or tell the differences
between sounds that vary in pitch and
loudness.

    
Drive on a familiar road 

on a cloudy day   

 
the horizon when 

sailing   

 
Snow ski 

in bright sunlight   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

 See boats on  

    
Notice when a watch alarm 

goes off   

 
Diagnose what’s wrong with 
a car engine from its sound   

 
Tune an 

orchestra   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is AUDITORY ATTENTION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of AUDITORY ATTENTION is needed to perform your current job?

A. How important is SOUND LOCALIZATION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SOUND LOCALIZATION is needed to perform your current job?

49. Auditory Attention The ability to focus on a single source of
sound in the presence of other distracting
sounds.

50. Sound Localization The ability to tell the direction from which
a sound originated.

    
Listen to a lecture while 

people nearby are talking   

 
flight announcement 

at a busy airport   

 
from a coworker 

in a noisy saw mill   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

 Listen for your Listen to instructions 

    
to determine which 
speaker is working   

 
telephone in an 

unfamiliar apartment   

 
of an emergency vehicle 

from the sound of the siren   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

 Find a ringing Listen to a stereo Determine the direction 
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1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

1 2 3 4 5

Not
Important* Important

Very
Important

Extremely
Important

Somewhat
Important

A. How important is SPEECH RECOGNITION to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SPEECH RECOGNITION is needed to perform your current job?

A. How important is SPEECH CLARITY to the performance of your current job?

* If you marked Not Important, skip LEVEL below and go on to the next activity.

B. What level of SPEECH CLARITY is needed to perform your current job?

51. Speech Recognition The ability to identify and understand the
speech of another person.

52. Speech Clarity The ability to speak clearly so others can
understand you.

    
Recognize the voice 

of a coworker   

 
Identify a former customer’s 

voice over the telephone   

 
presented by someone 
with a strange accent   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

   Understand a speech 

    
Call numbers in 
a bingo game   

 
over the loudspeaker 

at a sports event   

 
Give a lecture to a  
large audience   

Highest Level   

1 
  2 

  3 
  4 

  5 
  6 

  7 
  

 Make announcements   
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APPENDIX D: RAW LIST OF ROBOT ATTRIBUTES 

Table 63 lists all the robot attributes found during the SLR discussed in Section 5.4.2.1. 

Table 63: Full list of robot attributes retrieved during the SLR. 

Attribute Definition Source Total 
Occurrences 

6 DOF F/T  
(Force Torque 
Measurement)   1 

AC Current 
Supply AC Current Supply Common sense 1 

AC Frequency AC Frequency Common sense 1 

AC Phase AC Phase Common sense 1 

AC power 
consumption AC power consumption Common sense 1 

AC Voltage 
Requirement AC Voltage Requirement Common sense 1 

Accuracy 

Accuracy is the measure of closeness 
between the robot end effectors and 
the target point, and can usually be 
defined as the distance between the 
target point and the center of all 
points to which the robot goes on 
repeated trials. 

Athawale and 
Chakraborty (2011) 9 

Adaptability   1 

Ambient 
Temperature   2 

Assemblability   1 

Autonomy   1 

B axis Max 
Speed and 
Range   1 

Base size Size of the base of the robot Common sense 1 

Cable layout   1 

Classification by 
control method   1 

Classification by 
type of 
mechanism   1 

Communication 
Bandwidth   1 

Communication 
Range   1 
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Compliance 

This is the measure of displacement 
of the end effector in response to 
force (or torque) applied to it. 

Kapoor and Tak 
(2005) 5 

Computational 
Capacity   1 

Computational 
Complexity of 
dynamic 
equations   1 

Configuration of 
robot   1 

Connection 
type 

The place (base, ceiling, wall) where 
the robot arm is settled. The facility 
layout, constraints, and obstacles are 
taken into account to choose the 
connection type 

Bahadir and Satoglu 
(2014) 1 

Control of 
Robotic Joints   2 

Control 
Technologies   1 

Convenience of 
use   1 

Convertibility 
(design for 
functionality 
changes) 

How easy to change robot for 
different functionalities Common sense 1 

Coordinate 
System   1 

Cost of energy 
How much energy is used by the 
robot Common sense 1 

Cost of Feeder Cost of the feeder Common sense 1 

Cost of Gripper 
Mechanics Cost of the mechanics of the gripper Common sense 1 

Cost of sensors Cost of sensors in the robot Common sense 1 

Customization 
product 
Delivery   1 

Defect 
prevention 
handling parts   1 

Degree of 
freedom 

A term used to describe a robot’s 
freedom of motion in three-
dimensional space, specifically the 
ability to move forward and 
backward, up and down, and to the 
left and to the right 

Bahadir and Satoglu 
(2014) 8 

Degree of 
protection 

Degree of protection denotes the 
protection provided by an enclosure 
against access to hazardous parts, 

Khandekar and 
Chakraborty (2015) 1 
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ingress of solid foreign objects and 
water. 

Delivery Time   1 

Depreciation 
Costs Depreciation cost over time. Common sense 2 

Depreciation of 
robot Depreciation over time. Common sense 1 

Dexterity 

The dexterity of industrial robots, 
introduced here as C6, has many 
definitions in the literature. Mainly, it 
can be considered as the ability to 
change position and orientation of 
the end effector, between two 
different configurations of the 
robotic structure Breaz et al. (2017) 2 

dexterous 
workspace   1 

DH parameters   1 

Dissemblability   1 

Downtime 
How long/often is the robot 
unavailable Common sense 2 

Drive Systems Electric/Hydraulic 
Piotrowski and 
Barylski (2016) 3 

Efficiency   1 

Electrical Drive 
System   1 

Environmental 
Impact 

Impact that the robot has on its 
environment during operation. Common sense 2 

Environmental 
Performance   1 

Exposure to 
operator Unrest   1 

External state 
sensors   1 

Favorable 
Appearance and 
Proper 
Structure   1 

Footprint 
Footprint is the amount of space 
required for installing a robot. 

Khandekar and 
Chakraborty (2015) 1 

Force and 
Torque sensors   1 

Force Output   1 

Force-position 
(compliance) 
Control   1 

Functionality   1 
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Geometrical 
Dexterity   2 

Gripper Control   2 

Gripper 
parameters 
(Fantoni)   1 

Handling 
Coefficient 

The value of handling coefficient can 
be determined from various features, 
like diameter (in mm), elevation (in 
mm), basic rotation (in degree), roll 
(in degree), pitch (in degree) and yaw 
(in degree). The diameter, elevation 
and basic rotation are related to the 
work area to a robot arm, whereas, 
roll, pitch and yaw are related to 
rotational angles of the robot wrist 
about the three principal axes. 

Karande et al. 
(2016) 3 

Horizontal 
Reach 

Reach of the robot of the horizontal 
axis. Common sense 1 

Hydraulic drive 
System   1 

Implementation 
easiness   1 

Inconsistency 
with 
infrastructure   1 

Input channels   1 

Insurance Cost Cost for the insurance Common sense 1 

Integrated with 
a PC   1 

Internal state 
sensors   1 

Joint 
Orientations   1 

Joint Sequence   1 

L axis Max 
Speed and 
Range   1 

Learning   1 

Life expectancy 
Duration which the robot is expected 
to maintain full performance. Common sense 1 

Link cross 
sections   1 

Link length 
Ratios   1 

Link Masses and 
inertia 
properties   1 
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Load Capacity 

Load capacity is the maximum load 
that a manipulator can carry without 
affecting its performance. 

Athawale and 
Chakraborty (2011) 35 

Maintainability 
and Safety 
Features   1 

Maintainability/
regular 
maintenance   4 

Maintenance 
Costs Cost for maintaining the robot Common sense 4 

Manipulability 
measure   1 

Manipulator   1 

Manipulator 
Reach 

Manipulator reach is the maximum 
distance that can be covered by the 
robotic manipulator so as to grasp 
objects for the given pick-n-place 
operation. 

Athawale and 
Chakraborty (2011) 9 

Man-machine 
interface   13 

Material Of 
robot 

Material that the robot is covered 
with. Common sense 1 

Material used 
for links 

Material that the links are covered 
with. Common sense 1 

Maximum end 
Effectors speed Same as Maximum Tip Speed Common sense 1 

Maximum joint 
speed 

Speed of which a robot can position 
its arm/actuator. 

Khandekar and 
Chakraborty (2015) 1 

Maximum 
speed end 
effector 

Maximum speed at which the robot 
can move its end effector. Common Sense 1 

Maximum Tip 
Speed 

Maximum tip speed is the speed at 
which a robot can move in an inertial 
reference frame. 

Athawale and 
Chakraborty (2011) 11 

Means used for 
rotary to linear 
motion 
conversion   1 

Means used for 
rotary to rotary 
motion 
conversion   1 

Memory 
Capacity 

Memory capacity of a robot is 
measured in terms of number of 
points or steps that it can store in its 
memory while traversing along a 
predefined path. 

Athawale and 
Chakraborty (2011) 11 

Motion   1 
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Motion 
transformation 
from actuator 
to link   1 

Mounting 
Arrangement   1 

Mounting 
Position 

Mounting position represents the 
ability of a robot to fasten it securely 
on a given surface during the working 
cycle, 

Khandekar and 
Chakraborty (2015) 1 

Natural 
Frequency   1 

Noise Delivery Noise output during operation. Common sense 1 

Number of Axes Similar to degrees of freedom Common sense 3 

Number of end 
effectors 

Number of tips that the robot can 
use to manipulate something. Common sense 1 

Number of in 
and output 
channels of the 
controller   2 

Number of 
joints 

The number of joints that the robot 
has. Common sense 1 

Number of 
offset joints 

The number of offset joints that the 
robot has. Common sense 1 

online and 
offline 
programming   1 

Online Program 
correction   1 

Operation Costs Cost for running the robot Common sense 4 

Operation Time 
Duration that the robot can operate 
continuously. Common sense 1 

Output 
channels   1 

Overall 
Flexibility   1 

Overall 
Performance   1 

Overload 
capacity of the 
robot 

Maximum capacity that the robot can 
lift. Common sense 1 

Part Delivery 
Position 
Accuracy   1 

Path Correction 
Facilities   1 

Path Measuring 
Systems   2 
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Position 
Repeatability 

How well a robot can come back to a 
programmed location and 
orientation over and over. 

Khandekar and 
Chakraborty (2015) 1 

Positioning 
Accuracy   9 

Power   1 

Power 
Consumption How much power does the robot use Common sense 2 

Power Source 
Requirement 

Type of power delivery that the robot 
needs. Common sense 1 

Precision   1 

Processor   2 

Productivity   2 

Program steps   1 

Programming 
Flexibility 

while programming flexibility refers 
to a robot’s ability to accept different 
programming codes. 

Chatterjee et al. 
(2010) 19 

Programming 
Method   3 

Protection class 

A term stating the durability which is 
supported by enclosure of electrical 
equipment towards environmental 
conditions 

Bahadir and Satoglu 
(2014) 1 

Purchase Cost Acquisition cost of the robot. Common sense 27 

Quality Aspect   1 

R axis Max 
Speed and 
Range   1 

RAM   1 

Range of Joint 
Motions   1 

Reach Reach in vertical, horizontal… Common sense 2 

Reaction Speed   1 

Recommended 
Operating 
Humidity 

Recommended humidity around the 
robot. Common sense 1 

Reliability 

Such as reliability can be expressed 
by Mean Time Between Failure 
(MTBF) or Mean Time To Repair 
(MTTR) 

 
Bhangale et al. 
(2004) 5 

Repeatability 

Repeatability is the measure of the 
ability of a robot to return to the 
same position and orientation over 
and over again. 

Athawale and 
Chakraborty (2011) 25 

Repeatability 
Error   4 
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Resolution   2 

Rest Time   1 

Risk   1 

Robot arm 
configuration   1 

Robotic Arc 
Welding 
sensors   1 

ROM   1 

Runtime   1 

S axis Max 
Speed and 
Range   1 

Safety   3 

Scheduling 
Utilization   1 

Sensing 
Distribution   1 

Sensing 
Quantity   1 

Sensing Range   1 

Sensitivity   1 

Sensors   1 

Service   1 

Simplicity   1 

Simulation 
Software   1 

Singularities 
present   1 

Size of the 
robot Size of the robot Common sense 4 

Slip Sensors 
Any slip sensors that the robot might 
have. Common sense 1 

Space 
Requirements   2 

Speed   1 

Spline 
Interpolation   1 

Stability 

This is the measure of absence of 
oscillations at termination of arm 
movement. 

Kapoor and Tak 
(2005) 5 

Stroke   2 

Supporting 
Channel   2 
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Partner's 
performance 

T axis Max 
Speed and 
Range   1 

Tactile Sensors 
Any tactile sensors that the robot 
might have. Common sense 1 

Teach-in play-
back 
programming 
technology   1 

Technical 
Features   2 

Terrain 
Traversability 

Terrain over which the robot can 
traverse. Common sense 1 

Total Cost of 
Layout   1 

Training 
Delivery Period Delivery time of the training Common sense 1 

Travelling Time   1 

Type of 
Actuators 

Type of actuators that the robot can 
use. Common sense 2 

Type of basic 
robot 
configurations   1 

Type of Cables 
used   1 

Type of Control 
System 

The type of control system that the 
robot has. Common sense 1 

Type of end 
effectors Type of end effectors used. Common sense 1 

Type of flexible 
drive system 
used   1 

Type of gear 
train used   1 

Type of gears 
used for power 
transmission   1 

Type of grippers 
supported 

Which grippers that the robot can 
use. Common sense 2 

Type of Joints Type of joints that the robot has. Common sense 2 

Type of 
memory   1 

Type of Robot   1 

U axis Max 
Speed and 
Range   1 

Usage of Robot   1 



301 

User Support   1 

Velocity Is used as Maximum Tip Speed in 1 
Athawale and 
Chakraborty (2011) 20 

Velocity Ratio   2 

Vendor's 
Service 
(Contract) 

Vendor’s service quality refers to the 
level and variety of services offered 
by a robot vendor. 

Chatterjee et al. 
(2010) 14 

Vendor's 
training   1 

Versions of 
robot 
Installations   1 

Vertical reach Vertical reach of the robot Common sense 4 

Vibration aspect   1 

Warranty   2 

Weight Of the 
Robot   7 

Working 
Automation   1 

Working 
Environment   2 

Working range 
of joints   1 

Workspace Workspace needed by the robot. Common sense 1 

Wrist reach 
distance 

Maximum distance in which the end 
effector of the robot arm reaches in 
the work envelop 

Bahadir and Satoglu 
(2014) 1 
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APPENDIX E: EXCLUDED ROBOT ATTRIBUTES 

This appendix lists the attributes excluded during the analysis documented in section 5.4.2.3 of 

chapter 5. Five tables are presented for the five rules applied during the analysis. 

Table 64: Eleven attributes Excluded because they are too abstract. 

Attribute Description 

Functionality   

Motion   

Online and offline 
programming 

  

Overall Performance   

Programming Flexibility Programming flexibility refers to a robot’s ability to accept 
different programming codes. 

Quality Aspect   

Risk   

Safety Safety of the robot for the user. 

Sensors Sensors 

Technical Features General term for some technical features. 

Usage of Robot The usage of the robot. 

 

Table 65: 58 attributes Excluded because they are a subset of another attribute. 

Attribute Description Subset of 

AC Current 
Supply 

Power Consumption 

AC Frequency Power Consumption 

AC Phase Power Consumption 

AC power 
consumption 

Power Consumption 

AC Voltage 
Requirement 

Power Power Consumption 

Assemblability   Adaptability 

B axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Base size Size of the base of the robot Size of the Robot 

Computational 
Complexity of 
dynamic 
equations 

  Computational 
Capacity 

Control of 
Robotic Joints 

  Accuracy 

Cost of energy How much energy is used by the robot Power Consumption 

Cost of Feeder Cost of the feeder Purchase Cost 

Cost of Gripper 
Mechanics 

Cost of the mechanics of the gripper Purchase Cost 
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Attribute Description Subset of 

Cost of sensors Cost of sensors in the robot Purchase Cost 

Depreciation 
Costs 

Cost of depreciation Operation Costs 

Dexterous 
workspace 

  Dexterity 

Dissemblability How easy to dissemble Adaptability 

Downtime How long/often is the robot unavailable Reliability 

Electrical Drive 
System 

Drive System Drive Systems 

Footprint Footprint is the amount of space required for installing 
a robot. 

Space Requirements 

Force and 
Torque sensors 

Sensors Tactile Sensors 

Geometrical 
Dexterity 

Same as dexterity? Dexterity 

Hydraulic drive 
System 

Drive System Drive Systems 

Input channels Controller Number of in and 
output channels of 
the controller 

Insurance Cost Cost for the insurance Operation Costs 

L axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Link cross 
sections 

  Degrees of Freedom 

Link length 
Ratios 

  Reach 

Material used 
for links 

Material of the robot Material of Robot 

Maximum joint 
speed 

joint speed is defined as how quickly a robot can 
position its arm/actuator. 

Maximum Tip Speed 

Number of 
Axes 

Sort of Same as degree of freedom Degrees of Freedom 

Number of 
joints 

Joints Degrees of Freedom 

Number of 
offset joints 

Joints Number of Joints 

Output 
channels 

Controller Number of in and 
output channels of 
the controller 

Overall 
Flexibility 

  Degrees of Freedom 

Part Delivery 
Position 
Accuracy 

  Accuracy 

Path 
Correction 
Facilities 

  Accuracy 
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Attribute Description Subset of 

Position 
Repeatability 

position repeatability is articulated as how well a robot 
can come back to a programmed location and 
orientation over and over again. 

Repeatability 

Positioning 
Accuracy 

Probably same as accuracy Accuracy 

Power Power needed Power Consumption 

Programming 
Method 

Programming Method Programming 
Flexibility 

Purchase Cost Cost for buying the robot Operation Costs 

R axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Reaction Speed   Velocity 

Repeatability 
Error 

Same as Repeatability? Repeatability 

Robotic Arc 
Welding 
sensors 

Sensors External State 
Sensors 

S axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Size of the 
robot 

Size of the robot Space Requirements 

Speed Velocity Maximum Tip Speed 

T axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Total Cost of 
Layout 

Cost Purchase Cost 

Travelling Time   Velocity 

Type of 
grippers 
supported 

Which grippers are supported at the robot type of End 
Effectors 

U axis Max 
Speed and 
Range 

Speed and Range of certain Axis Speed and Reach, 
respectively. 

Velocity Is used as Maximum Tip Speed Maximum Tip Speed 

Velocity Ratio   Velocity 

Vibration 
aspect 

  Accuracy 

Working range 
of joints 

Combination of Degrees of Freedom and Reach Degrees of Freedom 
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Table 66: Fifteen attributes excluded because they are a duplicate of another attribute. 

Attribute Description Duplicate of 

6 DOF F/T  (Force 
Torque 
Measurement) 

  Degrees of Freedom 

Connection type The place (base, ceiling, wall) where the robot is 
settled. The facility layout, constraints, and 
obstacles are taken into account to choose the 
connection type 

Duplicate of 
Mounting Position 

Depreciation of 
robot 

Depreciation of robot Depreciation Costs 

Force-position 
(compliance) Control 

  Compliance 

Gripper parameters 
(Fantoni) 

Gripper Type Type of Grippers 
Supported 

Maximum end 
Effectors speed 

Same as Maximum Tip Speed Maximum Tip Speed 

Maximum speed end 
effector 

Maximum tip speed Maximum Tip Speed 

Mounting 
Arrangement 

  Mounting Position 

Protection Class A term stating the durability which is supported 
by enclosure of electrical equipment towards 
environmental conditions 

Degrees of 
Protection 

Range Of Joint 
Motions 

Joint Working Range of 
Joints 

Reach Reach in vertical, horizontal… Vertical and 
horizontal reach. 

Runtime Runtime Operation Time 

Type of Actuators Type of actuators used Type of End 
Effectors 

Working Automation 
 

How automated is the robot. Autonomy 

Workspace Workspace needed Space Requirements 

 

Table 67: Nine attributes Excluded because they are a superset of other attributes. 

Attribute Description Superset of 

Efficiency Ratio of output to input. 
Output and costs 
attributes. 

External state 
sensors 

The ability of the robot to detect externally 
perceivable effects that it has. 

Force, Torque, Slip 
and Tactile Sensors 

Handling 
Coefficient 

The value of handling coefficient can be 
determined from various features, like diameter (in 
mm), elevation (in mm), basic rotation (in degree), 
roll (in degree), pitch (in degree) and yaw (in 
degree). The diameter, elevation and basic rotation 
are related to the work area to a robot arm, 
whereas, roll, pitch and yaw are related to 

Degrees of Freedom 
and Space Required 
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rotational angles of the robot wrist about the three 
principal axes. 

Maintainability 
and Safety 
Features 

Maintainability 
Maintainability and 
Safety 

Manipulator 

Mechanism, usually consisting of a series of 
segments, or links, jointed or sliding relative to one 
another, for grasping and moving objects, usually in 
several degrees of freedom. It is remotely 
controlled by a human (manual manipulator) or a 
computer (programmable manipulator). The term 
refers mainly to the mechanical aspect of a robot. 

Combination of 
many attributes. 

Manipulator 
Reach 

Manipulator reach is the maximum distance that 
can be covered by the robotic manipulator so as to 
grasp objects for the given pick-n-place operation. 

Horizontal and 
Vertical Reach 

Precision 
A general concept reflecting the robot’s accuracy, 
repeatability, and resolution. 

Accuracy, 
repeatability and 
resolution. 

Productivity 
Number of actions that can be performed in a time 
unit. 

Maximum tip speed, 
traversability. 

Working 
Environment 

  

Ambient 
Temperature and 
other 
environmental 
factors 

 

Table 68: Thirteen attributes excluded because they describe a component, rather than an output 
or capability. 

Attribute 

Cable layout 

Configuration of robot 

Control Technologies 

Favorable Appearance and Proper Structure 

Integrated with a PC 

Link Masses and inertia properties 

Online Program correction 

Program steps 

Robot arm configuration 

Simulation Software 

Teach-in play-back programming technology 

Type of basic robot configurations 

Type of gears used for power transmission 
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APPENDIX F: DEGREE OF PROTECTION 

To describe the degree of protection of an agent, an IP code can be created in the format of IPxx. To 

fill in the x’s, use the following tables. 
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APPENDIX G: LEVEL OF AUTONOMY 
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APPENDIX H: AGENT DEFINITION FORM 

Dear participant, 

Thank you in advance for participating in this evaluation. The objective of this research is to develop 

a method to describe agents and tasks, to determine which agent can perform a manufacturing task. 

Figure 124 shows an overview of the method, with three steps to describe tasks and agents, 

respectively. 

 

Figure 124: Overview of the method to describe agents and tasks. 

This form is used to capture the agent attributes and is therefore the output of step A3 of the method. 

To evaluate the method, I ask that you fill in this form, describing an agent to the best of your ability. 

Thereafter, please rate the method on usefulness, ease of use and intention to use. This evaluation is 

based on the validated Method Evaluation Model (Moody, 2003). 

If you have any comments regarding the attributes (e.g. unclear, missing) or the form itself (e.g. 

difficult to use), please add those comments on page 8. I will use those comments to reflect on the 

research and its outcomes. Lastly, if any information is confidential, please mark it as such and I will 

ensure that it is never published in the public domain. In such a case, I guarantee that I will be the only 

observer of that information. 

Agent description 
Please fill in the Table 69 to identify the agent under consideration. Next, go through all the attributes, 

starting from page 2 and try to fill in those attributes of this agent. Lastly, fill in the three questions 

on page 7. Comments regarding this form can be filled in on page 8. 

 

 

T1: Identify 
task(s) which 

require 
allocation

T2: Describe the 
task

T3: Determine 
the required 

value for each 
attribute

A1: Identify 
agent(s) for 
allocation

A2: Describe the 
agent

A3: Determine 
the value of 

each attribute

Start End

Performed for each 
task that requires run-
time allocation

Performed for each 
attribute required to 
perform the task

Performed for each 
agent available for run-
time allocation

Performed for each 
attribute possessed by 
an agent

Task
data table

Agent
data table

Task-related
data tables

Agent-related
data tables
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Table 69: Agent identification information. 

Agent name  

Agent type  

Agent description  

Organisation  

Completed by  

Date of completion  

Signature of person 
who completed the 
form 

 

 

Agent attributes 
An agent is defined as any entity (human or machine) that can act independently (Luck and d’Inverno, 

1995). Independence in this case refers to whether the object is self-directed. A human operator 

working under supervision is an agent, even under direct coaching. Similarly, a robot that executes 

operations as received by its control system is an agent. However, a drilling machine operated by a 

human operator is not an agent, but rather a tool. 

Agents are described in terms of attributes to enable dynamic allocation to tasks during process run-

time. The following categories of attributes can be used to describe agents: authorization, tenancy, 

ability, terrain traversability, functional and non-functional. All attributes do not have to be completed 

for each agent, but bear in mind that an agent will only be considered for a task if it possesses all 

attributes required for that task. 

Authorization 
List all authorizations that the agent has. 

 

 

Tenancy 
List all locations that the agent has access to. 

 

 

Ability 
State the level of all abilities that an agent possesses. 

ID Name Category Description Level 

1 Oral 
Comprehensi
on 

Cognitive 
Abilities 

The ability to listen to and understand 
information and ideas presented through 
spoken words and sentences. 
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2 Written 
Comprehensi
on 

Cognitive 
Abilities 

The ability to read and understand information 
and ideas presented in writing. 

 

3 Oral 
Expression 

Cognitive 
Abilities 

The ability to communicate information and 
ideas in speaking so others will understand. 

 

4 Written 
Expression 

Cognitive 
Abilities 

The ability to communicate information and 
ideas in writing so others will understand. 

 

5 Fluency of 
Ideas 

Cognitive 
Abilities 

The ability to come up with a number of ideas 
about a topic (the number of ideas is 
important, not their quality, correctness, or 
creativity). 

 

6 Originality Cognitive 
Abilities 

The ability to come up with unusual or clever 
ideas about a given topic or situation, or to 
develop creative ways to solve a problem. 

 

7 Problem 
Sensitivity 

Cognitive 
Abilities 

The ability to tell when something is wrong or 
is likely to go wrong. It does not involve solving 
the problem, only recognizing there is a 
problem. 

 

8 Deductive 
Reasoning 

Cognitive 
Abilities 

The ability to apply general rules to specific 
problems to produce answers that make sense. 

 

9 Inductive 
Reasoning 

Cognitive 
Abilities 

The ability to combine pieces of information to 
form general rules or conclusions (includes 
finding a relationship among seemingly 
unrelated events). 

 

10 Information 
Ordering 

Cognitive 
Abilities 

The ability to arrange things or actions in a 
certain order or pattern according to a specific 
rule or set of rules (e.g., patterns of numbers, 
letters, words, pictures, mathematical 
operations). 

 

11 Category 
Flexibility 

Cognitive 
Abilities 

The ability to generate or use different sets of 
rules for combining or grouping things in 
different ways. 

 

12 Mathematical 
Reasoning 

Cognitive 
Abilities 

The ability to choose the right mathematical 
methods or formulas to solve a problem. 

 

13 Number 
Facility 

Cognitive 
Abilities 

The ability to add, subtract, multiply, or divide 
quickly and correctly. 

 

14 Memorizatio
n 

Cognitive 
Abilities 

The ability to remember information such as 
words, numbers, pictures, and procedures. 

 

15 Speed of 
Closure 

Cognitive 
Abilities 

The ability to quickly make sense of, combine, 
and organize information into meaningful 
patterns. 

 

16 Flexibility of 
Closure 

Cognitive 
Abilities 

The ability to identify or detect a known 
pattern (a figure, object, word, or sound) that 
is hidden in other distracting material. 

 

17 Perceptual 
Speed 

Cognitive 
Abilities 

The ability to quickly and accurately compare 
similarities and differences among sets of 
letters, numbers, objects, pictures, or patterns. 
The things to be compared may be presented 
at the same time or one after the other. This 
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ability also includes comparing a presented 
object with a remembered object. 

18 Spatial 
Orientation 

Cognitive 
Abilities 

The ability to know your location in relation to 
the environment or to know where other 
objects are in relation to you. 

 

19 Visualization Cognitive 
Abilities 

The ability to imagine how something will look 
after it is moved around or when its parts are 
moved or rearranged. 

 

20 Selective 
Attention 

Cognitive 
Abilities 

The ability to concentrate on a task over a 
period of time without being distracted. 

 

21 Time Sharing Cognitive 
Abilities 

The ability to shift back and forth between two 
or more activities or sources of information 
(such as speech, sounds, touch, or other 
sources). 

 

22 Arm-Hand 
Steadiness 

Psychomotor 
Abilities 

The ability to keep your hand and arm steady 
while moving your arm or while holding your 
arm and hand in one position. 

 

23 Manual 
Dexterity 

Psychomotor 
Abilities 

The ability to quickly move your hand, your 
hand together with your arm, or your two 
hands to grasp, manipulate, or assemble 
objects. 

 

24 Finger 
Dexterity 

Psychomotor 
Abilities 

The ability to make precisely coordinated 
movements of the fingers of one or both hands 
to grasp, manipulate, or assemble very small 
objects. 

 

25 Control 
Precision 

Psychomotor 
Abilities 

The ability to quickly and repeatedly adjust the 
controls of a machine or a vehicle to exact 
positions. 

 

26 Multilimb 
Coordination 

Psychomotor 
Abilities 

The ability to coordinate two or more limbs (for 
example, two arms, two legs, or one leg and 
one arm) while sitting, standing, or lying down. 
It does not involve performing the activities 
while the whole body is in motion. 

 

27 Response 
Orientation 

Psychomotor 
Abilities 

The ability to choose quickly between two or 
more movements in response to two or more 
different signals (lights, sounds, pictures). It 
includes the speed with which the correct 
response is started with the hand, foot, or 
other body part. 

 

28 Rate Control Psychomotor 
Abilities 

The ability to time your movements or the 
movement of a piece of equipment in 
anticipation of changes in the speed and/or 
direction of a moving object or scene. 

 

29 Reaction 
Time 

Psychomotor 
Abilities 

The ability to quickly respond (with the hand, 
finger, or foot) to a signal (sound, light, picture) 
when it appears. 

 

30 Wrist-Finger 
Speed 

Psychomotor 
Abilities 

The ability to make fast, simple, repeated 
movements of the fingers, hands, and wrists. 

 



313 

31 Speed of 
Limb 
Movement 

Psychomotor 
Abilities 

The ability to quickly move the arms and legs.  

32 Static 
Strength 

Physical 
Abilities 

The ability to exert maximum muscle force to 
lift, push, pull, or carry objects. 

 

33 Explosive 
Strength 

Physical 
Abilities 

The ability to use short bursts of muscle force 
to propel oneself (as in jumping or sprinting), 
or to throw an object. 

 

34 Dynamic 
Strength 

Physical 
Abilities 

The ability to exert muscle force repeatedly or 
continuously over time. This involves muscular 
endurance and resistance to muscle fatigue. 

 

35 Trunk 
Strength 

Physical 
Abilities 

The ability to use your abdominal and lower 
back muscles to support part of the body 
repeatedly or continuously over time without 
'giving out' or fatiguing. 

 

36 Stamina Physical 
Abilities 

The ability to exert yourself physically over long 
periods of time without getting winded or out 
of breath. 

 

37 Extent 
Flexibility 

Physical 
Abilities 

The ability to bend, stretch, twist, or reach with 
your body, arms, and/or legs. 

 

38 Dynamic 
Flexibility 

Physical 
Abilities 

The ability to quickly and repeatedly bend, 
stretch, twist, or reach out with your body, 
arms, and/or legs. 

 

39 Gross Body 
Coordination 

Physical 
Abilities 

The ability to coordinate the movement of your 
arms, legs, and torso together when the whole 
body is in motion. 

 

40 Gross Body 
Equilibrium 

Physical 
Abilities 

The ability to keep or regain your body balance 
or stay upright when in an unstable position. 

 

41 Near Vision Sensory 
Abilities 

The ability to see details at close range (within 
a few feet of the observer). 

 

42 Far Vision Sensory 
Abilities 

The ability to see details at a distance.  

43 Visual Color 
Discriminatio
n 

Sensory 
Abilities 

The ability to match or detect differences 
between colors, including shades of color and 
brightness. 

 

44 Night Vision Sensory 
Abilities 

The ability to see under low light conditions.  

45 Peripheral 
Vision 

Sensory 
Abilities 

The ability to see objects or movement of 
objects to one's side when the eyes are looking 
ahead. 

 

46 Depth 
Perception 

Sensory 
Abilities 

The ability to judge which of several objects is 
closer or farther away from you, or to judge the 
distance between you and an object. 

 

47 Glare 
Sensitivity 

Sensory 
Abilities 

The ability to see objects in the presence of 
glare or bright lighting. 

 

48 Hearing 
Sensitivity 

Sensory 
Abilities 

The ability to detect or tell the differences 
between sounds that vary in pitch and 
loudness. 

 

49 Auditory 
Attention 

Sensory 
Abilities 

The ability to focus on a single source of sound 
in the presence of other distracting sounds. 
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50 Sound 
Localization 

Sensory 
Abilities 

The ability to tell the direction from which a 
sound originated. 

 

51 Speech 
Recognition 

Sensory 
Abilities 

The ability to identify and understand the 
speech of another person. 

 

52 Speech 
Clarity 

Sensory 
Abilities 

The ability to speak clearly so others can 
understand you. 

 

 

Terrain traversability 
List all terrain types that the agent can traverse and how fast it can traverse that terrain. 

Terrain Speed(m/s): 

For example: smooth, rough, inclined.  

  

 

Functional attributes 
The following attributes do not fit into any of the previous categories, but are important indicators of 

whether an agent can perform a task. 

Attribute Value 

Operation time 
Duration of continual operation without required rest. 

minutes 

Rest time 
Time required by the agent to reset between operations. 

minutes 

Type of end effectors 
List of devices that the agent can use to interact with the material, 
product or environment. For humans, this can be thought of as the 
tools that the human has access to and can use. 

 

Number of end effectors 
The number of devices that the agent can simultaneously use to 
interact with the material, product or environment. 

 

Mounting position 
Possibility to attach the agent to surfaces in different orientations. 
(for example, ground, wall, ceiling and mobile platforms). 

 

Degree of protection 
Degree of protection denotes the protection provided by an 
enclosure against access to hazardous parts, ingress of solid foreign 
objects and water. (See Appendix F for the IP-Code) 

 

Configuration duration (adaptability) 
Average duration to change the configuration of the agent to 
perform different operations or at different locations. 

minutes 

Autonomy 
The capability of an entity to create and control the execution of its 
own plans and/or strategies. For instance, in mobile agents the 
ability of the agent for determining the trajectory to reach a specific 
location or pose. See Appendix G for the definitions and the 
different levels of autonomy. 

 

Degrees of freedom  
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A term used to describe a robot’s freedom of motion in three-
dimensional space. For humans, this is normally six, unless 
something impedes movement. 

Horizontal reach 
The distance from the resting or starting position that the agent can 
reach into the horizontal plane. 

m 

Vertical reach 
The distance from the resting or starting position that the agent can 
reach into the vertical plane. 

m 

Wrist reach distance 
The maximum distance in which the end effector of the agent can 
reach in the work envelop. 

m 

 

Non-functional attributes 
The following attributes describe characteristics of an agent other than its capability to perform 

actions. 

Attribute Value 

Operation cost 
Total cost of operating the agent. 

€ per hour 

Air pollution 
The effect of the agent on the environment. 

CO2 per hour 

Ambient temperature 
Range of temperature within which the agent functions as expected. 
 

ºC -             ºC 

Space requirements 
How much space does the agent need to be able to function 
correctly? 

Length:                   mm 
Width:                     mm 
Height:                   mm 

Recommended operating humidity 
Range of humidity within which the agent functions as expected. 
 

% -            % 
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APPENDIX I: TASK DEFINITION FORM 

Dear participant, 

Thank you in advance for participating in this evaluation. The objective of this research is to develop 

a method to describe agents and tasks, to determine which agent can perform a manufacturing task. 

Figure 125 shows an overview of the method, with three steps to describe tasks and agents, 

respectively. 

 

Figure 125: Overview of the method to describe agents and tasks. 

This form is used to capture the task requirements and is therefore the output of step T3 of the 

method. To evaluate the method, I ask that you fill in this form, describing a task to the best of your 

ability. Thereafter, you are asked to rate the method on usefulness, ease of use and intention to use. 

This evaluation is based on the validated Method Evaluation Model (Moody, 2003). 

If you have any comments regarding the attributes (e.g. unclear, missing) or the form itself (e.g. 

difficult to use), please add those comments on page 8. I will use those comments to reflect on the 

research and its outcomes. Lastly, if any information is confidential, please mark it as such and I will 

ensure that it is never published in the public domain. In such a case, I guarantee that I will be the only 

observer of that information. 

Task description 
First, fill in Table 70 to identify the task under consideration. Next, go through all the attributes, 

starting from page 2 and try to fill in those attributes required to perform the task. Lastly, fill in the 

questions on page 8. Comments regarding this form can be filled in on page 9. 

Table 70: Task identification information. 

Task name  

Task type  

T1: Identify 
task(s) which 

require 
allocation

T2: Describe the 
task

T3: Determine 
the required 

value for each 
attribute

A1: Identify 
agent(s) for 
allocation

A2: Describe the 
agent

A3: Determine 
the value of 

each attribute

Start End

Performed for each 
task that requires run-
time allocation

Performed for each 
attribute required to 
perform the task

Performed for each 
agent available for run-
time allocation

Performed for each 
attribute possessed by 
an agent

Task
data table

Agent
data table

Task-related
data tables

Agent-related
data tables
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Task description  

Process name  

Organisation  

Completed by  

Date of completion  

Signature of person 
who completed the 
form 

 

 

Task requirements 
In this research, a task is defined as any activity performed by an agent or a team of agents. When the 

composition of the team must change, the task is ended, and a new task must begin. An agent is 

defined as any entity (human or machine) that can act independently (Luck and d’Inverno, 1995). 

Independence in this case refers to whether the object is self-directed. A human operator working 

under supervision is an agent, even under direct coaching. Similarly, a robot that executes operations 

as received by its control system is an agent. However, a drilling machine operated by a human 

operator is not an agent, but rather a tool. 

Tasks and agents are described in terms of attributes to enable dynamic allocation to tasks during 

process run-time. The following categories of attributes can be used to describe task requirements: 

authorization, tenancy, ability, terrain traversability, functional and non-functional. All attributes do 

not have to be completed for each task, but bear in mind that an agent will only be considered for a 

task if it possesses all attributes required for that task. 

Authorization 
List all authorizations that an agent must have, to perform the task. 

 

 

Tenancy 
List all locations that an agent must have access to, to perform the task. 

 

 

Ability 
State the level of abilities that an agent must posses to perform the task. 

ID Name Category Description Level 

1 Oral 
Comprehension 

Cognitive 
Abilities 

The ability to listen to and understand 
information and ideas presented through 
spoken words and sentences. 

 

2 Written 
Comprehension 

Cognitive 
Abilities 

The ability to read and understand 
information and ideas presented in writing. 
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3 Oral Expression Cognitive 
Abilities 

The ability to communicate information and 
ideas in speaking so others will understand. 

 

4 Written 
Expression 

Cognitive 
Abilities 

The ability to communicate information and 
ideas in writing so others will understand. 

 

5 Fluency of 
Ideas 

Cognitive 
Abilities 

The ability to come up with a number of ideas 
about a topic (the number of ideas is 
important, not their quality, correctness, or 
creativity). 

 

6 Originality Cognitive 
Abilities 

The ability to come up with unusual or clever 
ideas about a given topic or situation, or to 
develop creative ways to solve a problem. 

 

7 Problem 
Sensitivity 

Cognitive 
Abilities 

The ability to tell when something is wrong or 
is likely to go wrong. It does not involve 
solving the problem, only recognizing there is 
a problem. 

 

8 Deductive 
Reasoning 

Cognitive 
Abilities 

The ability to apply general rules to specific 
problems to produce answers that make 
sense. 

 

9 Inductive 
Reasoning 

Cognitive 
Abilities 

The ability to combine pieces of information 
to form general rules or conclusions (includes 
finding a relationship among seemingly 
unrelated events). 

 

10 Information 
Ordering 

Cognitive 
Abilities 

The ability to arrange things or actions in a 
certain order or pattern according to a 
specific rule or set of rules (e.g., patterns of 
numbers, letters, words, pictures, 
mathematical operations). 

 

11 Category 
Flexibility 

Cognitive 
Abilities 

The ability to generate or use different sets of 
rules for combining or grouping things in 
different ways. 

 

12 Mathematical 
Reasoning 

Cognitive 
Abilities 

The ability to choose the right mathematical 
methods or formulas to solve a problem. 

 

13 Number Facility Cognitive 
Abilities 

The ability to add, subtract, multiply, or 
divide quickly and correctly. 

 

14 Memorization Cognitive 
Abilities 

The ability to remember information such as 
words, numbers, pictures, and procedures. 

 

15 Speed of 
Closure 

Cognitive 
Abilities 

The ability to quickly make sense of, combine, 
and organize information into meaningful 
patterns. 

 

16 Flexibility of 
Closure 

Cognitive 
Abilities 

The ability to identify or detect a known 
pattern (a figure, object, word, or sound) that 
is hidden in other distracting material. 

 

17 Perceptual 
Speed 

Cognitive 
Abilities 

The ability to quickly and accurately compare 
similarities and differences among sets of 
letters, numbers, objects, pictures, or 
patterns. The things to be compared may be 
presented at the same time or one after the 
other. This ability also includes comparing a 
presented object with a remembered object. 
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18 Spatial 
Orientation 

Cognitive 
Abilities 

The ability to know your location in relation 
to the environment or to know where other 
objects are in relation to you. 

 

19 Visualization Cognitive 
Abilities 

The ability to imagine how something will 
look after it is moved around or when its 
parts are moved or rearranged. 

 

20 Selective 
Attention 

Cognitive 
Abilities 

The ability to concentrate on a task over a 
period of time without being distracted. 

 

21 Time Sharing Cognitive 
Abilities 

The ability to shift back and forth between 
two or more activities or sources of 
information (such as speech, sounds, touch, 
or other sources). 

 

22 Arm-Hand 
Steadiness 

Psychomotor 
Abilities 

The ability to keep your hand and arm steady 
while moving your arm or while holding your 
arm and hand in one position. 

 

23 Manual 
Dexterity 

Psychomotor 
Abilities 

The ability to quickly move your hand, your 
hand together with your arm, or your two 
hands to grasp, manipulate, or assemble 
objects. 

 

24 Finger 
Dexterity 

Psychomotor 
Abilities 

The ability to make precisely coordinated 
movements of the fingers of one or both 
hands to grasp, manipulate, or assemble very 
small objects. 

 

25 Control 
Precision 

Psychomotor 
Abilities 

The ability to quickly and repeatedly adjust 
the controls of a machine or a vehicle to exact 
positions. 

 

26 Multilimb 
Coordination 

Psychomotor 
Abilities 

The ability to coordinate two or more limbs 
(for example, two arms, two legs, or one leg 
and one arm) while sitting, standing, or lying 
down. It does not involve performing the 
activities while the whole body is in motion. 

 

27 Response 
Orientation 

Psychomotor 
Abilities 

The ability to choose quickly between two or 
more movements in response to two or more 
different signals (lights, sounds, pictures). It 
includes the speed with which the correct 
response is started with the hand, foot, or 
other body part. 

 

28 Rate Control Psychomotor 
Abilities 

The ability to time your movements or the 
movement of a piece of equipment in 
anticipation of changes in the speed and/or 
direction of a moving object or scene. 

 

29 Reaction Time Psychomotor 
Abilities 

The ability to quickly respond (with the hand, 
finger, or foot) to a signal (sound, light, 
picture) when it appears. 

 

30 Wrist-Finger 
Speed 

Psychomotor 
Abilities 

The ability to make fast, simple, repeated 
movements of the fingers, hands, and wrists. 

 

31 Speed of Limb 
Movement 

Psychomotor 
Abilities 

The ability to quickly move the arms and legs.  

32 Static Strength Physical 
Abilities 

The ability to exert maximum muscle force to 
lift, push, pull, or carry objects. 
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33 Explosive 
Strength 

Physical 
Abilities 

The ability to use short bursts of muscle force 
to propel oneself (as in jumping or sprinting), 
or to throw an object. 

 

34 Dynamic 
Strength 

Physical 
Abilities 

The ability to exert muscle force repeatedly 
or continuously over time. This involves 
muscular endurance and resistance to muscle 
fatigue. 

 

35 Trunk Strength Physical 
Abilities 

The ability to use your abdominal and lower 
back muscles to support part of the body 
repeatedly or continuously over time without 
'giving out' or fatiguing. 

 

36 Stamina Physical 
Abilities 

The ability to exert yourself physically over 
long periods of time without getting winded 
or out of breath. 

 

37 Extent 
Flexibility 

Physical 
Abilities 

The ability to bend, stretch, twist, or reach 
with your body, arms, and/or legs. 

 

38 Dynamic 
Flexibility 

Physical 
Abilities 

The ability to quickly and repeatedly bend, 
stretch, twist, or reach out with your body, 
arms, and/or legs. 

 

39 Gross Body 
Coordination 

Physical 
Abilities 

The ability to coordinate the movement of 
your arms, legs, and torso together when the 
whole body is in motion. 

 

40 Gross Body 
Equilibrium 

Physical 
Abilities 

The ability to keep or regain your body 
balance or stay upright when in an unstable 
position. 

 

41 Near Vision Sensory 
Abilities 

The ability to see details at close range 
(within a few feet of the observer). 

 

42 Far Vision Sensory 
Abilities 

The ability to see details at a distance.  

43 Visual Colour 
Discrimination 

Sensory 
Abilities 

The ability to match or detect differences 
between colours, including shades of colour 
and brightness. 

 

44 Night Vision Sensory 
Abilities 

The ability to see under low light conditions.  

45 Peripheral 
Vision 

Sensory 
Abilities 

The ability to see objects or movement of 
objects to one's side when the eyes are 
looking ahead. 

 

46 Depth 
Perception 

Sensory 
Abilities 

The ability to judge which of several objects is 
closer or farther away from you, or to judge 
the distance between you and an object. 

 

47 Glare 
Sensitivity 

Sensory 
Abilities 

The ability to see objects in the presence of 
glare or bright lighting. 

 

48 Hearing 
Sensitivity 

Sensory 
Abilities 

The ability to detect or tell the differences 
between sounds that vary in pitch and 
loudness. 

 

49 Auditory 
Attention 

Sensory 
Abilities 

The ability to focus on a single source of 
sound in the presence of other distracting 
sounds. 

 

50 Sound 
Localization 

Sensory 
Abilities 

The ability to tell the direction from which a 
sound originated. 
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51 Speech 
Recognition 

Sensory 
Abilities 

The ability to identify and understand the 
speech of another person. 

 

52 Speech Clarity Sensory 
Abilities 

The ability to speak clearly so others can 
understand you. 

 

 

Terrain traversability 
List all terrain types that an agent must be able to traverse to perform the task. 

Terrain 

 

 

 

Functional requirements 
The following attributes do not fit into any of the previous categories, but are important indicators 

of whether an agent can perform the task. 

Attribute Value 

Operation Time 
Duration of continual operation without required rest. 

minutes 

Rest Time 
Time required by between task instances to reset between 
operations. 

minutes 

Type of end effectors 
List of devices that the agent must use to perform the task. For 
humans, this can be thought of as the tools that the human must 
use. 

 

Number of end effectors 
The number of devices that the agent must simultaneously use to 
perform the task. 

 

Mounting position 
Must the agent be attached to a specific surface to perform the task 
(for example, ground, wall, ceiling and mobile platforms)? 

 

Degree of protection 
Degree of protection denotes the protection provided by an 
enclosure against access to hazardous parts, ingress of solid foreign 
objects and water. (See Appendix F for the IP-Code). 

 

Configuration duration (adaptability) 
Average duration to change the configuration of the agent to 
perform different operations or at different locations. 

minutes 

Autonomy 
The capability of an entity to create and control the execution of its 
own plans and/or strategies. For instance, in mobile agents the 
ability of the agent for determining the trajectory to reach a specific 
location or pose. See Appendix G for the definitions and the 
different levels of autonomy. 

 

Degrees of freedom  
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A term used to describe a robot’s freedom of motion in three-
dimensional space. For humans, this is normally six, unless 
something impedes movement. 

Horizontal reach 
The distance from the resting or starting position that the agent can 
reach into the horizontal plane. 

m 

Vertical reach 
The distance from the resting or starting position that the agent can 
reach into the vertical plane. 

m 

Wrist reach distance 
The maximum distance in which the end effector of the agent can 
reach in the work envelop. 

m 

 

Non-functional attributes 
The following attributes describe requirements of a task other than the actions to be performed. 

Attribute Value 

Operation cost 
Total cost of operating the agent. 

€ per hour 

Air pollution 
The effect of the agent on the environment. 

CO2 per hour 

Ambient temperature 
Range of temperature within which the agent functions as expected. 

 ºC -             ºC 

Space requirements 
How much space does the agent need to be able to function 
correctly. 

Length:                 m 
Width:                 m 
Height:                 m 

Recommended operating humidity 
Range of humidity within which the agent functions as expected. 

% -            % 
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APPENDIX J: RESULTS OF AGENT DEFINITION 

FORMS COMPLETED BY PARTICIPANTS 

This appendix lists the values determined by the five participants who completed the Agent Definition 

form shown in Appendix H. The completed and signed forms are available from the author, on request. 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Participant name Paulo Diogo Ribeiro Selma Kchir Ton Gerrits Harm ten Broek Michael van 
Thiel 

Agent name Yaskawa MH24 
industrial robot 

João Costa 
(anonymised) 

AGV Jan Gelderland 
(anonymised) 

Kuka LBR iiwa 7 
R800 

Bart van Rooyen 
(anonymised) 

Agent type Automated 
agent  

Human agent  Automated 
agent. 

Human. Automated 
handling agent 

Human  

Agent description Industrial 
robotic arm 
with six degrees 
of freedom. 

An expert 
operator 
working in the 
coating work 
cell. 

Automated 
guided vehicle 
with a 
motorized arm 
and grasping 
mechanism. 

A low-wage 
operator 
employed to 
perform the high 
capacity stacker 
unloading and 
other related 
tasks in the same 
production line. 

Robotic arm 
with gripper to 
pick and place 
metal profiles 

Highly skilled 
operator with 
10 years of 
experience. 

Organisation Flupol Surface 
Engineering 

Flupol Surface 
Engineering 

The French 
Alternative 
Energies and 
Atomic Energy 
Commission 
(CEA). 

Customer of Océ 
Technologies. 

Thomas Regout 
International 
B.V. 

Thomas Regout 
International 
B.V. 

Date of completion 27/06/2019 27/06/2019 19/06/2019 13/06/2019 21/06/2019 21/06/2019 

Authorization The safety eye 
is certified for 
human-robot 
collaborative 
work. 

Coating expert 
certification. 

Full safety 
certification to 
work near 
humans in an 
open work 
space (no 
fences). 

Confidentiality 
screening to 
handle sensitive 
printed 
information. 

None None 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Tenancy Coating work 
cell. 

Flupol site Production 
area, including 
printers, 
finishers, high 
capacity 
stackers and 
storage racks 
(delivery 
station). 

OC-1-1-1 Printing 
production line 

Profile stacking 
work cell. 

Production area 
1 of the factory. 

Ability Oral 
Comprehension 

0 4 0 4 0 4 

Written 
Comprehension 

6 3 5 3 0 3 

Oral Expression 0 4 0 3 0 4 

Written Expression 1 3 3 3 0 3 

Fluency of Ideas 0 6 1 2 0 4 

Originality 0 4 0 3 0 3 

Problem Sensitivity 2 5 2 3 0 5 

Deductive 
Reasoning 

7 4 3 3 0 4 

Inductive Reasoning 1 4 1 3 0 3 

Information 
Ordering 

7 5 2 3 0 3 

Category Flexibility 0 3 1 3 0 5 

Mathematical 
Reasoning 

0 1 0 1 0 4 

Number Facility 7 2 7 2 7 3 

Memorization 7 4 7 3 7 4 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Speed of Closure 4 3 6 3 0 4 

Flexibility of 
Closure 

0 6 1 4 0 4 

Perceptual Speed 5 5 3 2 0 5 

Spatial Orientation 6 6 5 2 4 5 

Visualization 4 6 0 3 0 4 

Selective Attention 7 4 7 3 7 5 

Time Sharing 4 5 5 4 7 4 

Arm-Hand 
Steadiness 

5 3 2 4 6 5 

Manual Dexterity 6 6 4 4 6 5 

Finger Dexterity 0 5 0 3 5 5 

Control Precision 3 4 5 4 7 4 

Multilimb 
Coordination 

0 5 0 3 0 6 

Response 
Orientation 

7 5 4 3 2 4 

Rate Control 3 4 3 4 3 5 

Reaction Time 6 4 7 6 6 4 

Wrist-Finger Speed 4 4 5 4 5 4 

Speed of Limb 
Movement 

6 6 3 5 5 5 

Static Strength 4 4 2 5 4 5 

Explosive Strength 3 5 1 3 4 5 

Dynamic Strength 4 3 5 4 5 5 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Trunk Strength 0 6 7 4 5 5 

Stamina 7 3 7 4 7 5 

Extent Flexibility 3 5 5 5 3 5 

Dynamic Flexibility 4 5 7 4 4 5 

Gross Body 
Coordination 

0 5 3 4 6 5 

Gross Body 
Equilibrium 

0 5 0 3 2 5 

Near Vision 4 4 2 3 0 5 

Far Vision 1 2 4 4 0 5 

Visual Color 
Discrimination 

0 6 0 4 0 2 

Night Vision 0 6 7 4 0 2 

Peripheral Vision 5 2 7 4 0 5 

Depth Perception 7 6 7 3 0 3 

Glare Sensitivity 4 6 7 4 0 5 

Hearing Sensitivity 0 6 0 4 0 4 

Auditory Attention 0 5 0 3 0 6 

Sound Localization 0 5 0 6 0 6 

Speech Recognition 0 6 0 4 0 6 

Speech Clarity 0 5 0 3 0 3 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Terrain traversability The robot is 
moved 
manually, on a 
track, between 
operations. 

Smooth: 3 m/s 
Rough: 3 m/s 
Inclined: 2 m/s 

Smooth: 1.1 
m/s 

Any terrain in a 
normal working 
environment: 1,4 
m/s 

Stationary All surfaces 
within the 
factory. The 
factory floor is 
smooth with 
clearly 
demarcated 
walking areas: 
1,4 m/s 

Functional 
attributes 

Operation time Unknown 90 minutes 10 hours or 
15km 

120 minutes 120 minutes 50 minutes 

Rest time Unknown 10 minutes Up to 3 hours At least 15 
minutes 

0 minutes 10 minutes 

Type of end 
effectors 

Coating pistol 
Suction gripper 
Finger gripper 
Polishing device 
Soldering tool 

Manual coating 
pistol 
Any other 
manual tool 

Grasping 
mechanism 
3D camera 
S300 sick 
safety laser 
scanners 

Hands. Profile gripper Hands 

Number of end 
effectors 

1 1 3 2 1 2 

Mounting position Ground Ground Ground Ground. Floor 
Ceiling 
Wall 

Ground 

Degree of 
protection 

IP55 N/A (IP 58?) IP20 IP44 IP54 IP44 

Configuration 
duration 
(adaptability) 

Unknown Unknown N/A  0 minutes minutes 0 minutes 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Autonomy Decision 
support 

Full autonomy Supervisory 
control 

Full autonomy Batch 
processing 

Full autonomy 

Degrees of freedom 6 6 6 6 7 6 

Horizontal reach 1.7 m 1 m 0.5 m 1 m 800 mm 1 m 

Vertical reach 2 m 2 m 1.4 m 2.2 m 1140 m 2.2 m 

Wrist reach 
distance 

N/A 0.5 m 0.15 m 0.5 m 126 mm 0.5 m 

Non-
functional 
attributes 

Operation cost Unknown 5 € per hour 18€ per hour ~20€ per hour 15 € per hour 35 € per hour 

Air pollution Zero emissions 150 g CO2 per 
hour 

Zero 
emmissions 

0 CO2 per hour Unknown 0 CO2 per hour 

Ambient 
temperature 

0 ⁰C to     45 ⁰C 16 ⁰C -            30 
⁰C 

4 ⁰C to 42 ⁰C 16 ⁰C to 26 ⁰C 5 ⁰C to 45 ⁰C 15 ⁰C to 35 ⁰C 

Space requirements Length:          
1730 mm 
Width:           
1730 mm 
Height:          
2085 mm 

Length:          
1000 mm 
Width:           
1000 mm 
Height:          
2500 mm 

Length:          
2000 mm 
Width:           
1400 mm 
Height:         
1500 mm 

Length:     0.7 mm 
Width:     0.7 mm 
Height:        2 mm 

Length:            
800 mm 
Width:            
800 mm 
Height:          
1140 mm 

Length:     0.7 
mm 
Width:     0.7 
mm 
Height:        2 
mm 

Recommended 
operating humidity 

20% -            80% 20 % -           80 
% 

Any 20 % - 80 % 20 % - 80 % 20 % - 80 % 
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APPENDIX K: RESULTS OF TASK DEFINITION 

FORMS COMPLETED BY PARTICIPANTS 

This appendix lists the values determined by the five participants who completed the Task Definition 

form shown in Appendix I. The completed and signed forms are available from the author, on 

request. 
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Attribute Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 

Task name Coat product Transport printed 
media to delivery 
station 

Unload printed 
paper from the high 
capacity stacker 

Fill bin layer with 
profiles 

Transport bin to 
stacking area 

Task type Surface coating 
production 
operation 

Transport 
inventory 
operation 

Handling inventory 
task. 

Packaging inventory 
operation 

Transport inventory 
operation 

Task description Collaborative 
coating application 
by a team of a 
robot and a human 
operator. 

A single stack of 
printed paper is 
carried from the 
high capacity 
stacker to the 
delivery station. 

The operator takes 
paper media from 
the high capacity 
stacker in 
preparation for 
transport to the next 
work cell. The high 
capacity stacker 
ejects the paper to 
make it more 
accessible for the 
operator. 

The agent picks a few 
profiles (depending 
on the size of the 
profile) from the 
conveyor belt, moves 
it to the bin and 
places it in the next 
open position. 
Profiles are stacked 
in the bin according 
to a predetermined 
lattice arrangement. 
The task continues 
until a single layer of 
the bin is filled. 

The agent picks up 
and carries the bin 
from the bin 
storage zone to the 
profile stacking 
work cell. The bin 
may be empty or 
filled with metal 
profiles, depending 
on the process 
status and 
progress. The 
transport direction 
may also be 
reversed, to take 
the bin from the 
profile stacking 
work cell to the bin 
storage zone. 

Process name Automated coating 
process 

Printing process. Printing process. Bin stacking Bin stacking 

Organisation Flupol Surface 
Engineering 

The French 
Alternative 
Energies and 

Customer of Océ 
Technologies. 

Thomas Regout 
International B.V. 

Thomas Regout 
International B.V. 
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Atomic Energy 
Commission (CEA) 

Completed by Rafael Arrais Selma Kchir Ton Gerrits Harm ten Broeke Michael van Thiel 

Date of completion 27/06/2019 26/06/2019 13/06/2019 21/06/2019 21/06/2019 

Authorization Safety sensors must 
be not be triggered 
by an obstacle or 
intrusion, during 
the coating 
operation. 

None In case of 
confidential printed 
information (like 
financial 
information), the 
operator must be 
screened to gain 
access to the task 
location. 

No authorizations 
required. 

Forklift driver’s 
licence. 

Tenancy Product coating 
work cell. 

Production area, 
including printers, 
finishers, high 
capacity stackers 
and storage racks 
(delivery station). 

It depends on the 
environment. For the 
demonstration 
purposes, the 
operator must have 
access to the high 
capacity stacker (O-
1-1-1-1). 

Profile stacking work 
cell. 

Intermediate 
storage zone 
Profile staking work 
cell 

Ability Oral 
Comprehension 

0 0 0 0 0 

Written 
Comprehension 

3 2 3 3 3 

Oral Expression 0 0 0 0 0 

Written Expression 1 2 0 1 1 

Fluency of Ideas 3 1 0 0 0 
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Originality 2 0 0 0 0 

Problem Sensitivity 4 2 0 0 2 

Deductive 
Reasoning 

2 2 0 0 3 

Inductive 
Reasoning 

0 0 0 3 0 

Information 
Ordering 

0 2 1 2 2 

Category Flexibility 0 1 0 0 0 

Mathematical 
Reasoning 

0 0 0 0 0 

Number Facility 0 3 0 1 0 

Memorization 3 2 0 2 1 

Speed of Closure 5 2 0 0 0 

Flexibility of 
Closure 

5 1 0 0 1 

Perceptual Speed 5 2 0 3 1 

Spatial Orientation 6 3 2 1 3 

Visualization 4 0 2 0 0 

Selective Attention 4 3 1 3 5 

Time Sharing 0 3 2 0 0 

Arm-Hand 
Steadiness 

6 2 3 3 1 

Manual Dexterity 5 3 2 4 2 

Finger Dexterity 0 0 0 0 0 

Control Precision 3 3 0 4 2 
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Multilimb 
Coordination 

0 0 2 0 0 

Response 
Orientation 

0 2 2 0 4 

Rate Control 1 2 0 1 1 

Reaction Time 1 4 1 6 6 

Wrist-Finger Speed 0 2 1 4 3 

Speed of Limb 
Movement 

3 2 1 3 2 

Static Strength 3 2 5 1 3 

Explosive Strength 0 1 0 0 0 

Dynamic Strength 3 2 3 4 0 

Trunk Strength 0 3 3 6 1 

Stamina 4 3 1 3 1 

Extent Flexibility 3 2 3 4 0 

Dynamic Flexibility 0 3 3 5 0 

Gross Body 
Coordination 

5 3 2 2 1 

Gross Body 
Equilibrium 

2 0 2 2 1 

Near Vision 5 2 1 2 1 

Far Vision 0 4 1 0 2 

Visual Color 
Discrimination 

5 0 0 0 0 

Night Vision 0 0 0 0 0 

Peripheral Vision 4 3 2 1 3 
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Depth Perception 4 3 0 2 2 

Glare Sensitivity 3 2 0 3 3 

Hearing Sensitivity 0 0 0 0 0 

Auditory Attention 0 0 0 0 0 

Sound Localization 0 0 0 0 0 

Speech 
Recognition 

0 0 0 0 0 

Speech Clarity 0 0 0 0 0 

Terrain traversability Cardboard floor to 
protect the floor 
from excess paint. 
The cardboard floor 
can be slippery. 

Smooth Smooth No movement 
involved. 

Smooth 

Functional 
attributes 

Operation time 30 minutes 45 minutes 1 minutes 120 minutes 120 minutes 

Rest time 5 minutes 15 minutes N/A 15 minutes 15 minutes 

Type of end 
effectors 

Coating pistol Grasping 
mechanism 

Gripper. 
In case of a human 
operator, his/her 
hands. 

Magnetic gripper if 
automated. 
Hands with safety 
gloves if human. 

Forklift or pallet 
stacker 

Number of end 
effectors 

1 1 1 1 0 if automated 
1 if using stacker or 
forklift. 

Mounting position Ground Ground Ground Ground Ground 

Degree of 
protection 

IP55 IP10 IP00 IP22 IP23 
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Configuration 
duration 
(adaptability) 

5 minutes N/A N/A N/A N/A 

Autonomy Decision support Assisted tele-
operation 

Batch processing. Assisted 
teleoperation 

Batch processing 

Degrees of 
freedom 

6 3 4 6 3 

Horizontal reach 1 m 0.5 m  <1 m 1,2m 0m 

Vertical reach 1 m 1 m <1 m 0,6m 0m 

Wrist reach 
distance 

N/A 0.15 m 0,2m 0,4m 0m 

Non-
functional 
attributes 

Estimated duration Unknown 30 seconds 45 seconds 40 seconds 180 seconds 

Air pollution N/A N/A Unknown CO2 per hour CO2 per hour 

Ambient 
temperature 

35 ⁰C to 40 ⁰C 16 ⁰C to 27 ⁰C 16 ⁰C to 36 ⁰C 15 ⁰C to 35 ⁰C 15 ⁰C to 35 ⁰C 

Space 
requirements 

Unknown Length: 2.5 m 
Width: 2.5 m 
Height:    3 m 

Length:                1 m 
Width:                2 m 
Height:                2 m 

Length:                2 m 
Width:                2 m 
Height:                2 m 

Unimportant 

Recommended 
operating humidity 

80 % to 100 % 20 % - 80 % N/A Unknown Unknown 
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APPENDIX L: COMBINATION GENERATOR CODE 

Combination generator Javaclass, as retrieved from Rosen (2018). 

 

class CombinationGenerator { 

 

    private int[] a; 

    private int n; // Number of agents in the system 

    private int r; // Number of members in a coalition 

    private BigInteger numLeft; 

    private BigInteger total; 

 

    // Constructor 

    CombinationGenerator (int n, int r) { 

        if (r > n) {throw new IllegalArgumentException ();} 

        if (n < 1) {throw new IllegalArgumentException ();} 

        this.n = n; 

        this.r = r; 

        a = new int[r]; 

        BigInteger nFact = getFactorial (n); 

        BigInteger rFact = getFactorial (r); 

        BigInteger nminusrFact = getFactorial (n - r); 

        total = nFact.divide (rFact.multiply (nminusrFact)); 

        reset (); 

    } 

 

    // Reset 

    void reset () { 

        for (int i = 0; i < a.length; i++) {a[i] = i;} 

        numLeft = new BigInteger (total.toString ()); 

    } 

 

    // Return number of coalitions not yet generated 

    BigInteger getNumLeft () {return numLeft;} 

 

    // Are there more coalitions? 

    boolean hasMore () {return numLeft.compareTo(BigInteger.ZERO) == 1;} 

 

    // Return total number of coalitions 

    BigInteger getTotal () {return total;} 

 

    // Compute factorial 

    private static BigInteger getFactorial (int n) { 
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        BigInteger fact = BigInteger.ONE; 

        for (int i = n; i > 1; i--) {fact = fact.multiply(new BigInteger (Integer.toString (i)));} 

        return fact; 

    } 

 

    // Generate next coalition (algorithm from Rosen p. 286) 

    int[] getNext () { 

        if (numLeft.equals (total)) {numLeft = numLeft.subtract(BigInteger.ONE);return a;} 

        int i = r - 1; 

        while (a[i] == n - r + i) {i--;} 

        a[i] = a[i] + 1; 

        for (int j = i + 1; j < r; j++) {a[j] = a[i] + j - i;} 

        numLeft = numLeft.subtract (BigInteger.ONE); 

        return a; 

    } 

}  
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APPENDIX M –TECHNOLOGY ACCEPTANCE MODEL 
TRANSLATED TO DUTCH FOR INTERVIEWS 

Het Technology Acceptance Model wordt gebruikt om gebruiksacceptatie van een systeem te 

meten. Elke stelling wordt beoordeeld op een 7-punt likert schaal, van hoogs waarschijnlijk naar 

hoogs onwaarschijnlijk (zie Figure 126). 

 

Figure 126: 7-punt likert schaal 

 

Waargenomen bruikbaarheid 
Verwatchte bruikbaarheid verwijst naar de mate waarin een persoon gelooft dat het gebruik van het 

specifieke systeem zijn of haar werkprestaties zou verbeteren. De volgende zes vragen worden 

gebruikt om de waargenomen bruikbaarheid te meten: 

No Stelling Beoordeling Notas 

1 Het gebruik van het HORSE-systeem in 
mijn baan zou me in staat stellen om 
taken sneller uit te voeren. 

  

2 Het gebruik van het HORSE-systeem zou 
mijn werkprestaties verbeteren. 

  

3 Het gebruik van het HORSE-systeem zou 
mijn productiviteit verbeteren. 

  

4 Het gebruik van het HORSE-systeem zou 
mijn effectiviteit in mijn baan 
verbeteren. 

  

5 Het gebruik van het HORSE-systeem zou 
het makkelijker maken om mijn werk te 
doen. 

  

6 Ik zou het HORSE-systeem bruikbaar 
vind in mijn baan. 

  

 

Waargenomen gebruiksgemak 
Waargenomen gebruiksgemak verwijst naar de mate waarin een persoon gelooft dat het gebruik 

van het betreffende systeem zou hem of haar geen moeiten kosten. De volgende zes vragen worden 

gebruikt om het waargenomen gebruiksgemak te meten: 

No Stelling Beoordeling Notas 

1 Leren werken met het HORSE-systeem 
zou gemakkelijk voor mij zijn. 

  

2 Ik zou het gemakkelijk vinden om het 
HORSE-systeem te laten doen wat ik het 
wil laten doen. 
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3 Mijn interactie met het HORSE-systeem 
zou duidelijk en begrijpelijk zijn. 

  

4 Ik zou vinden dat het HORSE-systeem 
flexibel is om mee te werken. 

  

5 Het zou gemakkelijk voor me zijn om 
vaardig te worden in het gebruik van het 
HORSE-systeem. 

  

6 Ik zou het HORSE-systeem gemakkelijk 
in gebruik vinden. 

  

 

 


