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Abstract 

In the context of Industry 4.0 there has been a change in the manufacturing system 

which has been modified following the development of some important technologies. 

In this context the ability of the production systems to meet customer expectations has 

increased while aiming to obtain an higher product quality and greater customization. 

To control product quality one of the most promising tool is the so-called Zero Defect 

Manufacturing. The use of ZDM can lead to an improvement in the quality of the 

products, an increase of the efficiency of the production system, a reduction of the 

waste and many other benefits. Although this methodological “tool” shows 

considerable potential, it needs some auxiliary technologies. The creation of a virtual 

copy of a physical resource toward the use of a Digital Twin appears to be of particular 

interest, enabling real-time monitoring within the industrial production. Considering 

the Digital Twin framework in the long-term perspective, to obtain a solution 

applicable to a greater number of different industrial contexts, in this thesis it is 

proposed a model, the ORMA+ ontology. This is capable of applying Detect and Repair 

strategies to go with the creation of a Digital Twin. The ORMA+ ontology can be used 

to support decision making in an industrial context: it provides, to any operator in the 

production process, an indication about the quality of the product, also advising some 

corrective actions if needed, like the repair or the disassembly of the product and the 

subsequent recycle of the good quality components. To obtain this research outcome, 

first of all an analysis of the literature was performed to determine the gaps present in 

the literature, then an ontology editor allowed the creation of the ORMA+ ontology 

and, finally, the ontology was validated in the context of Industry 4.0 Laboratory at 

the Politecnico di Milano. In the Industry 4.0 Laboratory the proposed solution was 

populated with the data coming from the servers, determining the quality of the 

product in function of the state of some product components and the condition of one 

of the assets installed in the production line. 
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Abstract in italiano 

Nell'ambito dell'Industria 4.0 c'è stato un cambiamento nel sistema produttivo, che è 

stato modificato in seguito allo sviluppo di alcune rilevanti tecnologie. In questo 

contesto è aumentata la capacità dei sistemi produttivi di soddisfare le aspettative dei 

clienti puntando ad ottenere una maggiore qualità del prodotto e una maggiore 

personalizzazione. Per controllare la qualità del prodotto, uno degli strumenti più 

promettenti è la cosiddetta Zero Defect Manufacturing. L'utilizzo della ZDM può 

portare un miglioramento della qualità, un aumento dell'efficienza del sistema 

produttivo, una riduzione degli scarti e altri vantaggi. Sebbene questo “strumento” 

metodologico mostri un potenziale considerevole, necessita di alcune tecnologie 

ausiliarie. Di particolare interesse è la creazione di una copia virtuale di una risorsa 

fisica per l'utilizzo di un Digital Twin, che consente il monitoraggio in tempo reale 

all'interno della produzione industriale. Considerando il framework DT in una 

prospettiva a lungo termine, per ottenere una soluzione applicabile ad un maggior 

numero di differenti contesti industriali, in questa tesi viene proposto un modello, 

l'ontologia ORMA+. Questo è in grado di applicare le strategie di Detect e Repair per 

accompagnare la creazione di un DT. L'ontologia ORMA+ può essere utilizzata a 

supporto del processo decisionale in un contesto industriale: fornisce, a qualsiasi 

operatore del processo produttivo, un'indicazione sulla qualità del prodotto, 

consigliando anche alcune azioni correttive se necessarie, come la riparazione o lo 

smontaggio di il prodotto e il successivo riciclo dei componenti di buona qualità. Per 

ottenere questo risultato, prima di tutto è stata eseguita un'analisi della letteratura per 

determinare le lacune presenti, poi un editore di ontologie ha permesso la creazione 

dell'ontologia ORMA+ e, infine, l'ontologia è stata validata nel contesto del Laboratorio 

di Industria 4.0 al Politecnico di Milano. Nel Lab la soluzione proposta è stata popolata 

con i dati provenienti dai server, determinando la qualità del prodotto in funzione 

dello stato di alcuni componenti e lo stato di uno degli asset installati in linea di 

produzione. 

Parole chiave: Zero Defect Manufacturing, Ontologia, Monitoraggio della Qualità, 

Digital Twin.



 

 



 v 

 

 

Contents 

Abstract ................................................................................................................................. i 

Abstract in italiano .......................................................................................................... iii 

Contents ............................................................................................................................... v 

1 Introduction ............................................................................................................... 1 

1.1. Quality Evolution in Manufacturing ........................................................... 1 

1.2. Zero Defect Manufacturing .......................................................................... 4 

1.3. Digital Twin .................................................................................................... 7 

1.3.1. Cognitive Digital Twin .............................................................................. 8 

1.4. Ontology .......................................................................................................... 9 

2 Literature review on Zero Defect Manufacturing ............................................ 12 

2.1. The Literature Review Methodology ........................................................ 12 

2.2. Research protocol on Zero Defect Manufacturing .................................. 13 

2.3. Descriptive statistics .................................................................................... 15 

2.4. Synthesis of literature review findings ..................................................... 21 

2.4.1. Articles retrieved ...................................................................................... 21 

3 Research Design ..................................................................................................... 25 

3.1. Main results of the Systematic Literature Review ................................... 25 

3.2. Research Gaps ............................................................................................... 25 

3.3. Research Objectives...................................................................................... 27 

4 Ontology .................................................................................................................. 31 

4.1. Ontology Background ................................................................................. 31 

4.1.1. Knowledge Reuse: BFO ontology .......................................................... 34 

4.1.2. Knowledge reuse: IAO ontology ............................................................ 39 

4.1.3. Knowledge reuse: CCO ontology .......................................................... 41 

4.2. Methontology applied for ZDM ................................................................ 43 

4.2.1. Specification .............................................................................................. 44 

4.2.2. Knowledge acquisition ............................................................................ 45 

4.2.3. Conceptualization and Integration ........................................................ 45 

4.2.4. Implementation and Evaluation ............................................................. 46 

4.3. Proposed ontology for ZDM ...................................................................... 47 



vi | Contents 

 

 

4.3.1. Product ....................................................................................................... 47 

4.3.2. Asset ........................................................................................................... 51 

4.3.3. Quality ........................................................................................................ 57 

4.3.4. Process ........................................................................................................ 65 

5 Application of the ontology ................................................................................. 72 

5.1. Validation of the ontology logic ................................................................. 72 

5.1.1. Case study description ............................................................................. 72 

5.2. Validation of the ORMA+ ontology ........................................................... 74 

5.2.1. Regular_Assembly_Quality case ............................................................ 76 

5.2.2. Repairable_Assembly_Quality case ....................................................... 89 

5.2.3. Defective_Assembly_Quality case ......................................................... 97 

5.2.4. Competency questions ........................................................................... 104 

6 Ontology Implementation .................................................................................. 112 

6.1. Ontology Application ................................................................................ 114 

6.2. Ontology population: Repair and Disassembly Stations ...................... 118 

6.2.1. Repairable Cellphone case:.................................................................... 118 

6.2.2. Defective Cellphone case ....................................................................... 123 

7 Result and discussion .......................................................................................... 129 

7.1. Results: Ontology Validation .................................................................... 129 

7.2. Results: Population of the ontology ......................................................... 130 

7.3. Potentiality of the ORMA+ ........................................................................ 130 

8 Conclusions ........................................................................................................... 132 

8.1. Research Contribution ............................................................................... 132 

8.2. Practice Contribution ................................................................................. 135 

8.3. Limitations of the current work ............................................................... 135 

8.4. Future Researches....................................................................................... 136 

9 Bibliography .......................................................................................................... 137 

A) APPENDIX: Data Collection .............................................................................. 144 

OPC-UA ....................................................................................................................... 144 

Work Performed ......................................................................................................... 146 

Linux Virtual Machine .......................................................................................... 147 

Docker ..................................................................................................................... 147 

Golang ..................................................................................................................... 148 

InfluxDB .................................................................................................................. 149 

Python ..................................................................................................................... 149 

B) Appendix: Python Code ...................................................................................... 151 



| Contents vii 

 

 

B.1. Python code for the data extracted by the FML ............................................. 151 

B.2. Python code for an hypothetical enhanced FML ........................................... 161 

List of Figures ................................................................................................................. 167 

Acknowledgement ........................................................................................................ 176 

 





 1 

 

 

1 Introduction 

The aim of this chapter is to provide an overall introduction to this thesis work. The 

chapter is developed starting from the presentation of a general overview of quality 

evolution in manufacturing; thereafter, it moves on presenting the background in three 

topical areas of major interest: Zero Defect Manufacturing, Digital Twins / Cognitive 

Digital Twins, Ontologies. Therefore, the reader finds in this chapter just the point this 

investigation starts from, and can intend it as a general introduction. 

1.1. Quality Evolution in Manufacturing 

Over the years, the manufacturing industry has seen a constant growth and change. 

As a matter of fact manufacturing practices are rapidly evolving with continuous 

advancement in material sciences, production and information technology. In 

particular with the advent of the fourth industrial revolution (Industry 4.0) and thanks 

the development and adoption of relevant advanced technologies, the modern 

manufacturing systems have been reshaped. The term Industry 4.0 was coined in 2011 

in Germany [1] in the Hannover Fair and it referred to the initiative of the government 

to prepare the German manufacturing to the digital era.  

As a matter of fact if we look at the history of production, besides this last change, 

there were other 3 important changes in the production paradigm [2] which are 

showed in the image 1-1.   

 

 

Figure 1-1: Evolution in time of the Industrial Revolutions 
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The first industrial revolution was known as Craft Production [2] and the biggest 

change in the industry was the introduction of water and steam power to help the 

mechanical production [1]. Due to the change from the manual to the machine 

production it was possible to satisfy costumers requirements, characterized by a high 

cost and a limited number of products. The necessity to satisfy costumers needs 

brought, almost a century later, the need for low-cost products realized with a large 

scale production, leading to the second industrial revolution or Mass Production [2]. 

In this industrial revolution the variety of the products was still small and limited but 

the number of product realized increased. In order to reach a higher variety of 

products, Industry 3.0 or Mass Customized Production made possible to achieve a 

production system characterized by a higher flexibility respect to the conventional 

ones due to the Advent of the Digital Revolution leading to a greater productivity, 

lower costs and an increased variety [1][2]. In the current period of time a new driving 

force to produce emerged, costumers desire [2]. As a matter of fact the fourth industrial 

revolution is also known as Mass Personalization Production (MPP) since during the 

current years has been enhanced the ability to meet the costumers’ expectation, such 

as for greater quality, better features, shorter development times, better performance 

and higher customization at an affordable price [2][3]. In the current period, thus, 

giving customers products whenever they want it and the way they want them is the 

key source of production but with the emergence of this trend the customers’ requests 

have increased while the product development cycle has reduced significantly [4]. So 

in the current environment new challenges for manufacturers have been introduced, 

since now it is necessary to perform in an environment characterized by high 

variability. In fact in the current context due to the different customers demand and 

the higher complexity introduced with the increase of the production steps needed to 

produce a product, the variability of the production system is increased [2]. 

Due to these motivations, in order to deal with the growing customer expectations of 

customized products realized at a higher rate, manufacturers had to take some 

countermeasures, like the reduction of batch sizes and the imposition of shorter 

production time, to cope with the higher rate of products failing to keep an adequate 

level of quality [2][4]. It may seem trivial, but it is important to mention that in the 

current environment poor product quality can have a huge impact on many levels. For 

example it can have an impact on the economic aspect like the financial losses that a 

company may experience, or on an environmental aspect in relationship to the waste 

or an higher consumption of resources [5]. It is necessary to consider also what can 

occur at the company social level, since in the current high connected environment the 
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image of the company could be heavily damaged or improved by customer opinion 

about the quality of its products [6]. Therefore, in the current industrial environment 

it is crucial for manufacturing companies to improve the quality of the products and 

to limit the number of defective items as much as possible. This could be achieved by 

introducing an optimal quality management in order to maintain or increase 

companies’ financial and operational performance [7]. To achieve high-quality parts 

with minimum performance loss, several different aspects must be taken into 

consideration. Accordingly to [6] the first one to consider is the raw material used for 

production, as a matter of fact cheap material are not able to meet high quality 

standards and consequently meet costumers expectation. An additional aspect is 

workforce experience which need to be specialized enough or supported by experts 

when needed. Further, company alignment is also essential, there needs to be a 

common and established understanding within the company of how the products is 

realized and if it is able to fulfill costumer request. Lastly manufacturers must 

implement at least one quality improvement (QI) method [8].  

The introduction of a quality improvement method is necessary since those companies 

that focus on quality can dominate the market due to the reduction of production cost 

and the better use of machines and materials acquiring a competitive advantage 

respect to those which don’t [5]. An example of this can be found in the case of the 

Japanese industries of the 1970s which managed to obtain a great competitive 

advantage over rival companies by pandering to the wishes and expectations of 

customers, making several US companies declare bankrupt [6]. The Japanese 

experience shows how focusing on quality improvement can be a valid tool on how to 

improve the company competitive advantage, but the application of these techniques 

is not a simple process and today there are still challenges on how to manage quality 

optimization [6]. So even if traditional QI methods, such as six sigma (SS), lean 

manufacturing (LM), theory of constraints (TOC), and total quality management 

(TQM), have been widely used by manufacturers for more than three decades, there is 

still much ground to cover.  

As a matter of fact even if these techniques are still utilized and provide good results, 

these methodologies were created keeping into consideration the manufacturing 

standards of that period of time, but in the actual context of Industry 4.0 it is possible 

to leverage technologies that make possible to realize things that in the past would 

have been impossible to realize [8]. In fact thanks the introduction of Industry 4.0 

related technologies quality control has been boosted by increase in the computational 

capacity of computer systems, the advanced capabilities of data management systems, 

and the significant drop in the price of sensors [9]–[12]. As further evidence of what 
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has been said a recent paper presented traditional product QI policies and it showed 

their characteristics, enabling factors, and barriers, and it concluded that these 

methodologies, even if they are still usable and are used by many companies, could be 

substituted or at least improved by others innovative technologies which can 

overcome their defects and achieve better performance and efficiency [13]. An example 

of technologies that could be used for this purpose are for example machine learning, 

deep learning, artificial Intelligence (AI) and the Digital Twin (DT) [8]. 

Based on what was previously written with the advent of these new technologies it is 

possible to create new business opportunities by exploiting, for example, the large 

amount of data that is generated by industries. For this reason, the development of 

intelligent systems capable of extracting useful and meaningful knowledge from data 

has led to the development of better decision-making systems and new optimization 

opportunities [14]. This shift has been called Quality 4.0 and it permits to use several 

quality management approaches combining several practices from different fields like 

logistics, maintenance, process control and many others [3]. In this context a quality 

management approach we have to discuss is the Zero Defect Manufacturing (ZDM) 

strategy. The ZDM strategic goal is improving the manufacturing by guaranteeing that 

no defective product leave the production site and reach the costumer. Furthermore, 

the standard of ZDM is the way to go companies that aim to be more environmentally 

friendly and to maintain or also improve their assembly system while realizing 

products with zero defects [15]. 

1.2. Zero Defect Manufacturing 

The Zero Defect Manufacturing strategy is one of the most promising strategy of today 

and its objective is to reduce the number of defective products by “doing things right 

the first time” reducing the number of defect to zero [2], [4], [5], [13], [15]. Even if this 

manufacturing strategy is considered very promising at the current time, this is not 

new in the manufacturing field since its origin date back to 1960 when the American 

army used it during the Cold War [8], [5], [6], [15]. The mindset of zero defects is 

mostly attributed to Philip B. Crosby whom was the quality control department 

manager on the Pershing Missile program at the Martin Company [5]. As a matter of 

fact Crosby published a book in 1985 called “Absolutes of Quality Management” 

where he stated that the personal standard of workers and managers for 

manufacturing should be zero defect and so they should not accept anything less [5]. 

Influenced by Crosby’s philosophy and Dr. W. Edwards Deming’s teachings in 1960 

the Toyota company launched a Zero Defect Campaign which was further adopted in 
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1968 when in the Toyota’s corporate policy Zero Defects was introduced [5]. During 

these years of time these events were followed by the development of others 

methodologies known as traditional methodologies like Lean Production, Total 

Quality Management, Six Sigma and others as a way to reach the objective of zero 

defects in a company [3]–[5]. Although Zero Defect Manufacturing has shown 

important results for the cases mentioned above, its implementation has nevertheless 

been limited over time. The reason for this goes back to the technological limitations 

of the time that did not allow to fully exploit this methodology [15]. However, in the 

current context of Industry 4.0, a plethora of new technologies has showed a new range 

of possibilities for ZDM and made it possible to obtain those results that once would 

have been considered impossible to obtain, thus making this methodology reusable 

and very promising [15]. As a matter of fact due to the greater presence of techniques 

like Industrial internet of things, Artificial Intelligence, Digital Twin and many others 

which can be considered as the core of this methodology which in order to attain its 

goal of zero defect needs to extract patterns and knowledge within the data [5], [14].  

This is one of the most important aspects to take into consideration since there are 

several quality philosophies which aims to improve the whole manufacturing system, 

like the methodologies cited before, but the huge difference between them and the 

ZDM is that these “classic” methodologies focus on defect reduction by analyzing just 

the historical data of the company. This is a huge limitation since these traditional 

methodologies want to improve the future by analyzing data coming from the past 

and not taking into consideration the actual data, losing, in this way, a huge amount 

of valuable knowledge [2]–[5]. So ZDM is beyond traditional quality approaches 

because it does not only aim to eliminate defects by detecting and correcting eventual 

defective products and process parameters but there is also a learning mechanism 

involved in order to predict and prevent the formation of defects [5].  

In order to implement a ZDM based approach it is necessary to leverage the Industry 

4.0 tools and by utilizing the following functional requirements according to [2], [14], 

[16], [17]: 

I. a data acquisition system (as, data gathering, storage and analytics system) in 

order to exploit the intelligent sensor network 

II. an automatic signal processing, filtering and feature extraction 

III. data mining and knowledge discovery system for prognosis and diagnosis 

IV. a monitoring system of process parameters  

V. an online predictive maintenance 

VI. the re-configuration and re-organization of production 
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Concerning the implementation of the ZDM strategy we can consider 2 different 

approaches: a product oriented ZDM or process oriented ZDM [2], [8], [15]. The 

difference between the 2 approaches is that the product oriented one studies the defect 

that are present in the part trying to find a solution while for the process oriented 

approach the manufacturing equipment is studied and in function of its condition we 

can evaluate if the manufacturing products are in good conditions or not. Even if these 

approaches have a different starting point the steps which are followed are essentially 

the same and so this is seen like a unique framework [2]. Now that has been discussed 

how to implement this methodology we have to discuss the strategies that characterize 

the ZDM in its operations which are 4: Detection, Repair, Prediction, Prevention [2]–

[5], [8], [15]. These four strategies can be further divided in two different categories 

which are the triggering factors and triggering actions, the first ones are the strategy 

of detection and prediction which are responsible to identify possible defective items 

during the production process [4], [8]. The second ones, repair and prevention, are the 

actions that may be taken in response to a triggering factor since defects can be easily 

amplified and diffused in the following steps causing more damages [4], [8]. This may 

seem a contradiction since we stated before that the ZDM is an emerging paradigm 

which aims to completely eliminate defects by doing the right thing at the first time 

[2], [4], [5], [13], [15], but in the manufacturing environment this task cannot be 

achieved because of the intrinsic characteristics of manufacturing systems which are 

characterized by huge variability and uncertainty [6]. Since defects are unavoidable, 

with the term “Zero Defect” it is usually considered the number of failures happening 

during operation or the defective products which arrive at the end of the 

manufacturing process and which are delivered to the costumers [6], [14], [15], so it is 

necessary to apply the triggering ZDM strategy for each product realized. We have 

now to see more in detail the characteristics of the four strategies mentioned before. In 

order to do so we are going to consider the definitions reported in [2]: 

● Detection: This strategy focuses on the early discovery and identification of 

defects. In order to detect possible defects it is necessary to keep track of some 

relevant parameters during production. Once these parameters exceed a certain 

value or present a strange behavior, it may indicate that a defect has happened 

causing an undesirable effect. Besides the inspection when we talk about 

“Detection” we have also to take in consideration the different actions that 

address the generation and the propagation of the defects along the next stages 

of the production.  
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● Repair: This strategy consists on re-working or re-manufacturing a product, 

when it is possible to do so, when it is found defective. As a matter of fact, when 

a defect is discovered it may be repairable or not, if the piece is not in a good 

condition to be repaired then it is rejected, otherwise it is possible to repair it. 

In order to repair an object it is necessary to have a good trade-off between the 

time and the effort needed to do so, and the performance of production flow.   

● Prediction: This strategy revolves mainly on defect, anomaly and fault 

prediction, since it aims to determine the quality of the product before its 

realization by analyzing historical and current data. With this strategy usually 

also the state of health of the machines or equipment is evaluated in order to 

prevent unexpected failures by organizing preventive maintenance operations. 

● Prevention: This strategy concerns quality control and inspections tools in order 

to monitor the quality of the machines and consequently the quality of the 

manufactured piece. Once a defective product is found, the affected parameters 

are highlighted in order to adapt them on the next runs in order to avoid 

possible downtimes and losses.  

Since  the ZDM is an emerging concept according to the papers [4], [16] at present most 

research on this topic is focused on developing methodologies for specific uses, rather 

than studying a general implementation of this methodology. Furthermore, usually 

the approaches dealing with the ZDM are applied in a static and sequential way and, 

therefore, when a process is analyzed and solved, usually the company moves on to 

the next stage thus preventing the adaptation of the operations to the changing 

production target [16]. For these reasons, in this thesis work two additional tools will 

be used, an ontology and a digital twin, to adopt a more dynamic capability. 

1.3. Digital Twin 

Digital twins (DT) have gained a lot of attention by the industrial communities and the 

academia in the recent years [18], [19]. As a matter of fact the numbers of articles 

dealing with DT have increased and now have reached a discrete amount, but despite 

DT has gained so much attention there is still missing a common universal definition 

of what a DT is [20], [21]. In its essence a DT is composed by three elements: the 

physical entity of the real world, the virtual entity in the virtual space and the 

connection between the real world physical entity and the virtual one [18]. In its first 

applications DT was utilized for prognostic and health management applications but 

thanks the advancement of Industry 4.0 and its relevant technologies, DT has started 
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to be used in several industrial sectors, especially the ones dealing with productions 

[18].  

So, respect to its original function, the DT is not intended anymore as a mirror of the 

physical entity, but the concept has evolved and the DT can be utilized in different 

phases of the production system or different life-phases of a product such as the design 

phase of a system/product or the operation phase, etc. [21], [22]. At the current time 

one of the central aspect of a DT is the ability of the tool to provide information, which 

are not just mere data, but they can also be coupled with semantic modelling. In this 

way it is possible to get more information about the system as the physical status of a 

system or how it interacts with the others components of the system [18], [19]. So in 

the Industry 4.0 context a DT can have a different role respect to the past, it can be a 

cognitive digital twin so a: “DTs with augmented semantic capabilities for identifying 

the dynamics of virtual model evolution, promoting the understanding of 

interrelationships between virtual models and enhancing the decision-making” [18]. 

1.3.1. Cognitive Digital Twin 

According to what just said in the context of Industry 4.0, a Digital Twin can be 

enhanced with cognitive capabilities using semantic technologies becoming a 

Cognitive Digital Twin (CDT) [18]. In the literature there are several articles and 

papers dealing with CDT and, as for the DT, there are several definition of what a CDT 

is [18], [19]. Although there is not a common definition of what a CDT is, there are 

some common features and elements which are widespread across the different 

researches according to [18]: 

 

1) DT-based: CDT is an extended or augmented version of DT. It contains at least 

the three basic elements of DT described before but the main difference is that 

the CDT usually contains multiple DT models with unified semantics topology 

definitions. If we are dealing with a complex industrial system the CDT should 

include also digital models of its subsystems and components, where for each 

of them there is a description of the status across the entire lifecycle. 

2) Cognition Ability: As the name suggests a CDT must be characterized by the 

ability to have certain cognitive capabilities, so the ability to perform such 

activities as perception, attention, comprehension and so on. So a CDT function 

is to recognize strange and unpredicted behaviors in a dynamic way. This target 

has been made possible thanks the development of Industry 4.0 and some 
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relevant technologies like artificial intelligence or industrial internet of things 

which made possible to realize cognition capabilities at a certain level. 

3) Full lifecycle management: The CDT of a complex system is composed by the 

digital models of the components of the system and so covers the different 

phases of the system across its entire lifecycle, including the start, the middle 

and the end of the life of the system. So, in order to support the afore mentioned 

cognitive abilities, it is necessary to process all the data coming from the 

different life-phases of the system. 

4) Autonomy capability: The activities performed by a CDT must be executed in 

an autonomous manner without the help of a human operator. So a CDT can 

take decisions based on the analyzed data and react in a certain way without 

the intervention of a human operator. 

5) Continuous evolving: Along the entire lifecycle of the system, the CDT must 

evolve together with the system. The evolution of the system can be according 

to the change of the system, can be due to the interaction among the different 

models contained and finally due to the feedback from the other lifecycle 

phases. 

According to the characteristics expressed before the definition we are going to 

consider for a Cognitive Digital Twin will be the one reported in the [18]: “Cognitive 

Digital Twin (CDT) is a digital representation of a physical system that is augmented 

with certain cognitive capabilities and support to execute autonomous activities; 

comprises a set of semantically interlinked digital models related to different lifecycle 

phases of the physical system including its subsystems and components; and evolves 

continuously with the physical system across the entire lifecycle”. Accordingly to this 

definition by enhancing a DT with semantic technologies, like semantic modelling or 

ontologies, it is possible to capture the characteristics and status of the system and its 

components, as well as how a component interacts with the other components of a 

complex system [18]. In this thesis work the semantic technology which is going to be 

considered is the ontology: the ontology serves as a mean to guarantee technical and 

semantic interoperability which is essential to exploit the complexity of an industrial 

system [23]. 

1.4.  Ontology 

The word “ontology” comes from the Greek world, in particular it comes from the 

philosophy and works of Plato, but in computer science the concept of ontology is 

expressed as: ”a formal description of all the entities in a domain and the relations 
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existing between these entities” [68]. Ontologies are elements of the so called 

“symbolic” artificial intelligence, which is a way to organize knowledge to make it 

comprehensible to a computer, as opposed to machine learning [68]. In order to have 

a better understanding of what is an ontology we can compare it to some artefacts like 

relational databases and conceptual data models [24]. By comparing conceptual data 

models and ontologies the first difference is that data models provide an application-

specific representation of the data while ontologies provide an application-

independent representation of a specific subject domain, for this reason an ontology 

can be re-used in several applications [24]. By comparing relational databases with 

ontologies as knowledge based entities the main difference between the two concepts 

is that ontologies have an explicit representation of the knowledge and it has some 

rules that combined with an automated reasoning (beyond plain queries) permits to 

infer implicit knowledge and detect inconsistencies of the knowledge base [24].  

By making this comparisons is a bit easier to understand what an ontology is, but a 

definition of this concept is needed. For this purpose we are going to use the definition 

given by the World Wide Web Consortium [24]: 

Definition: An ontology being equivalent to a Description Logic knowledge base. 

This is a very restrictive definition but in the context of the most frequent application 

area of ontologies, the semantic web, the tendency is to make the ontology equivalent 

to a logical theory, in particular to a description logic knowledge.  

. 

 

Figure 1-2: Representation of the pragmatic and semantic side of an ontology 
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In the image 1-2 it is possible to see a representation of the 2 sides of an ontology. 

Where the “semantic” side has to do with the meaning represented in the ontology 

and the “pragmatic” side has to do with the practicalities of using ontologies [68], [24].  

So an ontology can be defined as the conceptualization of a specification. In particular, 

given an area of interest, the ontology provides means to describe it by listing related 

concepts and relating them in the appropriate way. The models developed in this way 

are, generally speaking, general enough to permit knowledge reuse, so the models 

generated can be applied in several contexts [23]–[27]. In the ontology engineering 

field there are several ontologies that can be exploited but the ones this thesis work is 

going to focus on is the computational ontology. The computational ontologies are 

ontologies which describe the systems and that can be used for computational 

purposes, which found their application in the Semantic Web [23], [26]. The Semantic 

Web is an extension of the Web and these ontologies were used here since [23]: 

• They permits to present the information in a different way respect to the 

information itself; 

• The meaning of the information is clearly defined; 

• The information presented in this way can be processed by the machines. 

The computational capability, the scaling up of data quantity and the interoperability 

characteristics of the ontology have made ontologies appealing for industry as well. 

As such, ontologies for industrial purposes are arising, as the literature demonstrates 

[23]–[28]. Nevertheless, it is necessary to explore if ontologies can be used for ZDM 

purposes, by checking if there are some gaps that emerge from the literature in order 

to unlock research opportunities and motivate this research. 
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2 Literature review on Zero Defect 

Manufacturing 

The aim of this chapter is to describe the procedures adopted to perform the literature 

review used in this thesis work. This process has been performed to give an exhausting 

explanation of the Zero Defect Manufacturing concept and its application in the 

Industry 4.0. Subsequently the results obtained from the performed inquiries are going 

to be investigated. 

2.1. The Literature Review Methodology 

The Literature review has been performed in order to contextualize the thesis work 

within the research environment. Accordingly to what has been said in the Introduction 

about ZDM, this is a concept characterized by a particular set of strategies that are 

usually carried out when we deal with the objective to reach zero defect in an 

industrial environment. To reach such an objective a systematic literature review 

methodology has been adopted in order to collect as much information as possible 

about this concept. The methodology adopted is inspired by [29], as a matter of fact 

the research has been performed by selecting a certain number of papers that later has 

been analyzed. This systematic research has been performed on the main abstract and 

citation databases of the web. This process consists in narrowing the research results 

by filling up the research prompts of the websites one at a time. The result is going to 

be a ”funnel-like” research process where relevant papers are retrieved and extract 

extant scientific literature dealing with Zero Defect Manufacturing is obtained. As a 

matter of fact this research was not done just by reading papers in a random way, but 

the main abstract and citation databases of the web were investigated. This process has 

been performed in order to narrow the number of articles found by visiting the most 

significative websites one at a time. The result of this methodology will be a “funnel-

like” research process in which just a limited number of papers that are considered as 

more significative will be kept. 

The methodology adopted can be divided in two main phases: 

1. The research phase 

2. The analysis phase 
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The research phase started by looking at the main abstract and citation databases of 

the web and the number of inquiries performed in each database was 1 and only the 

articles following these criteria were kept: 

● Only engineering-related documents are considered; 

● Only peer-reviewed journal papers; 

● Only papers including something applicable for the work case are kept, 

excluding those that are too far from the case considered. 

The first two criteria are usually applied leveraging on the database searching engine 

while the third option is executed at a later time. 

2.2. Research protocol on Zero Defect Manufacturing 

The starting point of this work of literature was to define the key-words to find specific 

articles among several fields of science and technology. The key-word selected for this 

purpose was: 

• Zero_Defect_Manufacturing 

After selecting this key-word only those articles coming from specific fields of 

knowledge were kept. As a matter of fact the inquiry was limited to the following 

fields: 

● Industry; 

● Manufacturing; 

● Production; 

This procedure was adopted to limit the amount of possible articles into those fields 

which are relevant for the research plan. The research phase started by looking at the 

following databases, Scopus, Web of Science (WoS) and IEEE Xplore where the 

selection of the keywords reported above led to this result: 

● IEEE= 45 articles; 

● Web of Science= 140 articles; 

● Scopus= 192 articles; 

The goal of the work is the ZDM and its implementation, therefore the research carried 

out had to focus on this topic, but the number of articles reported above is not 

representative of the total number of articles retrieved since a skimming of the articles 
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was performed. Here is a list of the reasons why the discarded articles were not feasible 

for the research: 

● Some articles could not be downloaded because of permission issue and so the full 

text of the article was not obtainable; 

● Some article were present twice and so if the article was present in one database it 

had to be discarded in the other one. 

For the reasons reported above the final number of articles obtained from the 

databases is 150 where the composition of the articles is represented below in the 

image 2-1: 

● IEEE= 43 articles; 

● Web of Science= 74 articles; 

● Scopus= 33 articles; 

 

Figure 2-1: Retrieval of articles from the databases 

The first two criteria of the research process are summarized in Figure 2-1, but 

now we have to focus on the third phase of the research protocol in which the 

screening phase oversees the removal of documents not aligned with the goal of this 

work.  

The analysis phase started with the study of the titles of the articles in order to evaluate 

whether the articles were useful or not to the research aims. This screening phase took 

place in two separate times, at first those articles the articles dealing with Zero Defect 

Manufacturing, quality inspection in industry 4.0 and data management were kept. In 
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fact in the initial phase of the work, in order to carry out the data collection, several 

articles were retrieved to have more knowledge on how to perform this activity.  

To select the pertinent articles the following procedure has been executed: 

1. Title screening; 

2. Abstract screening; 

3. Content screening; 

The title screening consists in the analysis of the title of the paper and if the article is 

considered aligned with the scope of the thesis work is kept otherwise it is eliminated. 

After this phase 44 articles are eliminated. Those articles which goes through the title-

skimming are then evaluated in function of their abstract in order to see if they are still 

considered pertinent or if they need to be eliminated. After this second phase 12 

articles were eliminated, so 94 articles were kept. The last phase consists in the analysis 

of the content of the article following the same criteria of the phases before. After this 

last screening process the number of articles discarded are 6 and so the number of 

articles kept are 88. This choice was done in order to keep a discrete number of articles 

to avoid the risk of losing potential important information. As a matter of fact, these 

88 articles has been used as a base for having a general knowledge of the ZDM and its 

possible applications in quality detection and monitoring process together with other 

papers required to have a greater knowledge on how to treat and analyze the data 

collected by the machineries. 

2.3. Descriptive statistics 

In light of the considerations made previously the number of articles kept from the 

literature review is 88. This choice was made to have a more general knowledge about 

the Zero Defect Manufacturing, but as soon as the laboratory activities started it was 

possible to determine with greater precision if an article was useful or not. For this 

reason a second screening was carried out following this schema: 

1) is the article closely related to Zero Defect Manufacturing? 

2) if the article deals with the ZDM which strategies of the ZDM are applied? 

3) in which sector of application is the ZDM strategy applied? which ZDM strategy is 

applied? 

4) is the article useful for the activities to be carried out in this thesis work? 
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After this second screening process the number of articles kept went from 88 to 26 

eligible papers, which were considered the best papers to carry out this thesis work.  

The first phase of the second screening process was the following question: 

1) is the article closely related to Zero Defect Manufacturing? 

The papers held can be divided as follows: 57 papers regarding the ZDM and 31 

regarding the data management and data analysis as showed in Figure 2. To 

distinguish between the two, the following criteria were adopted: if an article 

specifically mentions zero-defect manufacturing, even though the article deals with 

data management and data analysis, it is included in the ZDM category since it is 

dealing with an application of ZDM; otherwise, if the article only deals with data 

management and data analysis without mentioning ZDM, it belongs to the other 

category. 

 

Figure 2-2: Distribution of the collected articles 

However, in the image 2-2 for articles related to ZDM we take into account both articles 

dealing with a specific application of one or more strategy of the ZDM methodology 

and articles about ZDM in general, therefore articles dealing with what are the 

potentials of this methodology or a state of art of ZDM. For this reason it is necessary 

to move on the second phase, so it is necessary to consider the following question: 

2) If the article deals with the ZDM which strategies of the ZDM are applied? 

In this phase it is necessary to make a distinction between articles that deal with an 

application of this methodology and articles that talk about it in general terms, so we 
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have 47 articles which are dealing with applications of the ZDM and 10 articles dealing 

with a general description of ZDM as represented in Figure 2-3 

 

Figure 2-3: Percentages of ZDM articles which deals 

 with ZDM application 

So given these 47 articles we can now determine some new metrics which are the 

sectors of application and the ZDM strategy applied in each article. So it is now 

possible to answer the following question: 

 3) In which sector of application is the ZDM strategy applied? Which ZDM strategy 

is applied? 

The sectors will be presented in the figure 2-4 while the strategy will be presented in 

the figure 2-5 
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Figure 2-4: Representation of the sectors in which ZDM is applied 

 

 

Figure 2-5: Representation of which ZDM strategy is applied in each article 

In Figure 2-4 the sector of application of the papers is treated and it is necessary to 

make a distinction between the terms "Not Specified" and "\". As a matter of fact when 

the label "Not Specified" is used it means that the article deals with an application of 

the ZDM but it is not specified which sector of application is considered. If the '\' 

indicator is present instead, this means the article does not cover the application of 

ZDM. Figure 2-5 shows the statistics for all strategies used, and we can see that the 

majority of articles dealt with detection strategies or combinations of strategies using 
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detection. After this phase was carried out the number of articles kept were 47, but not 

all these articles were found useful to carry out the objectives of this thesis work. For 

this reason a last phase was carried out: 

4) Is the article useful for the activities to be carried out in this thesis work? 

This last phase was performed once the practical laboratory activity was started as it 

was possible to determine with greater precision the activities that had to be carried 

out in order to realize the thesis work. So after this skimming phase the number of 

papers kept went from 47 to 26 eligible papers. The reasons why some of the articles 

have been discarded are reported here: 

● One of the main reason was the inconsistency in terms of field of application 

with respect to the manufacturing and industrial environment. For example, if 

an article was relevant in terms of key words, but the field of application was 

too different from the field we are going to apply it, it was discarded. Here 

some examples of fields that have not been considered relevant: natural stone 

industry, aerospace industry, metallic industry and so on. 

● Some articles were too specific in the description of the implemented algorithms 

to perform data analysis and in the management of the data. For these reasons 

those articles in which it was explained the computer science point of view of 

the issue or those articles in which there was an in depth description of the 

physical layer necessary to deal with data analysis and data management were 

not considered pertinent and so they were discarded since the analysis to be 

performed does not require this level of detail. 

● Sometimes the focus of the articles was too broad and not focused on the 

operative industrial environment . 

Therefore, following this second screening, the results obtained are showed in figure 

2-7 while the result of the first screening are present in the figure 2-6. 
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Figure 2-6: Distribution of the eliminated articles after the 1°screening 

 

Figure 2-7: Distribution of the articles after the 2° screening 

As showed in Figure 2-6 and Figure 2-7 it is possible to see that after the second 

skimming process, the majority of articles were discarded in function of their content 

since, as stated previously, an higher number of articles were kept in order to avoid 

potential information loss, but as soon the laboratory activity started it was easier to 

detect when an article was useful or not. 
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2.4. Synthesis of literature review findings 

2.4.1. Articles retrieved 

The 26 eligible documents are summarized in figure 3-8 and some considerations have 

been made accordingly. Table 1 has to be read in this way: 

● Each row stands for an article;  

● There are 2 columns dedicated to the year of publication of the article and one 

dedicated to the author of the article; 

● One column is dedicated to which ZDM strategy is been utilized in the article, 

if there is an “\” in that row it means that it is not clear which strategy of the 

ZDM is adopted; 

● The last column specify the sector of application of the ZDM strategy and it 

behave as the one before, so if there is a “\” in the row it means the article does 

not specify the sector in which the ZDM strategy is adopted; 

 

Figure 2-8: Representation of the eligible documents 

The 26 papers showed in the figure 2-8 focus on the period 2015-2021 and should be 

analyzed to identify potential gaps and research opportunities. The first article [30] 

deals with the deployment of a GO0DMAN architecture in the DC motor field and in 
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particular the deployment of the GO0DMAN data model focusing on a shared data 

representation to enable both generic and application/domain specific semantic and 

syntactic descriptions with the use of classes to  describe the entire system and the 

relations between its elements. The second article [31] deals with a Knowledge 

Capturing Platform where the  knowledge is extracted from the data collected in the 

central database of the system. The data collected represent the main source of 

knowledge about the causes of defect generation and their propagation mechanisms 

along the production line. This knowledge must be extracted and structured in the 

KCP so that it can be used for all upcoming developments. The article from Fraile at 

al. [32] all deals instead with the creation of a ZDM platform to reduce latency and 

data throughput between the edge tier and the cloud platform while providing to 

companies the possibility to collaborate using multi-tenant applications. The fourth 

article [33] is based on the production of a knowledge capturing platform which 

architecture can be divided in 4 layers: the multi-stage production system, a database, 

the Knowledge Capturing Platform and the application of the ZDM strategy. The 

paper from Papageorgiou [34] instead is a sourvey on the AI technologies which can 

be used in a production system to move toward ZDM focusing in particular to AI 

enhanced computer vision and IoT and AI for quality assessment. The work of 

Caccamo et al [7] focus on the realization of a conceptual model of the Data Quality 

Management architecture. In particular the focus is on an architecture to cover all the 

passages from the generation of the data, to the visualization and finally the utilization 

of the data to execute rapid line qualification and reconfiguration. The paper of 

Psarommatis et al [4] consists in the development of a digital twin to predicting the 

results of the developed scheduling tool. Using the DT, multiple ZDM parameter 

combination sets can be created and plugged into the model. This process generates 

ZDM performance maps that show the effect of each ZDM strategy at each 

manufacturing stage under different control parameters. The eighth paper [35] deals 

with a set of activities done in order to determine machining process conditions, in 

particular the following activities are analyzed: sensorial perception, data processing 

and feature extraction and the development of a cognitive decision making paradigm 

including the adoption of corrective actions. In the work of Eger at al. [16] the focus is 

on a ZDM architecture where the first pillar consists in a comprehensive Data 

Acquisition System, which collect and synchronize all the data gathered from 

different, heterogeneous, multi-resolution and multi-scale data sources distributed in 

the production line. This data-acquisition system will feed a Data Management 

Platform that will store and update the acquired data in a structured and formalized 



| Literature review on Zero Defect 

Manufacturing 
23 

 

 

way. This platform is enriched with data management, extraction and aggregation 

features in order to support the knowledge-based analysis of the relevant inter-stage 

correlations. In the work of Vafeiadis [36] the focus is on the development of an Early 

Stage Decision Support System (ES-DSS) with the scope to facilitate real-time 

inspection, condition monitoring and control - diagnosis at the shop-floor utilizing 

multiple data streams and run the suitable models to monitor operations and quality 

performance. The paper of Lindstrom et al. [17] is instead focused on a ZDM approach 

characterized by the following pillars: i) Monitoring of process parameters ii) 

Collaborative manufacturing iii) Continuous quality control iv) On-line predictive 

maintenance v) Data storage and analytics vi) Re-configuration and re-organization of 

production vii) Re-scheduling of production applied in the metallic industry. The 

following paper instead, the work of Lu et al [37], is not dealing with ZDM but it deals 

with ontology design applied to Model-based systems engineering (MBSE) which 

provides an important capability for managing the complexities of system 

development and so it has been considered useful for the creation of an ontology. The 

work of Zheng et al. [18] is focused on digital twin, in particular cognitive digital twin 

and the paper describe how these methodologies can achieve the vision of the Industry 

4.0 by reviewing existing studies relevant to the CDT concept, and further explores its 

definitions and key features. In the paper is also included a reference architecture 

based on the RAMI4.0 and some other existing architectures to facilitate CDT 

development. The work of Armendia et al. [38] deals with the creation of an automated 

machine tool characterization procedure, called Fingerprint, which permits to 

determine some Key Performance Indicators of the status of the machine tools based 

on IoT technologies, like the total power consumption, number of machined 

references, etc. The work of Kharlamov et al [19] speaks about how semantic 

technologies and semantic models in particular can be a promising modelling 

paradigm for Digital Twins, since they allow to capture the knowledge of complex 

systems and come with a system to design, maintain, query and navigate such models. 

The next paper is the work of Wang et al. [14] which deals with a Data Mining 

approach associated with Zero Defect Manufacturing. The paper says that one of the 

main challenges of ZDM is to deal with massive raw datasets and so how Data Mining 

can be applied to extract interesting knowledge within huge datasets. The paper of 

Psarommatis et al. [39] deals with detection and repair-based ZDM strategies to avoid 

the present of defect in production. In particular this paper focuses on the use of the 

MASON ontology to describe the production domain and enrich the available data 

with contextual information, so real time data are used to analyze defects, identify 
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them and suggest alternative repair plans. The work of Christou [3] instead deals with 

the presentation of an end to end platform to collect, manage and route data streams 

from different cyber physical systems in configurable and interoperable ways. The 

architecture proposed supports data analytics of a machine learning framework to 

leverage quantitative rule mining. The next paper is the work of Schmidt et al [40] 

which deals with the introduction of an architecture for intelligent deburring. In 

particular the articles deals with anthropomorphic manipulators and vision systems 

together with metrological sensors to allow the identification of the burrs and the 

overall quality and pose of the workpiece. The paper of Mourtzis [41] et al proposes 

the conceptualization, design and initial development of a platform to utilize the data 

derived from the industrial environment to optimize equipment design using a 

combination of data-processing, data-acquisition and simulation. The paper of 

Magnanini et al. [42] deals with a method to reach Zero Defects by measuring products 

and comparing them with the required specification and compensate the presence of 

defects in the downstream production steps in the case there are some deviations. The 

article of Psarommatis [43] deals with a sub-branch of the Zero Defect Manufacturing 

strategy: the Prediction strategy. In particular the paper deals with the key control 

parameters to effectively execute a predictive maintenance by introducing these 

parameters in a dynamic scheduling tool to execute simulations. The next paper of 

Lodgaard et al. [44] deals with how the role of the role of shop-floor operators has 

changed with time and how they will still be relevant in the industrial system. The 

article of Nikolaidis et al. [45] focus on how Zero Defect Manufacturing can be used in 

industrial manufacturing using a prediction of the Remaining Useful Life (RUL) of 

grinding machines providing useful informations about the deterioration rate of 

assets, considering as manufacturing environment DANOBAT. The last paper [46] 

focus on the challenges that quality inspection has to face to be suitable for Industry 

4.0, in particular a multi-layer quality inspection framework is developed consisting 

of (a) the work-piece to be inspected, (b) the measurement instrument, (c) the actuator 

that manipulates the measurement instrument and possibly the work-piece, (d) an 

intelligent control system, and (e) a cloud-connected database to the previous 

resources. 
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3 Research Design 

3.1. Main results of the Systematic Literature Review 

During the SLR 150 articles has been retrieved by the following databases: Scopus, 

Web of Science and IEEE. These articles have gone through 2 screening processes in 

order to obtain first 88 and then 26 articles. These 26 articles have been considered as 

the most appropriate articles to deal with the objectives of this thesis work. Once these 

articles have been selected, the analysis phase proceeded with a full-length reading of 

these papers looking for useful information to be used to build adequate knowledge 

background to finally motivate the objective of the thesis work (in accordance with the 

methodology expressed in [47]). As a matter of fact these documents have gone 

through a content analysis and some gaps and opportunities present in the literature 

have been determined in order to motivate this thesis work. The following gaps and 

opportunities will be presented in the next chapter. 

3.2. Research Gaps 

Building on the literature the following general features have been found, hereafter 

classified in three aspects: 

● Methodology: The documents analyzed show how important is to gather and 

manage data obtained from the physical assets installed in the shopfloor or 

from other information sources in order to develop an application for ZDM. As 

a matter of fact ZDM, respect to traditional Quality Analysis methods, is not 

based just on analyzing historical data, but also on the analysis of current data 

in order to reason over defect and learn from them by identifying patterns and 

extracting knowledge to finally avoid the presence of the same defect over time 

selecting the most efficient actions for different defect scenarios.   

● Applicability: Independently from the sector ZDM can be used in a multitude of 

sectors, even very different from each other, although there are still sectors in 

which this methodology is more used than in others such as the semiconductor 

industry or the metalworking industries. 

● Integration of multiple data: The implementation of the strategies regarding the 

ZDM is based on the collection and union of data coming from different systems 

and machines that, for this reason, can use different data schemes or even a 
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different semantics, so it is necessary to find a method to integrate these data in 

order to adopt one or more ZDM's strategies 

The detailed analysis of the documents allows to highlight and further discuss these 

features, seen as criticalities in the extant scientific literature. These are the main gaps 

discovered during the literature review, which can unlock research opportunities and 

motivate this research work. 

● Repair strategy: In relation to the articles considered in the literature findings, it 

is interesting to observe how the Repair strategy (unlike the other strategies) is 

not adopted very much. The major reason appears to dependent on the fact that, 

to apply this strategy, there must be a convenient trade-off between the cost and 

time dedicated to repairing a defective part (rather than discarding it). In 

particular, the repairing operation must be performed without affecting the 

overall production of the system, but sometimes this is not possible and for this 

reason it is easier to discard the part (rather than repairing it). 

● Lack of standardization: As previously observed different sectors are experiencing 

the application of the ZDM, however this implies that, for each sector in which 

this methodology is applied, there is typically a different perspective on what 

the ZDM is, or on the techniques of the ZDM. This means that standardization 

is needed to reach wider and general consensus independent sectors, also to 

avoid possible confusions caused by the numerous tools required for applying 

quality inspection (QI) methods. In addition to a terminology standardization, 

the introduction of standards are required to clearly define and standardize the 

methods related to ZDM. Doing so will make ZDM generally attractive to the 

manufacturers and simultaneously ensure the results of the ZDM approach. 

● Unified approach: in the eligible articles, no unified procedure for data collection, 

management and elaboration is provided in a unified framework. As a matter 

of fact in the selected papers one or more of these aspects are treated but not all 

three in the same approach. 

● Product oriented approach: In the selected articles a product based approach is 

more frequently adopted to implement the ZDM, nevertheless the procedure 

usually used in these papers consist in determining the possible presence of 

defects in the products to check if they comply with the specifications. A 

broader sense may be given to the ZDM methodology. 

According to these gaps and characteristics a solution has been proposed, in particular 

an ontology model based on a previous ontology, named ORMA, was created and 

used as base for the realization of a Digital Twin.  
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3.3. Research Objectives 

In function of the gaps found in literature, this thesis work proposes to fill them by 

introducing an ontology, the ORMA+ ontology. This ontology will be utilized in order 

to realize a digital twin of the Product obtained by a production line (the FML of the 

Industry 4.0 Laboratory). Provided the literature gaps, the main research objective for 

this thesis work is firstly defined, then an illustration is provided on the way through 

which this solution is expected to fill the gaps found in the literature. 

➢ Main Objective: Creation of a Digital Twin using as base an Ontology in order 

to enable a cognitive capability to apply a Detection and Repair strategy to 

finally pursue the objective of a ZDM 

The Digital Twin realized in this way will be a Cognitive Digital Twin, thus a 

digital model able to gather data coming from the physical assets and able to 

determine the quality of the product obtained by the line in function of the data 

gathered during the production process.  

Based on the definition of the main objective the proposed solution fills the gaps found 

in the Literature in the following way: 

● Secondary Objective 1: In the Literature it is shown how the Repair strategy of 

the ZDM is not frequently utilized as, in order to use that strategy, is necessary 

to find a good trade-off between the utility of the strategy and the cost and time 

that the introduction of that strategy may determine. The proposed solution 

consists in the combined use of the Detect and the Repair strategies. In fact, the 

Detect strategy is the most documented and used strategy in the literature, 

therefore the use of this strategy makes the ontology conform to what was 

found in the literature. At the same time, given the versatile nature of the 

ontology, the Repair strategy was also introduced in the proposed solution in 

order to make the ontology more extended, innovative and complete, exploiting 

a combination of triggering factor, the detection strategy, and triggering action, 

the Repair strategy. This combination may be a way to integrate the Repair 

strategy in the approach, even if it is not directly solving the trade-off analysis. 

● Secondary Objective 2: It has been observed that in the literature there are several 

papers in which an application of a ZDM strategy was presented in different 

sectors, this may make it difficult to understand which tools / techniques can be 

used and the requirements necessary to obtain a ZDM in a more general sense. 

The use of an ontology can prove to be fundamental since the ontology in itself 

involves the introduction of a standardization of the terms and the introduction 
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of a series of definitions, which can make this proposed solution also applicable 

to other contexts. In fact, one of the key points of the ontology is the Knowledge 

Reuse; for this reason it is possible to use the knowledge present in the ontology, 

about ZDM,  to construct a new specific solution for any new context. 

● Secondary Objective 3: In the eligible articles, no unified procedure for data 

collection, management and elaboration is provided in a unified framework. In 

order to cope with this aspect, the solution proposed can be applied in a real 

industrial environment where the population of the ontology is realized with 

the data obtained by the production line (the FML of the Lab) under analysis 

and, accordingly to the data collected by the ontology, it is possible to determine 

the quality of the realized product. This may be a demonstrative test-bench for 

the unified procedure. 

● Secondary Objective 4: In this thesis work a process approach has been 

introduced, in particular the status of an asset (the drilling machine of the 

Laboratory) following the data collected by the line (the FML of the Laboratory). 

This approach has been introduced since according to [48], even if both the 

product and process based approach have the same final objective, in function 

of the application and selection of the equipment one of the two method can 

perform better than the other. Accordingly in this thesis work both the two 

approaches can be implemented to make the user choose which one of the two 

performs better in the system.  

 

In order to realize an ontological model able to fulfill the following gaps this thesis 

work has been conducted in the following way. First of all, as announced before, a 

Systematic Literature Review has been performed in order to gain as much knowledge 

as possible about ontology and ZDM and to determine which are the gaps in the 

literature in order to determine a model able to fill these gaps. Then the ontology 

model has been created using as base some common ontologies like the BFO [48], IAO 

and CCO ontology in order to use as much common and established knowledge as 

possible. Then, once these ontologies have been exploited, the IOF and the ORMA 

ontology [23] have been analyzed since these are specific ontologies dealing with the 

manufacturing field. Accordingly, the ORMA+ ontology has been defined using these 

ontologies as base and whenever necessary some elements have been introduced by 

the author of this thesis work in order to make the ontological model compliant to the 

main objective of this thesis work. Once the ontological model has been defined it has 

been verified and, once the verification phase have been completed, the population of 
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the ontology has been executed in order to check the possible application of the 

ontology in a simulated context (the Laboratory). This has been done in order to 

explore all the potentialities of the model and to see in a real context, as the FML in the 

Industry 4.0 Lab, which are the limitations of the ontological model. Once the 

population of the ontology has been conducted the results obtained have been 

discussed in order to explain which take aways have been obtained and what about 

this ontological model could be of support for the industry.  

In order to verify the ontology realized in this thesis work 2 activities have been carried 

out. The first one was a verification of the logic inside the ontology in order to check if 

there are any logical contradictions inside the ontological model. The second one was 

to determine if the ontological model realized was able to answer the following 

competency questions certifying that the ontology is able to represent the current 

knowledge about the system. 

 

CQ1 What is the quality of the pieces that the system realizes? 

 

This competency question has been introduced since the ontological model 

must be able to determine the quality of the realized product in order to 

determine if the Product is in good state and so it can be sold to the costumer 

or instead if it needs to be repaired or discarded.  

 

CQ2 Which components realize the product? 

 

This question has been introduced for some reasons. First of all, depending on 

the quality of the components that make up the product or depending on the 

operations performed on the components, a product does not necessarily have 

to have all the components: if the quality of the product is already perceived 

during the monitoring as insufficient, it is not recommendable to finish the 

entire production process, then inserting all the components. This question is 

also asked in order to be able to determine, in the event of a defective product, 

which components can be recycled for the production of other products . 

 

CQ3 Which are the processes required to realize product x? 
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The following question has been introduced as the ontological model to be 

created must be able to determine which production process has been 

performed accordingly to the quality of the product obtained. In fact, if the 

quality of the product is insufficient then it is not necessary to carry out a 

complete production process and the disassembly of the product has to be 

considered into the process. Otherwise if the product needs  to be repaired it is 

necessary to take into account the repair of the product during the production 

process 

 

CQ4 Which product/s is/are not feasible considering the current 

component/asset state? 

 

This competency question has been introduced since, in order to determine the 

quality of the Product realized by a line (the FML of the Lab), 2 elements have 

to be considered: the state of the components of the Product and the state of the 

Asset that process the Product. In function of these 2 elements is therefore 

possible to determine the quality of the Product and so to understand which 

products can be sold to the costumers and which one have to be repaired in 

order to be sold or discarded.  
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4 Ontology 

The aim of this chapter is to provide a description of the ontology developed during 

this thesis work. The chapter is developed starting from the presentation of a general 

background about the ontology concept and some relevant ontologies, as, the BFO, 

IAO and CCO ontology; thereafter, it moves on presenting the methodology used in 

order to build the ontology and its main steps. Therefore, the reader finds in this 

chapter the general background of the ontology concept and the structure of the 

ORMA+ ontology realized. 

4.1. Ontology Background 

As already mentioned in the introduction the definition of “ontology” can be 

expressed as: ”a formal description of all the entities in a domain and the relations 

existing between these entities” [68]. To better understand the theory associated with 

ontologies it is possible to look at an example of ontology as the African Wildlife 

Ontology (AWO), a basic tutorial ontology based on the examples in the “A Semantic 

Web Primer” book. This is an ontology containing knowledge about wildlife, such as 

that giraffes eat leaves and twigs, that they are herbivores, that herbivores are animals, 

and so on. This is just one example between all the possible results that we can get 

when we deal with ontologies, as a matter of fact ontologies, in computing and 

intelligent software development, are defined as an artifact one can play with and 

manipulate [68]. According to this vision the actual artefact can appear in multiple 

formats that depends to the aim of the user, but, at the core of it, there is a logic-based 

representation that the computer can process [24]. To better understand this concept 

the following element of the AWO ontology will be considered: 

“all lions eat herbivores, and they also eat some impalas” 

This is an information which may be contained in the AWO ontology, but first it must 

be converted in a machine-processable format that faithfully adheres to the ontology 

logic. Nevertheless there are some serializations of the ontology into a text file that are 

easily computer-processable and the most widely-used is the Web Ontology language 

(OWL) format which is the RDF/XML format [24]. For what concerns instead the 

authoring of the ontology there are ontology development environments which render 

the ontology graphically, textually, or with a logic view, like Protégé.  

Now that is more clear what an ontology is it is possible to see what are the possible 

uses it is possible to have for an ontology. Ontologies, in the information system filed, 

were used initially to contribute solving the issue of data integration, since an ontology 
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can be used as a vocabulary for the application [24]. Accordingly over the years 

ontologies have been used also for different purposes including manufacturing, 

construction and process industries, because of the intense digitalization that the 

manufacturing companies are going through [26], but in the history of industry 

application ontologies have experienced repeated failures.  According to [27] one of 

the main reason for this is that each industrial environment, in which ontologies are 

applicated, believes that the best way to deal with ontologies is to use an ad hoc 

ontology for that specific case, creating the same problem of data siloes but with 

ontologies. This occurs because the best practices in ontology modelling, like the usage 

of a foundational ontology and knowledge reuse, and structured ontology modelling 

methodologies are often not considered. Especially there is a loss of opportunities in 

regard to knowledge reuse, which could be promoted building on the modular reuse 

of ontological knowledge reducing workload and increasing quality [26]. Furthermore 

there have been several attempts to connect siloed ontologies, but ontology mapping 

have not been very successful, in fact mappings can be very bricky and became invalid 

when the ontology evolves [27]. One way to solve this issue is to focus on knowledge 

reuse and interoperability, as, in the current industrial scenario, intra- and inter-

enterprise interoperability of systems is mandatory to reach operational excellence 

since it guarantees proper data sharing and valorization [26].  “Interoperability”, 

according to [27], can be defined as the ability of two or more heterogeneous systems 

to communicate, correctly interpret and act on information meaningfully and 

accurately with minimal effort. Therefore ontology engineering is central to foster 

interoperability at a semantic and technical level. At semantic level, ontologies allow 

creating shared concepts and related meanings between different stakeholders, while, 

at technical level, ontologies guarantee consistent data formats amongst systems for 

advanced data management [26] .Reasoning and inference can make ontologies even 

more powerful, since, they are able to augment the data stored in traditional relational 

database and deduce conclusions based on the available dispersed informations [26] 

In order to reach the objectives previously defined, it is necessary to build an ontology 

by using an ontological model development and verification, the core steps of the 

ontology building activity. These steps are generally present in several methodologies, 

like the ones reported in the papers [50]–[55], cited in the scientific literature and some 

of them do not only cover the ontology building phase, the ontology specification and 

implementation, but might include also the entire ontology lifecycle. In this work the 

methodology adopted is known as METHONTOLOGY since it has the most basic 

structure of the more advanced methodologies [55]. 
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In figure 4-1 is possible to see the main phases that characterize the Methontology 

method. 

 

Figure 4-1: Representation of the methontology method 

The flow presented above is the one of the paper [23] to build the ORMA ontology, 

thereafter this flow was used also to develop the ORMA+ ontology. The first activity 

performed was a planification phase, in which the main tasks to be performed have 

been evaluated as its purpose and scope. In this part a preliminary phase was 

introduced to evaluate the necessary requirement that the ontology might need in 

function of the operations that are performed by the line. Once enough knowledge has 

been collected, the next phase was the conceptualization phase, in which the 

knowledge has been transformed in a conceptual model able to describe the problem 

and its solutions. Once the conceptual model has been realized, it was formalized 

using a description logic representation system.  

Once formalized, in order to build the ontology, an integration phase has been 

executed where previous existing ontologies have been inserted inside the ontology to 

reuse the existing knowledge present in these ontologies. The ontologies considered 

are the BFO [49], the CCO [71], the IAO [70], the IOF [72] and the ORMA ontology [23] 

which was developed in the industry 4.0 Lab. In order to make the ontology 

computable two steps were executed: an implementation and an evaluation phase. In 

the implementation phase the ontology was implemented in a formal language, the 

OWL language, while for the evaluation phase an Hermit reasoner was utilized to 

evaluate if the logic of the ontology was correct. Once the ontology is implemented 
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and verified, it is necessary to insert the ontology in a wider solution in order to 

support a fictitious industry decision-making using as test bench the Laboratory of 

Industry 4.0 at Politecnico di Milano. Since the ontology presented in this thesis work 

is based on the already developed ORMA ontology [23], other two activities need to 

be considered. The first one is an inner loop in the implementation and evaluation 

phase that represent the iterative process necessary in order to build the ontology 

according to the desired performance that you want to achieve. The second one 

represents the continuous exchange and adjustment of the ontology with the industry 

in order to satisfy the company requirements. 

4.1.1. Knowledge Reuse: BFO ontology 

Dealing with knowledge reuse it is necessary to analyze the BFO ontology [49],  which 

according to the definition reported on [69] it can be defined as: “BFO grows out of a 

philosophical orientation which overlaps with that of DOLCE and SUMO. Unlike 

these, however, it is narrowly focused on the task of providing a genuine upper 

ontology which can be used in support of domain ontologies developed for scientific 

research, as for example in biomedicine within the framework of the OBO Foundry. 

Thus BFO does not contain physical, chemical, biological or other terms which would 

properly fall within the special sciences domains.” 

At the highest granularity level there is entity which definition is reported hereafter 

● entity according to the BFO 2 Reference [001-001] is defined as “An entity is 

anything that exists or has existed or will exist” [69] 

So inside the entity term are contained all the terms of the ontology, so in order to 

describe all the elements of the ORMA+ ontology it is necessary to take a step further 

into entity and go to a lower granularity level. Inside entity two terms are present: 

continuant and occurrent, represent in image 4-2.  

● continuant according to the BFO 2 Reference [008-002] is defined as “A 

continuant is an entity that persists, endures, or continues to exist through time 

while maintaining its identity” [69] 

● occurrent according to the BFO 2 Reference [077-002] is defined as “An 

occurrent is an entity that unfolds itself in time or it is the instantaneous 

boundary of such an entity (for example a beginning or an ending) or it is a 

temporal or spatiotemporal region which such an entity 

occupies_temporal_region or occupies_spatiotemporal_region” [69] 
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Figure 4-2: Entity class of the BFO ontology 

These are the two elements that compose the entity term and, at this layer, there is a 

first classification of the elements that compose the ontology, as a matter of fact there 

is a distinction between the elements which continue to exist in time maintaining their 

identity and the elements that exist for a certain amount of time.  

Let’s focus at the moment on the continuant class, represented in the figure 4-3, it can 

be further divided in 3 terms: Generically Dependent Continuant, Specifically 

Dependent Continuant and Independent Continuant.  

● Generically Dependent Continuant according to the BFO 2 Reference [074-001] 

can be defined as: “b is a generically dependent continuant = Def. b is a 

continuant that g-depends_on one or more other entities” [69] 

● Specifically Dependent Continuant according to the BFO 2 Reference [050-003] 

can be defined as: “b is a specifically dependent continuant = Def. b is a 

continuant & there is some independent continuant c which is not a spatial 

region and which is such that b s-depends_on c at every time t during the course 

of b’s existence” [69] 

● Independent Continuant according to the BFO 2 Reference [017-002] ca be 

defined as: “b is an independent continuant = Def. b is a continuant which is 

such that there is no c and no t such that b s-depends_on c at t”  [69] 
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Figure 4-3: Continuant class of the BFO ontology 

For what concerns the occurrent term, figure 4-4, it can be divided in 2 terms: Process 

and Process Boundary.  

● Process according to the BFO 2 Reference [083-003] can be defined as “p is a 

process = Def. p is an occurrent that has temporal proper parts and for some 

time t, p s-depends_on some material entity at t.” [69] 

● Process Boundary according to the BFO 2 Reference [084-001] can be defined as 

“p is a process boundary =Def. p is a temporal part of a process & p has no 

proper temporal parts” [69] 

 

Figure 4-4: Occurrent class of the BFO ontology 

Concerning instead the continuant part, which is represented in figure 4-5, it is 

necessary to deal with  the relationships among the different elements of the ontology, 

in particular the correlations between the elements that compose the ontology. 

At this point of the analysis a further decomposition is required, in fact the elements 

that  has been described until now are not specific enough to describe the elements 

that compose the ontology. Therefore the following classes will be seen in greater 

detail: Independent Continuant and the Specifically Dependent Continuant. The first 
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one  can be further divided as material entity and immaterial entity. These elements 

do not have a definition given by the BFO, but they can be defined in a broad sense 

following what is written in [56] in this way: 

● Material Entity defines a continuant which has a portion of matter as part 

● Immaterial Entity defined as a continuant which does not have a portion of 

matter as part 

 

Figure 4-5: Independent Continuant class of the BFO ontology 

Whereas for portion of matter the definition reported in the [56] is going to be adopted, 

so a portion of matter has to be intended as anything that includes elementary particles 

within it. Concerning instead specifically dependent continuant, the elements to deal 

with at a lower granularity level are Quality and Realizable Entity, which definition is 

reported below and their representation is in figure 4-6 

● Quality according to the BFO 2 Reference [055-001] can be defined as “a quality 

is a specifically dependent continuant that, in contrast to roles and dispositions, 

does not require any further process in order to be realized” [69] 

● Realizable Entity according to the BFO 2 Reference [058-002] can be defined as 

“To say that b is a realizable entity is to say that b is a specifically dependent 

continuant that inheres in some independent continuant which is not a spatial 

region and is of a type instances of which are realized in processes of a 

correlated type” [69] 
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Figure 4-6: Specifically Dependent Continuant class 

 of the BFO ontology 

Going deeper in detail inside Material Entity the classes object and object aggregate 

are present, figure 4-7. These classes can be defined as:  

● Object according to the BFO 2 Reference [024-001] can be defined as “b is an 

object means: b is a material entity which manifests causal unity of one or other 

of the types listed above & is of a type (a material universal) instances of which 

are maximal relative to this criterion of causal unity” [69] 

● Object Aggregate according to the BFO 2 Reference [025-004] can be defined as 

“b is an object aggregate means: b is a material entity consisting exactly of a 

plurality of objects as member_parts at all times at which b exists” [69] 

 

Figure 4-7: Material Entity class of the BFO ontology 

So the BFO structure presented in the ontology can be represented as showed in the 

image 4-8 
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Figure 4-8: Complete representation of the BFO ontology 

The definitions provided above make easier to understand what are the elements that 

may be present in the ORMA+ ontology, but, nevertheless, the definitions provided 

are still not sufficient to clearly and thoroughly describe what are the four key elements 

of the ontology to deal with ZDM, namely Asset, Product, Quality and Process. In fact, 

BFO constitutes only the backbone of the ontology, but, to be able to fulfill the main 

objective of this thesis work, it is necessary to talk about what are the terms added 

specifically into the ontology to deal with the ZDM strategy. 

4.1.2. Knowledge reuse: IAO ontology 

IAO ontology is one of the key ontologies that make up the ORMA+ ontology 

realization. However, not all elements present in this ontology has been used to create 

ORMA+, so only those elements present in ORMA+ are analyzed. In particular, the 

elements that have been taken from this ontology are reported below: 

• Identifier according to the IAO definition can be described as: “An identifier is 

an information content entity that is the outcome of a dubbing process and is 

used to refer to one instance of entity shared by a group of people to refer to 

that individual entity”. [70] 

The identifier class is presented below in figure 4-9 
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Figure 4-9: Identifier class of the IAO ontology 

About the Specifically Dependent Continuant class, showed in figure 4-10, the 

following elements have been introduced: 

• Physical Object Quality according to the IAO definition can be described as: “A 

quality which inheres in a continuant” [70] 

• Physical Quality according to the IAO definition can be described as: “A quality 

of a physical entity that exists through action of continuants at the physical level 

of organization in relation to other entities” [70] 

• Disposition according to the BFO2 Reference [062-002] can be described as: “b 

is a disposition means: b is a realizable entity & b’s bearer is some material entity 

& b is such that if it ceases to exist, then its bearer is physically changed, & b’s 

realization occurs when and because this bearer is in some special physical 

circumstances, & this realization occurs in virtue of the bearer’s physical make-

up” [70] 

• Function according to the BFO2 Reference [064-001] can be described as: “A 

function is a disposition that exists in virtue of the bearer’s physical make-up 

and this physical make-up is something the bearer possesses because it came 

into being, either through evolution (in the case of natural biological entities) or 

through intentional design (in the case of artifacts), in order to realize processes 

of a certain sort” [70] 

• Role according to the IAO definition can be described as: “A realizable entity 

the manifestation of which brings about some result or end that is not essential 

to a continuant in virtue of the kind of thing that it is but that can be served or 

participated in by that kind of continuant in some kinds of natural, social or 

institutional contexts” [70] 
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Figure 4-10: Specifically Dependent Continuant class of the IAO ontology 

• Planned Process according to the IAO definition can be described as: “A process 

that realizes a plan which is the concretization of a plan specification”. [70] 

In the figure 4-11 the Planned Process class is represented 

 

 

Figure 4-11: Planned Process class of the IAO ontology 

4.1.3. Knowledge reuse: CCO ontology 

According to the reference [71] Common Core Ontologies (CCO) comprise twelve 

ontologies that are designed to represent and integrate the taxonomies of generic 

classes and relations across all domains of interest. As a matter of fact the CCO is a 
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mid-level extension of Basic Formal Ontology (BFO), since BFO aims to represent the 

most generic categories of entity and the most generic types of relations that hold 

between them. CCO extends from BFO so every class in CCO is asserted to be a 

subclass of some class in BFO and CCO adopts the generic relations defined in BFO. 

In particular between the 20 ontologies that constitutes CCO, the Artifact Ontology is 

the one being considered in this thesis work. Hereafter some elements have been taken 

from this ontology and inserted in the ORMA+, these elements are reported below in 

the figure 4-12 and their definition are reported here: 

• Artifact according to the Artifact Ontology can be defined as: “An Object that 

was designed by some Agent to realize a certain function” [71] 

• Transducer according to the Artifact Ontology can be defined as: “An Artifact 

that is designed to convert one form of energy to another” [71] 

 

Figure 4-12: Artifact and Transducer class of the CCO ontology 

• Artifact Function is represented below in the image 4-13 and according to the 

Artifact Ontology can be described as: “A function that inheres in some Artifact 

in virtue of that Artifact being designed to be used in processes that require that 

function to be realized” [71] 

 

Figure 4-13: Artifact Function class of the CCO ontology 



| Ontology 43 

 

 

• Artifact Identifier, figure 4-14, according to the Artifact Ontology can be defined 

as: “A Designative Information Content Entity which designates some Artifact” 

[71] 

 

Figure 4-14: Artifact Identifier class of the CCO ontology 

• Artifact Function Specification according to the Artifact Ontology can be 

defined as: “A Directive Information Content Entity that prescribes some 

Artifact Function and which is part of some Artifact Model” [71] 

• Quality specification according to the Artifact Ontology can be defined as: “A 

Directive Information Content Entity that prescribes some Quality” [71] 

These 2 classes are represented in the following image, figure 4-15. 

 

Figure 4-15: Artifact Function Specification and Quality Specification 

 class of the CCO ontology 

4.2. Methontology applied for ZDM 

The development of the ontology starts with the identification of the necessary 

requirement that the ontology must satisfy. One of the key aspect to fulfill is the 

integration of data and information to get a coordinated and joint decision-making 

between the organizational functions, giving particular attention to production. As a 

matter of fact the greater effort has been put in the identification of what the 
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potentialities of the ontology could be in the identification of the state of the products, 

as healthy, to be repaired and defective, and the asset health state in order to develop 

a tool able to support ZDM strategies in an industrial environment. In order to reach 

such an objective the procedure shown in figure 4-1 is followed.  

4.2.1. Specification 

The domain of the ORMA+ is the industrial or production field. In particular, being 

ORMA + based on the ORMA ontology, the interest of this ontology is the same of the 

reference one. So, as reported by the paper [23], the interest of the ORMA ontology is 

directed mainly toward those companies in which the production management is 

characterized by high flexibility/reconfigurability. In fact the focus of the ORMA 

ontology are those automatic production systems having flexible routings, even 

though, it can also be used for configurations having discrete part production and not 

so flexible routings [23]. Therefore, the basic idea around ORMA+ ontology is to 

support companies utilizing the data coming from the production process to apply one 

or more ZDM strategies to improve decision making.  

For this reason the ontology, as the ORMA ontology before, can be classified as a 

subdomain ontology, so an ontology which is enough specific for a certain industry, 

but no so specific to not be utilized for multiple contexts [23]. For these reasons inside 

the ontology there are terms like Asset and Asset_Component, which are related 

mainly to the maintenance field and there are also terms like product and process 

which instead refer to the production filed. The foundation ontologies for the ORMA+ 

are the ones present in the chapter 4.1 (Ontology Background), which provides a 

concise high-level conceptualization.  

The next step to define accordingly to [55] is to determine the competency questions 

that the ontology wants to answer. Therefore the following questions have been 

determined: 

CQ1 What is the quality of the pieces that the system realize? 

CQ2 Which components realize the product? 

CQ3 Which are the processes required to realize product x?  

CQ4 Which product/s is/are not feasible considering the current 

component/asset state?  

By answering these questions is possible to verify the ontology while certifying that 

the ontology is able to represent the current knowledge of the system. 
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4.2.2. Knowledge acquisition 

The ORMA+ ontology relies on knowledge reuse and so, to build the ontology, it is 

necessary to retrieve knowledge from the maintenance field and the production 

system as well. For this reason, the knowledge base for the ORMA+ ontology is the 

same of the ORMA one and so, accordingly to the paper [23], the knowledge base of 

the ontology is: 

● On the side of knowledge for maintenance: 

o PHM knowledge: two works by Nuñez and Borsato [57], [58] and the 

ISO 13374; 

o Physical decomposition: the work by Zhou et al. [59], the ISO 14224  and 

the FMECA-related IEC 60812; 

o General knowledge: the work by Karray et al. [25], and the ontology 

developed by the IOF (Industrial Ontologies Foundry, link); 

● On the side of knowledge for product and process:  

o Ontological modular structure and main concepts: the work by 

Colledani et al. [60]; 

o Manufacturing process formalisation: the ontologies MSDL [61] and 

MRO [62]; 

● Scientific knowledge of the research group is also elicited; 

● Relevant Ontological sources: 

o Information artifact ontology (IAO); 

o Common Core Ontologies (CCO). 

The retrieval of this knowledge, added with some consideration made on the basis of 

the functioning of the line of the Industry 4.0 Lab, permits to balance the terminology 

utilized as well as selecting the most appropriate terms for the ontology.  

4.2.3. Conceptualization and Integration 

Once the ontological and non-ontological knowledge has been collected, it is necessary 

to provide a definition of the terms included in the ontology and the relations that 

holds among them. Following the structure of the METHONTOLOGY methodology 

[55], in this phase of integration, the reuse of knowledge can advance the ontological 

knowledge, so, following this practice, the ORMA+ ontology is grounded on BFO 

[49][69], IAO [70], CCO [71] and the ORMA ontology [23].  

Given the use of the ORMA+ ontology there are four main concepts modules that can 

be recognized as relevant for the production system: the asset, the product, the process 

and the quality. For what concern the first three concepts the definition reported for 
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the ORMA ontology in the paper [23] are going to be used, while quality was 

introduced specifically for the ORMA+: 

● The Asset is the physical asset that characterize the production process and so 

the asset module  describes the physical asset and provides to explain the 

function of the asset; 

● The Product contains all the information regarding the production process and 

all the necessary working steps in order to obtain the product; 

● The Process is the conjunction element between the product and the asset since 

it links the function of the asset with the needed operations that have to be 

performed on the process in order to obtain it; 

● The Quality includes the description of the physical quality of the product 

obtained, as, it bonds the product with the process by relating the state of the 

product components with the operations performed to obtain the product. 

4.2.4. Implementation and Evaluation 

The ontological model is implemented in OWL (Web Ontology Language) since this 

language supports reasoning. The used ontology editor is Protegé, because it is open-

source and allows the installation of several plug-ins to better investigate the ontology 

characteristics. To interrogate the ontology, SPARQL queries and Snap SPARQL 

queries are used. The CQs tested are the ones derived from the specification phase of 

the methodology, that are:  

CQ1 What is the quality of the pieces that the system realizes? 

CQ2 Which components realize the product? 

CQ3 Which are the processes required to realize product x?  

CQ4 Which product/s is/are not feasible considering the current 

component/asset state?  

These questions are used for the verification of ORMA+ considering the three products 

that the production system realizes: regular_product (Dummy Cellphone) which 

represents the good quality product that requires all the operations of the line; 

product_to_be_repaired (Repairable Cellphone) which represents an intermediate 

quality product that require all the operations of the line, but not until it is repaired 

and defective_product (Defective Cellphone) which represent a product to be 

discarded and so it does not need all the operations of the line. 
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4.3. Proposed ontology for ZDM 

Once the backbone of the ontology has been analyzed, it is necessary to define the 

other concepts which are present in the ontology and the relationships that hold 

between them. To discuss the missing elements, it is necessary to follow the order seen 

during the description of the BFO [49][69], IAO [70] and CCO [71]. In particular, a 

cascade approach will be followed whereby starting from the main concepts of the 

ORMA+ ontology, namely product, asset, quality and process, all the elements of the 

ontology will be analyzed. 

4.3.1. Product 

4.3.1.1. Product Class 

The Product class in the ORMA+ ontology is a subclass of the Object_Aggregate class 

named Assembly, as it is possible to see from the image 4-16. The reason of this choice 

lies in the fact that the ontology was meant to treat production systems characterized 

by a combination of assembly and transforming operations, like the FML of the 

Laboratory in which it will be tested. For this reason, an Assembly is an aggregation of 

objects, specifically an aggregation of components. Accordingly to what has been said 

the Assembly class has been defined as: 

● Assembly: “an Object Aggregate which consists in the fitting together of 

manufactured parts into a complete machine, structure, or unit of a machine”. 

 

 

Figure 4-16: Assembly class of the ORMA+ ontology 

As it is possible to see from the image 4-16, this class can be further divided into 

subclasses to describe the different kinds of products which can be produced by the 

assembly line. In the context of this thesis work, the assembly class has two different 

subclasses, the Manufactured Product class and the Discarded Product class. Where the 
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Manufactured Product class has the sub classes Dummy Cellphone and Repairable 

Cellphone while the Discarded Product class has the Defective Cellphone sub class. The 

logic behind these classes is that a product obtained from an assembly process can 

have a sufficient quality to be sold to costumers (directly at the end of the process in 

the line, or after a repair activity) or it has to be discarded accordingly to the ZDM 

logic. Product quality was, therefore, defined as the feature that distinguishes 

manufactured and discarded products. For this reason, it is necessary to define those 

elements that permits to determine the product quality. There are two decisive factors 

in this paper that determine the quality of the product: the state of the product 

components and the state of the manufacturing assets through which the process is 

performed. However, these aspects will be treated with more care and detail when 

dealing with the corresponding chapter of this thesis work. Accordingly to what has 

been described until now it is possible to give the following definitions: 

● Manufactured Product can be described as: “An assembly whose quality is 

sufficient to be sold to a costumer”; 

● Discarded Product can be described as: “An assembly whose quality is not 

sufficient to be sold to a costumer”; 

● Dummy Cellphone can be described as “A Manufactured product obtained 

through a regular assembly process”; 

● Repairable Cellphone can be described as “A manufactured product obtained 

through a repairable assembly process”; 

● Defective Cellphone can be described as “A discarded product obtained 

through a defective assembly process”. 

4.3.1.2. Elements correlated to the Product class 

Now that the Assembly class has been analyzed it is necessary to see the other classes 

which are strictly correlated to the Assembly class, namely Component and 

Assembly_Position class. 

4.3.1.2.1 Assembly_Position class 

 

 

Figure 4-17: Assembly Position class of the ORMA+ ontology 
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According to the definition reported above a Designative Information Content Entity is: 

”An Information Content Entity that consists of a set of symbols that denote some 

Entity”, so, in the ORMA+, an entity can be accurately indicated by its position, as it is 

possible to see in the figure 4-17. This element is introduced into the ontology by the 

author of this thesis work since in the literature there was found no article dealing with 

this class or a similar one. This class was made to create a very simple tracking 

mechanism whereby each time a product passes in front of a station, its position is 

updated. This is done  to check  each stage of the process, where the process is, so that 

in the event of a mistake it is possible to restore the product's location and check the 

last station where the product was handled. According to this, the definition adopted 

for this concept was: 

● Assembly Position: “A Designative Information Content Entity that describe the 

location of a product”. 

4.3.1.2.2 Component class 

Concerning the Component subclass some clarifications have to be made. This subclass 

is taken from the ORMA ontology, but in the ORMA+ ontology has a different meaning 

with respect to the ORMA ontology [23]. In fact in the latter the class Component was 

defined in this way: “Artifact that is part of the functional unit and does not perform 

specific function per se, but concur, with other components to the realization of a 

simple function” [23]. This definition of Component is very asset centric, while in the 

ORMA+ ontology the assumption is that, in the Component class, there could also be 

entities which compose the product. Accordingly Component can be defined in this 

way: 

● Component can be defined as: “artifact that is part of the Asset or the Assembly 

and does not perform specific function per se, but concur, with other 

components to the realization of a simple function”. 
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Figure 4-18: Component class of the ORMA+ ontology 

In this section of the thesis work only the Assembly Component class will be taken into 

consideration. From the image 4-18 it can be seen that there are 3 possible component 

types: Regular Assembly Component, Repairable Assembly Component and Defective 

Assembly Component. The logic behind these classes is that Assembly Component 

represents the elements that compose the Product, but since there are 3 different kind 

of products it is therefore possible to distinguish 3 kinds of components. In particular 

what is different is not the component, but the information that the component has, as 

a matter of fact a back cover is still a back cover if the product is repairable or in perfect 

condition but the information contained is different. In fact in one case the back cover 

is a component of a Dummy Cellphone while in the other case it is a component of a 

Repairable Cellphone. So accordingly the following definitions can be given: 

● Defective Assembly Component can be defined as: “A component which is part 

of a Defective Product”; 

● Regular Assembly Component can be defined as: “A component which is part 

of a Regular Product”; 

● Repairable Assembly Component can be defined as: “A component which is 

part of a Repairable Product”. 

4.3.1.3. Object Properties of the Product class 

The Object properties which are correlated to the Product class are the following ones 

in figure 4-19 and 4-20. 

• has_component (Inverse of is_component_of) 

Domain: Material_Entity 
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               Ranges: Component 

 

Figure 4-19: Has_component property of the ORMA+ ontology 

● has_position 

Domain: Assembly 

Ranges: Position 

 

Figure 4-20: : Has_position property of the ORMA+ ontology 

4.3.2. Asset 

4.3.2.1. Asset class 

The Asset class is a sub class of the Artifact class together with the Component and 

Transducer class. This class was taken from the ORMA ontology [23] and so its 

definition has been kept the same of the ORMA ontology. So the Asset class can be 

defined as: 

● Asset can be defined as: “the artifact performing space and species processes on 

products, tools and pallets, i.e., their movements as well as the changing of their 

shape and dimension, respectively” [23] 
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Figure 4-21: Asset class of the ORMA+ ontology 

By looking at the image 4-21 it is possible to see that the Asset subclass includes the 

description of the physical assets of the Flexible Manufacturing Line considering all 

the machines which are present in the line and their related functions. For this reason 

the author of this thesis work introduced the distinction between the Manufacturing 

Asset and the Transporter Asset. The first one is an asset dedicated to perform 

manufacturing activities, like the insertion of a component or a transformation process 

like a drilling operation, while the second one is an activity dedicated to the movement 

of the entities. Accordingly these two elements can be defined like: 

● Manufacturing Asset can be described as: “An Asset dedicated to perform 

manufacturing operations”; 

● Transporter Asset can be defined as: “ An Asset dedicated to perform transport 

operations”. 

By looking more in detail at these subclasses, it is possible to see all the assets which 

are present in the line analyzed during this thesis work. Before giving a definition to 

these subclasses, an elucidation has to be done. In fact between all of these classes just 

the Drilling Machine class will be taken into account. The logic behind this decision is 

due to the structure of the Flexible Manufacturing Line where the ontology will be 

tested. In fact only the drilling machine of the FML can simulate a malfunction while 

the others machine are considered to operate perfectly.  

• FrontCover_Machine can be defined as: “The machine dedicated to the 

insertion of the front cover”; 
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• Drill_Station Machine can be defined as: “The machine dedicated to the drilling 

of the front cover”; 

• Robot_Cell Machine can be defined as: “The machine dedicated to the insertion 

of the PCB and the fuses”; 

• Camera_Station Machine can be defined as: “The machine dedicated to the 

check of the Product quality”; 

• BackCover_Machine can be defined as: “The machine dedicated to the insertion 

of the back cover”; 

• Press_Station Machine can be defined as: “The machine dedicated to the 

pressing of the product”; 

• Manual_Station Machine can be defined as: “The machine dedicated to the 

extraction of the product from the line”. 

4.3.2.2. Elements correlated to the Asset class 

4.3.2.2.1 Descriptive Information Content Entity class 

Accordingly to the CCO ontology this class can be defined as: “An Information 

Content Entity that consists of a set of propositions that describe some Entity” [71]. In 

particular this class is characterized by the following sub-classes: Failure Mode and 

Effect Analysis and Failure Mode Code.  

 

 

Figure 4-22: Failure Mode and Effect Analysis and  

Failure Mode Code class of the ORMA+ ontology 

According to the IOF the classes showed in figure 4-22 can be defined as: 

● Failure Mode Code according to the IOF ontology can be defined as: “a 

Descriptive Information Content Entity describing a failure mode” [72]; 
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● Failure Mode and Effect Analysis according to the IOF ontology can be defined 

as: “a descriptive Information Content Entity that describes the output of a 

failure mode and effects activity” [72]. 

These elements are IOF classes that were introduced because ORMA+ is an ontology 

that has to deal with industrial environments and the application of  ZDM strategies. 

For these reasons, it is necessary to introduce some elements that allow to describe the 

effect that a failure can have on the system under control and elements that associate 

a code with the failure mode, to facilitate the identification of the fault. This is done to 

better describe the reality of an industrial system, where a mistake can always occur 

and cause consequences in the production process. These factors are also useful for the 

implementation of ZDM strategies, as it is true that the goal of ZDM is to reduce 

defects to zero but it is impossible to completely avoid defects. For this reason it is 

important to have some elements that can facilitate fault identification and describe 

the effect that the faults may have on the system enabling to learn from the errors.  

4.3.2.2.2 Asset Component class 

 

 

Figure 4-23: Asset Component Class of the ORMA+ ontology 

The component class was treated in the Product class, figure 4-18, but now it is 

necessary to deal with the Asset Component class shown in figure 4-23. This class was 

taken from the ORMA Ontology [23], so the following sub classes have already been 

defined in the ORMA ontology as: 

● Maintainable Item can be defined as: “a CCO artifact that bears a 

maintainable_item_role in the context of maintenance strategy” [23]; 
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● Monitored Component can be defined as: “A ORMA Component that 

participates in an ORMA Monitoring process” [23]. 

The logic behind these classes is that an Asset may fail and so there are some elements 

of the Asset which have to be monitored and maintained in order to prevent the failure.   

4.3.2.2.3 Asset Function class 

The Asset Function class is a subclass of the IAO Function class [70], as represented in 

figure 4-24, which was introduced in the ontology by the author of this thesis work. 

This element was introduced in the ontology to express what the asset function may 

be in the Flexible Manufacturing Line. So the definition of this class is: 

● Asset Function can be defined as: “A BFO:function which an AO:artifact have 

to deliver value to an AO: organization” [70]. 

 

 

Figure 4-24: Asset Function class of the ORMA+ ontology 

The following class, as shown in the image 4-24, can be divided into two subclasses: 

the Manufacturing Function subclass and the Transporter Function subclass. These two 

classes were introduced into the ontology to distinguish between the functions that the 

assets in the line can have. In particular, when it comes to Manufacturing Functions, it 

is possible to see a list of all the manufacturing assets that were introduced before and 

their respective functions. 

4.3.2.2.4 Failure Cause class 

The Failure Cause class is an IOF class which is a subclass of the Occurrent class.  



56 | Ontology 

 

 

• Failure Cause can be defined in several ways: "Circumstances associated with 

design, manufacture, installation, use and maintenance that have led to a failure  

(ISO 14226) OR The circumstances during design, manufacture or use which 

have led to a failure  (iec 60300.3.11)" [72]. 

This class has one subclass, the Asset Failure Cause, shown in figure 4-25. The logic 

behind the introduction of this class has partially been stated before, this is done to 

better describe the reality of an industrial system, like for the Failure Mode Code and 

Failure Mode and Effect analysis class. This class can be defined in the following way: 

● Asset Failure Cause can be defined as: “the Failure Cause that an Asset has” 

[72]. 

 

 

Figure 4-25: Failure Cause class of the ORMA+ ontology 

4.3.2.3. Object Properties of the Asset class 

The Object properties which are correlated to the Asset class are the following ones in 

figure 4-26 and 4-30. 

● has_failure_cause 

Domain: Artifact 

Ranges: Failure_Cause 

 

Figure 4-26: Has_failure_cause property of the ORMA+ ontology 

● has_failure_event 

Domain: Artifact 

Ranges: Failure Event 
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Figure 4-27: Has_failure_event property of the ORMA+ ontology 

● has_failure_mode_and_effect 

Domain: Artifact 

Ranges: Failure Mode and Effect Analysis 

 

Figure 4-28: Has_failure_mode_and_effect property of the ORMA+ ontology 

● has_failure_mode_code 

Domain: Artifact 

Ranges: Failure Mode Code 

 

Figure 4-29: Has_failure_mode_code property of the ORMA+ ontology 

● has_function (inverse of is_function_of) 

Domain: Artifact 

Ranges: Function 

 

Figure 4-30: Has_function property of the ORMA+ ontology 

4.3.3. Quality 

4.3.3.1. Quality class 

The quality class is the third pillar of the ORMA+ Ontology and, as was already 

mentioned in the chapter “Ontology Background”, the Quality class is a sub class of 

the Specifically Dependent Continuant class, as it is possible to see from the figure 4-

31.   
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Figure 4-31: Quality class of the ORMA+ ontology 

The Quality class has been defined as: 

● Quality according to the BFO Ontology Reference [055-001] can be defined as: 

“a quality is a specifically dependent continuant that, in contrast to roles and 

dispositions, does not require any further process in order to be realized” [69]. 

This definition alone is not sufficient to make the ontology suitable to apply the ZDM 

strategies, so other elements have been introduced in the ontology in order to cope 

with this aspect. In particular the sub class Physical Object Quality, in figure 4-32, was 

introduced and all the sub classes which are correlated to this sub class. 

 

Figure 4-32: Physical Object Quality class of the ORMA+ ontology 

● Physical Object Quality can be defined as: ”The physical object quality is the 

quality that a physical object has”; 
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● Assembly Quality can be defined as: ”The Assembly quality is the quality that 

an Assembly has”; 

● Defective Assembly Quality can be defined as: ”The defective assembly quality 

is the quality that a defective product has”; 

● Regular Assembly Quality can be defined as: ”The regular assembly quality is 

the quality that a regular product has”; 

● Repairable Assembly Quality can be defined as: ”The repairable assembly 

quality is the quality that a repairable product has”. 

The logic behind the introduction of these classes stems from the fact that the goal of 

the ORMA+ ontology is to handle the application of ZDM in an industrial context and 

Quality class is the enabling factor for this. In fact in the ORMA+ ontology the 

application of detection and repair strategies are associated with the Quality class, 

which is the necessary elements for applying these strategies. In fact, Quality class is 

correlated with Feature and Specification class, which are core elements of the detection 

strategy used in the ontology. Nevertheless, Feature and Specification classes are  

necessary elements for recognizing product quality. As a matter of fact Feature class 

must correspond to Specification class, otherwise, product quality is not good enough 

to sell the product to customers. For this reason, a detection phase must be performed 

to ensure that the specifications are met and, depending on the results of the detection 

phase, the quality of the product can be established. Products can belong to three 

different quality categories: Dummy Cellphone Quality, Repairable Cellphone Quality and 

Defective Cellphone Quality. If the Product quality belongs to the Repairable Cellphone 

Quality then it is possible to apply the Repair strategy, while if the Product quality 

belong to Defective Cellphone quality a Disassembly strategy can be actuated. In the 

specific case of Repairable Cellphone quality, the Repair strategy consists of repairing the 

necessary components in order to meet specification and making possible to sell the 

Product to the costumers. Instead, in the case of Defective Cellphone Quality a 

Disassembly strategy is actuated where the Product is disassembled and the good state 

components are recycled.  

4.3.3.2. Elements correlated to the Quality class 

4.3.3.2.1 Feature Class 

The Feature class is taken from the IOF ontology and its definition is: 

• Feature according to the IOF Definition: “ “feature” (like “characteristic”) is an 

umbrella term including in its coverage domain: qualities, parts of a material 

product (for example, chromium plating), a hole within a material product (for 
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example, a button hole), as well as information entities, as well as metalevel 

characteristics such as availability, reliability, average dimensions, as well as 

characteristics of processes such as rate, continuity, and so forth” [72] 

In the ORMA+ ontology this concept is utilized to describe the characteristics that an 

artifact, like an asset or a component, and an assembly, may have, as showed in figure 

4-33. 

 

Figure 4-33: Feature class of the ORMA+ ontology 

The basic concept behind this class is that an Artifact or an Assembly may have some 

characteristics worth of notice, which may reduce the Quality of an Assembly – it is the 

case of the Asset Feature and the Component Feature – or, otherwise, better describe the 

characteristics of the Product – it is the case of the Assembly Feature. 

In the Artifact Feature case a Component may have some characteristics, thus 

Component Feature, which may reduce its quality or which may make the Component 

not conform at all to specification, making a Product not good enough to be sold to the 

costumer. For what concern the Asset Feature, the working condition of the Asset may 

not be good enough to produce a sufficiently good product, and so the Product cannot 

be sold to the costumer.  

In the case of Assembly Feature the features that the Product may have are correlated to 

the characteristics that the Product obtained may have.  

Summarizing, accordingly to what has been said, the following definitions can be 

given: 



| Ontology 61 

 

 

• Artifact Feature can be defined as: “The Feature that an Artifact has”; 

• Assembly Feature “The Feature that an Assembly has”; 

• Asset Feature “The Feature that an Asset has”; 

• Component Feature “The Feature that a Component has”; 

• Manufactured Product Feature “The Feature that a Manufactured Product has”; 

• Discarded Product Feature “The Feature that a Discarded Product has”. 

4.3.3.2.2 Specification class 

To better understand how the ontology assign the Quality of a Product it is necessary 

to deal with the Specification class. The Specification class is a sub class of the Directive 

Information Content Entity and, as shown in the image 4-34, it has two subclasses. 

 

Figure 4-34: Specification class of the ORMA+ ontology 

This class was already introduced when the Feature class was analyzed, but it is 

necessary to look more closely at the relationship between the two classes. In 

particular, it is necessary to emphasize the difference between the two. A specification 

is a set of requirements that an entity must meet, while a feature has been defined in 

the IOF [72] as a quality or a part of the physical entity. According to this, a physical 

entity can have one or more features, but some of them need to verify one or more 

specifics, otherwise the product needs to be discarded since not compliant. From what 

has just been said, the definition of specification can be given: 

● Specification according to the IOF Ontology can be defined as: “A directive 

information content entity that prescribes some part or feature or some outcome 

of a planned process". 

Now it is necessary to go into more detail inside the Specification class, namely the 

Component Specifics subclass and the Process Specifics subclass, which are represented 

in the figure 4-35, are going to be examined. 
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Figure 4-35: Component Specifics and Process Specifics class of the ORMA+ ontology 

The Component Specifics subclass is one of the aspects which were added in the 

ontology by the author of this thesis work to contribute to the definition of Product 

Quality. In particular, this subclass refers to the specific characteristics that a 

Component must follow to manufacture a product with sufficient quality to be sold. 

In particular, this subclass can be subdivided into 3 elements: Conform, Non-Conform 

and Recyclable. The Conform subclass is used to verify that the component's feature is 

aligned with the component specification, otherwise, the component is Non-Conform. 

However, a Non-Conform component can be made compliant as long as it is not 

completely damaged, therefore the following subclasses have been defined: Repairable 

and Nor Repairable. For what concern the Recyclable subclass instead, this class was 

added in the ontology inspired by [63] since, as was said before, a Defective Cellphone 

is a Product which quality is insufficient to be sold, but not necessarily all the 

components of the cellphone have an insufficient quality to be reused. For this reason, 

this class represents the specifics to verify for the re-utilization of a component. All 

these specifics are presented in the figure 4-36. 
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Figure 4-36: Component_Specifics class of the ORMA+ ontology 

Accordingly, the following definitions can be assigned: 

● Component Specifics can be defined as: “A directive information content entity 

that prescribes some component”; 

● Conform can be defined as: “A component  which fulfills all the specifics it 

needs to check”; 

● Not Conform can be defined as: “A component  which do not fulfills all the 

specifics it needs to check”; 

● Repairable can be defined as: “A component which do not fulfills all the 

specifics it needs to check but can be repaired in order to meet the specifics”; 

● Not Repairable can be defined as a “A component which do not fulfills all the 

specifics it needs to check and can not be repaired to meet the specifics”; 

● Recyclability can be defined as “A component which have the possibility to be 

reused for other products”; 

● Recyclable can be defined as: “A component which can be reused for the 

production of other products”; 

● Not Recyclable can be defined as: “A component which can not be reused for 

the production of other products”.  

The Process Specifics is the second element that characterize the Specification class, 

which has been added in the ontology to contribute to defining Product Quality. In 

particular, this subclass refers to the specific characteristics that the assembly line 

process must follow in order to produce a product of sufficient quality. Specifically, 

this subclass can be subdivided into the following sub classes: 
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Good_Operating_Condition and Bad_Operating_Condition. In particular, these factors 

depend on the status of the asset and the operations which are executed by the asset. 

For example, for a smooth assembly line process, all assets must have a good status, 

meaning that the machines are working as usual. Accordingly it is possible to give a 

definition to these elements: 

● Good_Operating_Condition can be defined as: “An assembly line process 

which fulfills all the specifics it needs to check”; 

● Bad_Operating_Condition can be defined as: “An assembly line process which 

do not fulfills all the specifics it needs to check”. 

4.3.3.3. Object Properties of the Quality class 

The Object properties which are correlated to the Asset class are the following ones in 

figures from 4-37 to 4-39. 

● has_feature (inverse of is_feature_of) 

Domain: Artifact 

Ranges: Feature 

 

Figure 4-37: Has_feature property of the ORMA+ ontology 

● has_quality (inverse of is_quality_of) 

Domain: Material Entity 

Ranges: Quality 

 

Figure 4-38: Has_quality property of the ORMA+ ontology 

● has_specifics (inverse of is_specific_of) 

Domain: Material Entity 

Ranges: Specifics 

 

Figure 4-39: Has_specifics property of the ORMA+ ontology 
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4.3.3.4. Data Properties of the Quality class 

● Malfunction 

Domain: Feature 

Range: boolean 

This Data Property is used in order to determine if the Asset is working the way it 

should or if it has a malfunction. This element is correlated to the Quality of the Product 

since the functioning of the Asset influences the Product Quality, accordingly to what 

has been said before. 

4.3.4. Process 

4.3.4.1. Process Class 

The Process class is the last pillar of the Ontology and it is an IOF class [72] which can 

be defined in the following way: 

● Process can be defined as: “p is a process, p is an occurrent that has some 

temporal proper part and for some time t, p has some material entity as 

participant” [72]. 

The Process class is the last pillar of the ORMA+ ontology and it is shown in figure 4-

40.  
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Figure 4-40: Process class of the ORMA+ ontology 

The Monitoring class was a class inherited from the ORMA ontology [23], which was 

added to the ORMA+ ontology by the author of the thesis to introduce one element 

which could be utilized to implement the Zero Defect Manufacturing strategy of 

Detection. As a matter of fact the logic behind this class is to introduce the necessary 

elements to interpret the signals coming from the sensors present in the line. 

Accordingly to what has been said the classes of Monitoring can be defined as: 

● Monitoring can be defined as: “BFO:Process to monitor an AO:Artifact by 

measuring a specific phenomenon” [23]; 

● Continuous Monitoring can be defined as: “A monitoring process which is 

continuous in time” [23]; 

● Boolean Sensor Monitoring can be defined as: “A continuous monitoring 

process which monitors boolean values” [23]; 

● Energy Sensor Monitoring can be defined as: “A continuous monitoring process 

which monitors energy values” [23]; 

● Image Recognition can be defined as: “A continuous monitoring process which 

monitors images of the components”. 

It is necessary to say a few words about Image Recognition class. This element is one of 

the key elements  in implementing the ontology of the ZDM detection strategy. In fact, 
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in order to carry out the detection strategy on the inspected line, the piece must arrive 

at the camera station of the line, where the piece is checked by the camera. In the 

specific case of the FML, each PCB is characterized by an image: a blank image, a 

Square and a Triangle, which are shown in the figure 4-41. Depending on what you 

observe, you can determine if a component meets specifications, so you can determine 

the State of the component. 

 

Figure 4-41: Image Recognition class of the ORMA+ ontology 

Concerning the Planned Process class this is an IOF class which can be defined in the 

following way: 

● Planned Process can be defined as: “A processual entity that realizes a plan 

which is the concretization of a plan specification” [72]. 

According to the definition of the Planned Process class it is possible to define the 

subclass Manufacturing Process, which indicates the process it is necessary to go 

through in order to obtain a Product. As a matter of fact the Manufacturing Process class 

has the following subclass: Assembly Line Process. This class is characterized by the 

following subclasses: Defective Assembly Line Process, Regular Assembly Line Process and 

Repairable Assembly Line Process. These classes define the processes that must be passed 

through to obtain a product. 

● Manufacturing Process can be defined as: “A planned process that realizes a 

product which is the concretization of a plan specification”; 

● Assembly Line Process can be defined as: “A manufacturing process which 

realizes an assembled product”; 

● Defective Assembly Line Process can be defined as: “An assembly line process 

which realizes a defective product”; 
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● Regular Assembly Line Process can be defined as: “An assembly line process 

which realizes a regular product”; 

● Repairable Assembly Line Process can be defined as: “An assembly line process 

which realizes a repairable product”. 

4.3.4.2. Elements correlated with the Process class 

4.3.4.2.1 Process Boundary 

This is a class of the IOF ontology which can be defined in the following way: 

● Process Boundary according to the BFO ontology Reference 2 [084-001] can be 

defined as: “p is a process boundary =Def. p is a temporal part of a process & p 

has no proper temporal parts” [72]. 

 

Figure 4-42: Process Boundary class of the ORMA+ ontology 

As it is possible to see from the figure 4-42 there are several subclasses which are 

connected to this one, the first one is the Detection Triggering Event subclass. The 

Detection Triggering Event class was introduced in the ontology, by the author of this 

thesis work, to implement the ZDM detection strategy. Nevertheless this element is 

used in order to assign a State to the components of the Product each time the camera 

inspection process present in the line is carried out, and the State of the Asset in 

function of the data collected from the line.  

Concerning the Component State it has been stated before in the Image Recognition Class 

of the Quality pillar that in the FML there are 3 type of images that can be found: Blank 

Image, Square Image and Triangle Image. In function of which image is recognized it 

is possible to assign a State to the Component.  

For what concern the Asset State, in the FML the drilling station – the asset on which it 

is focused the demonstration –O is characterized by the presence of a shaker, which 
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simulate if the process is going smoothly or if the process is not going according to 

plan.  

In the end, in function of both the Component State and the Asset State it is possible to 

attribute a Quality to the Product. In fact, if an Asset has a sub-optimal state, then the 

operations conducted by the Asset are going to be not optimal and the Quality of the 

Product may be influenced and the same goes for the Component State; besides, if a 

Product is made of sub-optimal component, the Quality of the product will be sub-

optimal too. Accordingly to what has been said: 

● Detection Triggering Event can be defined as: “a process boundary where some 

detection process is carried out on an Assembly”; 

● State can be defined as: “the condition that an artifact has”; 

● Component State can be defined as: “The condition that a Component has”; 

● Asset State can be defined as: “The condition that an Asset has”. 

 

4.3.4.2.2 Sensor class 

The Sensor class is a sub class of the Transducer class as showed in figure 4-43. This 

classes are taken from the ORMA ontology [23] and they are the classes dealing with 

the sensors that are present in the line, which can be defined in the following way: 

● Transducer can be defined as: “An Artifact that is designed to convert one form 

of energy to another” [23]; 

● Sensor can be defined as: “A Transducer that is designed to detect events or 

changes in its environment, and then provide a corresponding output” [23]. 

 

Figure 4-43: Transducer class of the ORMA+ ontology 

As shown in the image 4-43 there are two sub classes of Sensor class: the Energy Sensor 

class and the Boolean Sensor class. These classes have been introduced since only these 
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two categories of sensor are considered for this thesis work, as a matter of fact the 

Energy Sensor class represent those sensors which monitors the energy of the Asset 

while the Boolean Sensor class represent those sensor which monitors the passage of the 

Product in the stations of the FML. Accordingly the following definitions can be given: 

• Boolean Sensor can be defined as a: “Sensor designed to detect changes in the 

position of the Product, to which a Boolean value is associated” [23]; 

• Energy Sensor can be designed as: “Sensor designed to detect changes in the 

energy value of the Asset” [23]. 

4.3.4.3. Object Properties of the Process class 

The Object properties which are correlated to the Process class are the following ones 

in figure 4-44 and 4-50. 

● has_assembly_process (inverse of is_assembly_process_of) 

Domain: Assembly 

Ranges: Assembly Line Process 

 

Figure 4-44: Has_assembly_process property of the ORMA+ ontology 

● has_monitoring  

Domain: Sensor 

Ranges: Monitoring 

 

Figure 4-45: Has_monitoring property of the ORMA+ ontology 

● has_process_specifics (inverse of is_a_process_specific_of) 

Domain: Manufacturing_Process 

Ranges: Specification 

 

Figure 4-46: Has_process_specifics property of the ORMA+ ontology 

● has_state (inverse of is_state_of) 
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Domain: Artifact 

Ranges: State 

 

Figure 4-47: Has_state property of the ORMA+ ontology 

• determine 

Domain: Image_Recognition 

Range: Component_Feature 

 

Figure 4-48: determine property of the ORMA+ ontology 

• results_in 

Domain: Asset_State 

Range: Quality 

 

Figure 4-49: Results_in property of the ORMA+ ontology 

• brings_to 

Domain: Component_State 

Range: Quality 

 

Figure 4-50: Brings_to property of the ORMA+ ontology 
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5 Application of the ontology 

In this section, the last phase of the research methodology is faced, that is the 

demonstration and evaluation. According to METHONTOLOGY [55], it includes the 

implementation of ORMA+ and its evaluation, based on the validation of the logic of 

the ontology and the answer to the CQs. 

5.1. Validation of the ontology logic 

The first step for the application of the ontology is to validate the logic of the ORMA+ 

ontology in order to see if there are any discrepancies in the structure of the ontology.  

In order to validate the logic of the ontology, it is required the application in the FML 

at laboratory-scale, allowing the deployment of an integrated solution in a controlled 

environment. Therefore, after providing insights on the FML, it is necessary to describe 

the implementation and validation phase where the CQs are answered. 

5.1.1. Case study description 

The flexible manufacturing line is composed of seven stations and two branches which 

are utilized for transportation only. The objective of the line is to obtain a Dummy 

Cellphone composed of four parts: one PCB (Programmable Computer Board), one 

front cover, two fuses and one back cover. Each of the seven station that compose the 

FML accomplishes a specific operation on the semi-finished product.  

 

Figure 5-1: Representation of the Flexible Manufacturing Line in the Industry 4.0 Lab [23]  
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As a matter of fact in order to obtain the fuzzy mobile phone it is necessary for the 

product to follow  a complete production cycle composed by the following operations 

which are presented in figure 5-1: 

1) When a product needs to be realized, an empty carrier starts upstream of the front 

cover station. When arriving in the front cover unit, the station verifies if some 

conditions are satisfied, like correct identification number of the carrier (through RFID, 

Radio Frequency IDentification) and if front cover release is needed for that product. 

After completing the operation, the carrier leaves the front cover station towards the 

drilling station.  

2) At the drilling station the process is similar to the front cover one, but the drilling 

holes are realized. In particular in this station it is also possible to simulate the 

malfunctioning of the machine by activating the shaker present in the station. After 

completing the drilling operation, the carrier leaves the front cover station towards the 

Robot Cell.  

3) Once the piece is at the Robot Cell the manufacturing process performed is the 

insertion of the PCB and the insertion of the fuses. So in this station the Robot checks 

the product and positions it in the assembly zone in which the additional elements are 

inserted in the product. After these components are inserted the piece is positioned 

back in the branch and it goes to the Camera station. 

4) At the Camera Station the piece is controlled with a camera in order to check the 

condition of the product. In this phase are two the elements which are kept under 

consideration to determine the condition of the product: if the shaker was activated in 

the drilling station and the PCB. As a matter of fact not all the PCB are the same since 

on the PCB there can be inserted some simple images like a square or a triangle that 

the camera station is able to detect in order to determine the condition of the PCB. So 

after the conditions of the products are checked the piece is moved to the next station, 

the back cover station.  

5) The back cover station behaves like the front cover station, the only difference is the 

manufacturing operation since in this station the back cover station is inserted. After 

the last component is inserted the product moves to the Press station. 

6) In the press station the product is pressed in order to obtain the final product of the 

line. After this last step is performed the fuzzy mobile phone goes to the next station: 

the manual station. 
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7) This is the last station of the line and in this station the piece is taken and in function 

of the condition detected at the camera station the piece may be kept or it may be 

discarded. 

Considering how FML works, each station has a total of two main functions:  

• manufacturing of goods; 

• transportation of goods. 

The first  is optional and depends on the particular product cycle selected by the MES, 

but the second  is mandatory on almost all stations except  robot cell where the product 

passage is not guaranteed. As a matter of fact the MES (Manufacturing Execution 

System) is used to select the product to be launched in production and to control the 

system during the operational phase with updates on product completion state. 

5.2. Validation of the ORMA+ ontology 

In order to validate the ontology created it is necessary to identify all the possible 

scenarios that the ORMA+ considers. These cases have been selected in order to show 

the potential of ontology and how it can fill the gaps that have been mentioned in the 

chapter dedicated to the Literature Review. These scenarios can be divided into 3 

categories according to the quality of the final product, namely Dummy Cellphone, 

Repairable Cellphone and Defective Cellphone. The Dummy Cellphone represents the case 

of an Assembly with Good Quality or Regular_Assembly_Quality, so an Assembly which 

has Good_State _Components and is processed by an Asset with 

Good_Operating_Condition. The Repairable Cellphone represent the case of an Assembly 

with Intermediate Quality or Repairable_Assembly_Quality, so an Assembly which may 

present one of the following characteristics:  

1) an Assembly which has Good_State _Components and is processed by an Asset 

with Bad_Operating_Condition; 

2) an Assembly which has at least one Intermediate_State _Component and is 

processed by an Asset with Good_Operating_Condition; 

3) an Assembly which has at least one Intermediate_State _Component and is 

processed by an Asset with Bad_Operating_Condition; 

4) an Assembly which has at least one Bad_State _Component and is processed by an 

Asset with Good_Operating_Condition. 



| Application of the ontology 75 

 

 

The Defective Cellphone represents the case of an Assembly with Bad Quality or 

Defective_Assembly_Quality, so an Assembly which has at least one Bad_State 

_Component and is processed by an Asset with Bad_Operating_Condition.  

Accordingly to what has been said, the determining factors for establishing the quality 

of the products are the operating condition of the asset under examination, therefore 

the state of the drilling machine of the FML, and the state of the components of the 

product, especially the PCB, a component of the product manufactured by the FML. 

This choice was made in order to reconcile the vision of the product with that of the 

process / machine accordingly to the reasons expressed in chapter 2. Therefore, the 

quality of the final product is obtained from the combination of these two factors, thus 

defining the 6 possible scenarios which have been described before and presented in 

figure 5-2: 

 

Figure 5-2: Representation of the cases deal with the ORMA+ ontology 

In these scenarios, a combination of Detection and Repair strategy are used. In the 

Dummy Cellphone case, for example, the strategy adopted is the one of detection since 

there is no need to repair the Product, while in the Repairable Cellphone case, as the 

name suggests, one or more components are not conform but can be repaired in order 

to make them conform and so a combination of Detection and Repair strategy are used. 

In the Defective Cellphone case instead the quality of the product is insufficient and the 

cost to repair it is too big to be convenient and so the Product is discarded. In this last 

case a disassembly operation is performed in order to retrieve those components 

whose quality is sufficiently good to be used for other products. This disassembly 

strategy was inspired by the following papers [64]–[67] but it was implemented in a 

simplified way since this strategy is not applicable in the line at the moment and so 

this has been just theorized.  

Now these 3 cases, Regular_Assembly_Quality, Repairable_ Assembly_Quality and 

Defective_ Assembly_Quality, will be presented more in detail in the following 

section. 
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5.2.1. Regular_Assembly_Quality case 

The first case to be analyzed is the first scenario, so the case in which there are 

Good_State_Components and the Asset is characterized by a Good_Operating_Condition.  

Accordingly to the case study description in chapter 5.2.1 the process to create a 

Dummy Cellphone will follow this cycle: 

1) The starting point of the process is the arrival of the carrier to the 

FrontCover_Station. In this station the only operation to be performed is the 

mounting of the front cover on the carrier. For this reason, when the carrier 

arrives, a new individual is created in the Assembly class, that is going to be 

called Product. The Individual Product will have a new component, an 

individual named FrontCover and its position is going to be updated, as a matter 

of fact the position of Product is now FrontCover_Station. So by looking at the 

relations below and the figures 5-3 and 5-4 it is possible to see all the elements 

which has been described until now: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝑆𝑡𝑎𝑡𝑖𝑜𝑛 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

 

Figure 5-3: Representation of the individual Product 
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Figure 5-4: Property assertion of product 

2) The next step of the manufacturing process is the arrival of the product at the 

Drilling Station. In this station a drilling operation will be performed on the 

front cover, so at this station will be performed not an adding operation but a 

transforming operation. Accordingly to the holes drilled by the drilling 

machine, the state of the front cover is going to change, infact if the holes are 

conform to the specifics, then the front cover is being processed correctly 

otherwise the front cover needs to be repaired. Therefore the drilling machines 

determines the condition of the front cover. This kind of information is 

obtainable from an element present on the drilling machine, the shacker. This 

element simulates the malfunctioning of the drilling machine by making the 

machine shake. To determine if the shacker is active or not it is necessary to 

process the data coming from the servers in the line (the FML of the Laboratory). 

Since the case of a Regular_Assembly_Quality is being considered then the 

shacker is not active. So by looking at the figures from 5-5 to 5-10 the following 

relations can be determined: 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝐷𝑟𝑖𝑙𝑙−𝑆𝑡𝑎𝑡𝑖𝑜𝑛 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑀𝑎𝑙𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑓𝑎𝑙𝑠𝑒 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑠𝑒𝑡𝑡𝑙𝑒𝑠 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 
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Figure 5-5: Product at the Drill_Station 

 

Figure 5-6: Property Assertion of Product 

 

 

Figure 5-7: Individual drilling machine 

 

Figure 5-8: Property assertion of drilling machine 
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Figure 5-9: Representation of the individual Drilling Machine Feature 

 

Figure 5-10: Representation of the property assertions of Drilling Machine Feature 

3) Once the drilling operations have been performed the Product individual goes 

to the Robot Cell Station. In this station an adding operation will be performed 

since the fuses and the PCB will be inserted on the front cover, figures 5-11 and 

5-12. As expressed before on the PCB an image is present to determine if the 

PCB is conform to specifics or not, but this information cannot be obtained now  

since in the Robot Cell there is no element to visually inspect the Assembly. For 

the fuses, since in the scope of this study no operations have to be executed on 

them, it is considered by default that these components are Conform as supplied, 

indeed the ontology is not able to determine any other possible status for them. 

So the following relations can be determined: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑜𝑏𝑜𝑡−𝐶𝑒𝑙𝑙 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑃𝐶𝐵 

𝑃𝐶𝐵 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 
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𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐶𝑜𝑛𝑓𝑜𝑟𝑚 

𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐶𝑜𝑛𝑓𝑜𝑟𝑚 

 

 

Figure 5-11: Product individual at the Robot Cell 

 

Figure 5-12: Property assertion of Product 

4) The next step of the production process is the arrival of the Product at the 

Camera Station. At this station the Assembly is visually inspected by a camera 

to determine if some irregularities are present on the product. In particular in 

this station it is possible to check the condition of the PCB by looking at the 

image present on it. In fact the PCB may have a square image, a triangle image 

or no image at all, for this reason the following images have been established: 

Blank_Image, Square_Image and Triangle_Image. These images represent 

respectively the condition of the PCB as Conform, Not Conform but Repairable and 

Not Conform. Since in this case the Regular_Assembly_Case has been considered 

the PCB is Conform to specifics and so a Blank_Image is present on the PCB. So it 

is possible to determine the following relationships which are shown in figure 

5-13 and 5-14: 

𝑃𝐶𝐵 ℎ𝑎𝑠−𝑖𝑚𝑎𝑔𝑒 Image 
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𝐼𝑚𝑎𝑔𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒 𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐼𝑚𝑎𝑔𝑒 → 𝐵𝑙𝑎𝑛𝑘−𝐼𝑚𝑎𝑔𝑒 

 

Figure 5-13: Representation of the Image individual 

 

Figure 5-14: Representation of the Property Assertion of Image 

In function of these relations it is possible to determine the quality of the Product 

individual. As a matter of fact it has been expressed before as the Quality of the 

Assembly is determined by the combination of two factors: the working 

condition of the Asset and the state of the components, in particular the PCB. 

For this reason now that it is possible to establish the condition of the PCB the 

following relations can be determined, which are presented in the figures from 

5-15 to 5-18: 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑏𝑟𝑖𝑛𝑔𝑠−𝑡𝑜 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑟𝑒𝑠𝑢𝑙𝑡𝑠−in 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 



82 | Application of the ontology 

 

 

 

Figure 5-15: Representation of the individual PCB 

 

Figure 5-16: Representation of the Property Assertion of PCB 

 

 

Figure 5-17: Representation of the individual PCB_Feature 
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Figure 5-18: Representation of the Property assertion of PCB_Feature 

5) After the visual inspection of Product is concluded, the Assembly goes to the 

BackCover_Station, where an adding operation is executed: the BackCover is 

mounted on the Product, figures 5-19 and 5-20. Therefore the following 

relations can be determined: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟−𝑆𝑡𝑎𝑡𝑖𝑜𝑛 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟 

𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐶𝑜𝑛𝑓𝑜𝑟𝑚 

 

Figure 5-19: Representation of the individual Product at BackCover_Station 
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Figure 5-20: Representation of the Property Assertion of Product 

6) After the back cover has been inserted on Product, the individual moves to the 

next station: the Press Station. At this station a transforming operation is being 

executed since the Product has to be pressed in order to attach all the 

components of the product together. This is the last operative station of the line 

so after this operation is executed it is possible to assign the individual Process 

to Product, figures 5-21 and 5-22. Where the individual Process varies 

accordingly to the quality of the product obtained. Therefore the following 

relations can be determined: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 Press_𝑆𝑡𝑎𝑡𝑖𝑜𝑛 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 

 

Figure 5-21: Representation of the individual Product at Press_Station 



| Application of the ontology 85 

 

 

 

Figure 5-22: Representation of the Property Assertion of Product 

7) The last step of the production process is the arrival of the product on the 

Manual Station. At this station no further operations are going to be performed, 

but it is necessary to determine if Product has to be kept, repaired or discarded. 

This decision can be taken accordingly to the results obtained from the 

ontology, which, in function of all the operations executed until now, it is able 

to determine the quality of Product. Since in this case the 

Regular_Assembly_Quality case has been dealt with, the Product is a Dummy 

Cellphone and so it does not need any reparations or disassembly, therefore 

Product can be kept. To verify if all the operations described until now have 

brought to obtain a Dummy Cellphone, it is necessary to run the reasoner in the 

ontology. The reasoner adopted is an Hermit 1.4.3.456 and the following 

relations have been inducted: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 −>  𝐷𝑢𝑚𝑚𝑦 𝐶𝑒𝑙𝑙𝑝ℎ𝑜𝑛𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐶𝑜𝑛𝑓𝑜𝑟𝑚  

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐺𝑜𝑜𝑑−𝑆𝑡𝑎𝑡𝑒−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐺𝑜𝑜𝑑−𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔−𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐺𝑜𝑜𝑑−𝑆𝑡𝑎𝑡𝑒−𝐴𝑠𝑠𝑒𝑡 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐶𝑜𝑛𝑓𝑜𝑟𝑚 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 −>  𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑃𝑟𝑜𝑐𝑒𝑠𝑠 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦 −>  𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

𝑃𝐶𝐵 → 𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒 → 𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒 → 𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟 → 𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 
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𝐵𝑎𝑐𝑘𝐶𝑜𝑣𝑒𝑟 → 𝑅𝑒𝑔𝑢𝑙𝑎𝑟−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

These relations can be seen in the images which goes from 5-23 to 5-32. In the images 

5-23 and 5-24 it is possible to see the reasoning executed on Product showing that all 

the relations that compose the Assembly determine a Dummy Cellphone. In the images 

5-25 and 5-26 the PCB_Feature is reported, in these images it is therefore possible to see 

how the PCB is Conform according to all the relations described until now. In the 

images 5-27 and 5-28 the Drilling_Machine_Feature is reported and it is possible to 

verify that, as previously said, since there is no Malfunction, the drilling machine has 

Good_Operating_State. In the images from 5-29 to 5-32 the Process and the Quality of the 

production process are reported and it is possible to verify that the Process is a 

Regular_Assembly_Process and the Quality is a Regular_Assembly_Quality.  

 

Figure 5-23: Representation of the individual Product at Manual_Station 

 

Figure 5-24: Representation of the Property Assertion of Product with the reasoner active 
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Figure 5-25: Representation of the individual PCB_Feature 

 

Figure 5-26: Representation of the Property Assertion of PCB_Feature with the 

reasoner active 

 

Figure 5-27: Representation of the individual Drilling_Machine_Feature 
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Figure 5-28: Representation of the Property Assertion of Drilling_Machine_Feature 

with the reasoner active 

 

Figure 5-29: Representation of the individual Process 

 

Figure 5-30: Representation of the Property Assertion of Process with the reasoner 

active 
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Figure 5-31: Representation of the individual Quality 

 

Figure 5-32: Representation of the Property Assertion of Quality with the reasoner 

active 

5.2.2. Repairable_Assembly_Quality case 

Now that the first case has been analyzed, it is necessary to move to the second case: 

the Repairable Cellphone case. As stated before this result can be obtained with different 

combinations of Component_State and Asset_Operating_Condition, so in the following 

scenario the case of an Intermediate_State_Components and Bad_Operating_Condition is 

going to be considered. The process to create a Repairable Cellphone will follow the same 

cycle presented in the case before, so only the differences respect to the previous case 

will be considered. Therefore only the Drill Station, the Camera Station and the results 

obtained from the reasoner will be reported. First the Drill station will be analyzed:   

• In this scenario, at the Drill station, the drilling operation performed on the front 

cover will be different respect to the Dummy Cellphone case. In fact in the 

previous case the holes drilled by the drilling machine were Conform to specifics 

since the shacker was not active and so the front cover does not need any repair 

process. In the current scenario the shacker is active and so it is being simulated 
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a malfunctioning of the drilling machine. So by looking at the figures from 5-33 

to 5-36 the following relations can be determined:  

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒 ℎ𝑎𝑠−𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑀𝑎𝑙𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑡𝑟𝑢𝑒 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑠𝑒𝑡𝑡𝑙𝑒𝑠 𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

 

Figure 5-33: Representation of the individual Drilling Machine 

 

Figure 5-34: Representation of the Property Assertion of Drilling Machine 

 

Figure 5-35:Representation of the individual Drilling Machine Feature 
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Figure 5-36: Representation of the property assertions of Drilling Machine Feature 

• When the Product arrives at the Camera Station, the Assembly is visually 

inspected by a camera to determine if some defects are present on the product. 

In this case since the Repairable_Assembly_Quality is being considered the PCB is 

going to be Not Conform but Repairable and so a Square_Image is present on the 

PCB, images 5-37 and 5-38. Accordingly to the visual inspection conducted, the 

following relations can be established:  

𝑃𝐶𝐵 ℎ𝑎𝑠−𝑖𝑚𝑎𝑔𝑒 Image 

𝐼𝑚𝑎𝑔𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒 𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐼𝑚𝑎𝑔𝑒 → 𝑆𝑞𝑢𝑎𝑟𝑒−𝐼𝑚𝑎𝑔𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑏𝑟𝑖𝑛𝑔𝑠−to 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑎𝑠−𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

 

Figure 5-37: Representation of the individual PCB 
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Figure 5-38: Representation of the Property Assertion of PCB 

• Now that the Drill Station and the Camera Station have been considered, it is 

possible to evaluate the differences which are going to be present when the 

reasoner is activated. In this scenario there are 2 components to be repaired: the 

front cover and the PCB. In fact the drilling operation executed is sub-optimal 

since the shacker was active, meaning that the drilling machine had a 

malfunction, and consequently the front cover needs to be repaired since the 

holes drilled are not Conform to specifics. Concerning the PCB, after the visual 

inspection at the Camera Station, it is possible to determine that the image 

found on the component is a Square, so the PCB is defective, but it can be 

repaired. Therefore by activating the reasoner these are the relations which are 

going to be found:  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 −>  𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑝ℎ𝑜𝑛𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒  

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒−𝑆𝑡𝑎𝑡𝑒−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐵𝑎𝑑−𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔−𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐵𝑎𝑑−𝑆𝑡𝑎𝑡𝑒−𝐴𝑠𝑠𝑒𝑡 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 −>  𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑃𝑟𝑜𝑐𝑒𝑠𝑠 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦 −> 𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

In the images from 5-39 to 5-50 the results obtained from the reasoner can be checked. 

In particular in the figure 5-39 and 5-40 it is possible to see the Drilling_Machine_Feature 

and it is possible to verify that the drilling machine has a Bad_Operating_Condition. In 

the images 5-41 and 5-42 it is reported the FrontCover_Feature and the fact that the front 

cover is Repairable. In the images 5-43 and 5-44 the PCB_feature is reported and it is 

showed how also the PCB can be Repaired. In the images 5-45 and 5-46 the 

characteristics of the individual Product are reported and it is showed how the 

Assembly is a Repairable_Cellphone.  In the images from 5-47 to 5-50 the Process and the 
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Quality of the production process are reported and it is possible to verify that the 

Process is a Repairable_Assembly_Process and the Quality is a 

Repairable_Assembly_Quality 

 

Figure 5-39: Representation of the individual Drilling_Machine_Feature 

  

Figure 5-40: Representation of the Property Assertion of Drilling_Machine_Feature with the 

reasoner active 
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Figure 5-41: Representation of the individual FrontCover_Feature 

 

Figure 5-42: Representation of the Property Assertion of FrontCover_Feature with the 

reasoner active 

 

Figure 5-43: Representation of the individual PCB_Feature 
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Figure 5-44: Representation of the Property Assertion of  PCB_Feature with the reasoner 

active 

 

 

Figure 5-45: Representation of the individual Product at Manual Station 

 

Figure 5-46: Representation of the Property Assertion of Product with the reasoner active 
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Figure 5-47: Representation of the Individual Quality 

 

Figure 5-48: Representation of the property Assertion of Quality 

 

 

Figure 5-49: representation of the Individual Process 
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Figure 5-50: Representation of the property Assertion of Process with the reasoner active 

5.2.3. Defective_Assembly_Quality case 

The last case left to analyze is the Defective Cellphone case. As stated before this result 

can be obtained when the Asset is characterized by a Bad_Operating_Condition and the 

Product is characterized by the presence of, at least, one Bad_State_Component. The 

process to realize a Defective Cellphone will follow the same cycle presented in the cases 

before, so only the differences respect to the previous cases will be considered. 

Therefore only the Camera Station and the results obtained from the reasoner will be 

reported, since in the previous case it has been already treated the case of an Asset with 

Bad_Operating_Condition.  

• At the Camera Station the condition of the Product is going to be checked 

accordingly to the condition of the PCB. Since it is being considered the case of 

the Defective_Assembly_Quality the PCB does not conform to specification and it 

is not repairable. Therefore the image present on the PCB is a Triangle_Image. So 

the following relations can be determined: 

𝑃𝐶𝐵 ℎ𝑎𝑠−𝑖𝑚𝑎𝑔𝑒 Image 

𝐼𝑚𝑎𝑔𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒 𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 

𝐼𝑚𝑎𝑔𝑒 → 𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒−𝐼𝑚𝑎𝑔𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑏𝑟𝑖𝑛𝑔𝑠−to 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

These relations can be seen in the following images, where in images 5-51 and 

5-52 the PCB is represented and in 5-53 and 5-54 the image is represented. 
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Figure 5-51: Representation of the individual PCB 

 

Figure 5-52: Representation of the Property Assertion of PCB 

 

 

Figure 5-53: Representation of the Individual Image 
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Figure 5-54: Representation of the property assertion of Image 

• Now that the Camera Station has been treated, it is necessary to deal with the 

results obtained when the reasoner is activated. In this scenario the Product is 

characterized by a Defective_Assembly_Quality and so at least one component 

will be characterized by a Bad_State_Component. In this case, those components 

which are recognized as Bad_State_Component should not be recycled, since they 

are defective, instead those components which are Conform or Repairable should 

be recycled, since they can be used for another production process. Accordingly 

to what have been said the following relations can be determined: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 →  𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑝ℎ𝑜𝑛𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑁𝑜𝑡−𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒  

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐵𝑎𝑑−𝑆𝑡𝑎𝑡𝑒−𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐵𝑎𝑑−𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔−𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 

𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔−𝑀𝑎𝑐ℎ𝑖𝑛𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝐵𝑎𝑑−𝑆𝑡𝑎𝑡𝑒−𝐴𝑠𝑠𝑒𝑡 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 →  𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑃𝑟𝑜𝑐𝑒𝑠𝑠 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦 → 𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒−𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦−𝑄𝑢𝑎𝑙𝑖𝑡𝑦 

FrontCover−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒 

𝐹𝑟𝑜𝑛𝑡𝐶𝑜𝑣𝑒𝑟−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑐𝑦𝑐𝑙𝑎𝑏𝑙𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑁𝑜𝑡−𝑅𝑒𝑝𝑎𝑖𝑟𝑎𝑏𝑙𝑒 

𝑃𝐶𝐵−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑁𝑜𝑡−𝑅𝑒𝑐𝑦𝑐𝑙𝑎𝑏𝑙𝑒 

𝐿𝑒𝑓𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑐𝑦𝑐𝑙𝑎𝑏𝑙𝑒 

𝑅𝑖𝑔ℎ𝑡−𝐹𝑢𝑠𝑒−𝐹𝑒𝑎𝑡𝑢𝑟𝑒 → 𝑅𝑒𝑐𝑦𝑐𝑙𝑎𝑏𝑙𝑒 

In the images from 5-55 to 5-68 the results obtained from the reasoner can be checked. 

In particular in the figure 5-55 and 5-56 it is possible to see the FrontCover_Feature and 

it is possible to verify that the front cover has a Repairable and Recyclable state. In the 

images 5-57 and 5-58 it is reported the PCB_Feature and the fact that the PCB is 

Not_Repairable. In the images from 5-59 to 5-62 the features of the fuses are represented, 
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where in the images 5-59 and 5-60 the left fuse feature is represented while in the 

images 5-61 and 5-62 the right fuse feature is represented. In the images 5-63 and 5-64 

the characteristics of the individual Product are reported and it is showed how the 

Assembly is a Defective_Cellphone.  In the images from 5-65 to 5-68 the Process and the 

Quality of the production process are reported and it is possible to verify that the 

Process is a Defective_Assembly_Process and the Quality is a Defective_Assembly_Quality.  

 

Figure 5-55: Representation of the individual FrontCover_Feature 

 

Figure 5-56: Representation of the Property Assertion of FrontCover_Feature 
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Figure 5-57: Representation of the individual Component_Feature 

 

Figure 5-58: Representation of the Property Assertion of PCB_Feature  with the reasoner 

active 

 

 

Figure 5-59: Representation of the individual Left_Fuse_Feature 
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Figure 5-60: Representation of the Property Assertion of Left_Fuse_Feature with the reasoner 

active 

 

Figure 5-61: Representation of the individual Right_Fuse_Feature 

 

Figure 5-62: Representation of the Property Assertion of Right_Fuse_Feature with the 

reasoner active 
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Figure 5-63: Representation of the individual Product at Camera Station 

 

Figure 5-64: Representation of the Property Assertion of Product with the reasoner active 

 

 

Figure 5-65: Representation of the individual Quality 
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Figure 5-66: Representation of the Property Assertion of Quality with the reasoner active 

 

 

Figure 5-67: Representation of the Individual Process 

 

Figure 5-68: Representation of the Property Assertion of Process with the reasoner active 

5.2.4. Competency questions  

As already mentioned to verify the ontology and to certify that the ontology is able to 

represent the current knowledge of the system, the ontology needs to answer the 

competency questions mentioned above. Therefore, in this chapter are presented the 

Snap SPARQL queries to answer the competency questions introduced in chapter 3. 

To do so, six individuals have been inserted into the ontology to represent all the types 

of products that the  FML could generate. In particular, these are the elements 

introduced in the ontology: 
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• Product 1 is a Dummy Cellphone 

• Product 2, Product 3, Product 4 and Product 5 are Repairable Cellphones 

• Product 6 is a Defective Cellphone 

 

● CQ1 What is the quality of the products that the system realizes? 

 

Figure 5-69: Query to get the quality of the product 

From the image above it is possible to see that the results of the query, image 5-

69, is a set of qualities, image 5-71. In fact the query executed in figure 5-69 

search in the ontology all the elements connected through the relationship 

"has_quality", in particular are searched all the elements of the Assembly and 

Quality class that fulfill this relation.  

 

Figure 5-70: Products found by the query 

 

Figure 5-71: Qualities found by the query 

From the query of image 5-69 it is not it is not possible to distinguish the quality 

of the different products, for example it is not possible to distinguish the quality 

of the Defective Cellphone from the Dummy Cellphone. In fact the query looks 

for all the qualities that are present in the ontology, so in order to make a 
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distinction between qualities it is necessary to change the query of image 5-69 

in the following way, image 5-72:  

 

Figure 5-72: Query to get the product with Regular_Assembly_Quality 

Executing this query brings to the following results, image 5-73 and image 5-74: 

 

Figure 5-73: Product found by the query 

 

Figure 5-74: Quality found by the query 

So the query found which of the products in the ontology is characterized by a 

Regular_Assembly_Quality image 5-74, so which one of the products is a 

Dummy Cellphone, image 5-73.  

● CQ2 Which components realize the product? 

 

 

Figure 5-75: Query to get the components of the product 

From the image above it is possible to see that the results of the query, image 5-

75, is a set of components, image 5-77. In fact the query executed in figure 5-75 

search in the ontology all the elements connected through the relationship 
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"has_component", in particular are searched all the elements of the Assembly, 

image 5-76, and Component class, image 5-77, that fulfill this relation.  

 

Figure 5-76: Products found by the query 

 

Figure 5-77: Components found by the query 

As for the competency question before the query executed does not distinguish 

the components of the different products, but it simply reports all the 
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components which are present in the ontology. For this reason in order to make 

a distinction between components it is necessary to change the query of image 

5-75 in the following way:  

 

Figure 5-78: Query to determine the Regular_Assembly_Component 

Executing this query brings to the following results, image 5-79 and image 5-80: 

 

Figure 5-79: Product found by the query 

 

Figure 5-80: Component found by the query 

So the query found which of the products in the ontology is characterized by a 

Regular_Assembly_Components image 5-80, so which one of the products is a 

Dummy Cellphone, image 5-79.  

● CQ3 Which are the processes required to realize product x? 
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Figure 5-81: Query to determine the processes 

From the image above it is possible to see that the results of the query, image 5-

81, is a set of processes, image 5-83. In fact the query executed in figure 5-81 

search in the ontology all the elements connected through the relationship 

"has_assembly_process", in particular are searched all the elements of the 

Assembly and Process class that fulfill this relation.  

 

Figure 5-82: Product found by the query 

 

Figure 5-83: Process found by the query 

In order to make a distinction between processes it is necessary to change the 

query of image 5-81 in the following way: 
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Figure 5-84: Query to determine the Regular_Assembly_Line_Process 

Executing this query brings to the following results, image 5-85 and image 5-86: 

 

Figure 5-85: Product found by the query 

 

Figure 5-86: Process found by the query 

So the query found which of the products in the ontology is characterized by a 

Regular_Assembly_Process image 5-86, so which one of the products is a 

Dummy Cellphone, image 5-85. 

● CQ4 Which product/s is/are not feasible considering the current 

component/asset state? 

 

Figure 5-87: Query to determine which product are not feasible in function of the component 

and asset state 
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In the image 5-87 the query shown permits to identify which are the elements 

inside the ontology that belong to the Defective Cellphone class. In particular 

this search is executed by looking for the elements that belong to the 

Bad_Operating_Condition class, the Bad_State_Component class and the 

Defective_Assembly_Quality class that are connected to the element that 

belong to the Defective_Cellphone class. So when this query is executed it is 

possible to determine the Defective Cellphone as well as the 

Bad_Operating_Condition asset, the Bad_State_Component PCB and the 

Defective_Assembly_Quality quality, as reported in the images 5-88, 5-89 and 

5-90: 

 

Figure 5-88: Product and Quality found by the query 

 

Figure 5-89: Asset and Asset_Feature found by the query 

 

Figure 5-90: Component and Component_Feature found by the query 

After having tested the ontology with the competency questions presented above, it is 

possible to draw some conclusions. First of all, the internal logic of the ontology shows 

no signs of inconsistency, since it is possible to launch the internal reasoner of the 

ontology without reporting errors at the logical level. Additionally, the created 

ontology can represent the knowledge inside the system, such as, what products are 

made and what characteristics these products have. In fact it is possible to determine 

the quality of the product, the manufacturing process used or the components that 

make up this product. After being tested through competency questions, it is possible 

to integrate the solution deployed in a Flexible Manufacturing Line (FML) at 

laboratory scale, to verify if the same result could be obtained in a simulated industrial 

context.   



112 | Ontology Implementation 

 

 

6 Ontology Implementation 

The deployment of the integrated solution is pursued to support the application of a 

ZDM strategy adoption. For this reason, the ontology is made operative by interacting 

with the assets and sensors installed in the FML to determine the product quality. In 

order to achieve such result a set of requirements is defined in order to make the 

solution effective: 

● In order to implement the ontology in the FML it is necessary to gather the data 

from the assets via proper mean/s, in particular a Golang code, collecting 

directly from onboard devices (like PLC, Programmable Logic Controller or 

Raspberry Pi) or from centralized storages (like relational or non-relational 

databases like InfluxDB). 

● The quality of the product must be determined by the ontology in functions of 

the parameters expressed before. 

● The data values collected from the line must be used in the ontology to update 

the individuals present in the ontology accordingly with the new information 

coming from the shopfloor, i.e., asset health states, if needed. 

● The reasoner needs to be launched, inferring properly if the quality of the 

products is sufficiently good or not 

● The results of the reasoner should be made available to a human decision-

maker to promptly let her/him be aware of possible infeasibilities or defects, 

activating a reconfigurability-related decision. 
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Figure 6-1: Representation of the requirements to determine the product quality 

Previously it was stated that the solution deployed relies on Protege as ontology editor, 

a python code  is utilized to synchronize the reasoner and the data collected from the 

FML in a flexible way via ad-hoc functions and libraries, as OWLREADY2.  

In order to meet the first requirement the architecture already present in the laboratory 

was utilized, as a matter of fact the data has been collected by all the 749 nodes present 

in the line but only the nodes useful for the development of the solution were kept. In 

particular only the sensors reporting the passage of the carrier between the stations 

were kept in order to keep track of the movement of the Product along the line.  

For what concerns the second requirement in order to determine the quality of the 

product it is necessary to introduce some intermediary steps. In particular, in order to 

determine the quality of the Product it is necessary to collect all the data of the 

operative process and then utilize these data for the population of the ontology in 

order to determine the quality of the Product. The quality of the product, as mentioned 

in the chapter “Validation of the Ontology”, is determined by the Asset state and the 

PCB state, which, in the population, are obtained thought two python functions 

reported in the chapter below, image 6-5 and image 6-6. These functions are executed 

when the Boolean values correspondent to the arrival of the product to the Drill Station 

and the Camera Station are detected, thus allowing to determine the quality of the 

product. In this way the data collected by the FML can be utilized to synchronize the 

ontology and the shopfloor, since the collected data will be utilized to create 

individuals in the ontology, which will be updated according to the data collected 

verifying in this way the third requirement. After the individuals will be created in 

this way a Hermit reasoner will be utilized in order to determine the quality of the 
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Product obtained (fourth requirement). The results obtained from the reasoner are 

made available to an operator allowing him/her to determine the quality of the product 

and eventually which infeasibilities or defects are present (fifth requirement). The 

entire architecture is running on a local computer with 16 GB of RAM and an Intel® 

Core™ i7 of tenth generation.  

6.1. Ontology Application 

The first step to utilize the ontology in the FML is to collect the data coming from the 

line, in order to fulfill this activity a Golang code is being utilized to collect all the data 

coming from the line and send these data to InfluxDB. As soon as all the data correlated 

to the process are collected on InfluxDB a python code (present in the Appendix B) is 

executed to retrieve these data and to populate the ontology. As soon as the python 

code is executed, all the data inside InfluxDB, which have a timestamp inside a specific 

interval of time, are retrieved but only those data which have a specific NodeID are 

used to populate the ontology. As a matter of fact only some sensors are going to be 

considered, since each station of the I4.0 Laboratory has the same embedded digital 

sensor and actuators in the belt. For this reason each sensor produces a Binary output 

signal in the form of a logic value that could be only 1 or -1. The sensors that can be 

found in the belt are: 

• Entrance/Exit sensor: is set to 1 if detects a carrier that is entering in a station or is 

leaving it; 

• RFID reading/writing: is the place where the RFID of the carrier is read to know the 

information about the carrier ID, it writes the type of the piece produced in the 

associated ID carrier after the work. It is set to 1 if it is busy in the reading or writing 

activity; 

• Position sensor (xBG1): is the sensor used to know if the the carrier is in working 

position, then is set to 1 if the carrier is there; 

• Stopper (MB1): is the mechanism that release the carrier from the working position 

when the machining is completed, is set to 1 when is activated; 

• The belt sensor (xQA A1): it is set to 1 if the belt is moving, 0 if not. 

For what concern the modeling of the machine states ‘Idle’, ‘Working Mode’ and 

‘Energy-safe Mode’, represented in figure 6-2, it is sufficient to look at the belt of the 

station, without considering the error at the station: 
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• Idle: The machine is Idle if the belt is moving, either if there is or not the carrier at 

the working position; 

• Working Mode: The machine is working only if the carrier is in working position 

and the belt is stopped; 

• Energy-Safe Mode: In all the other cases, excluded the error state that will be 

discussed in the following part, the machine is in Energy-Safe mode, with the belt 

stopped, no piece in working position and no carrier in the belt. 

 

Figure 6-2: Representation of the machine states 

So only xBG1 values are going to be considered, since this is the node to look for in 

order to determine if the station is working or is idle. An Exception is the Robot Cell 

for which there is no xBG1 sensor, so for this station another sensor was considered:  

the xStart sensor. This sensor indicates when the Robot arm is active and so when the 

components are added to the front cover.  

When the python code is executed, in function of the data collected from the line, the 

python code will perform the necessary operations to populate the ontology and 

consequently determine the product quality.  
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Figure 6-3: Start of the python code 

In the image 6-3 the execution of the  python code is shown and it is possible to see 

from the image that the code proceeds to elaborate all the data coming from the sensors 

and once the population process is finished, the ontology is updated with the 

individuals created by the code. The new ontology is saved locally and so it is possible 

to inspect the results obtained after the population, as showed in the image 6-4. 

 

Figure 6-4: Representation of the Individual created with the population 

Even though this application of the ontology has potential there are still some 

limitations which have to be exploited, as a matter of fact to determine the quality of 

the Product it is necessary to determine if the shaker in the drilling station is active and 

what is the quality of the Components when they arrive at the Camera Station.  

However during the elaboration of this thesis the Camera Station was not working and 

the data corresponding to the activation of the shaker were not individuated and so 
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these elements were introduced in a simplified way. For what concern the Camera 

Station the following solution was introduced: 

 

Figure 6-5: Representation of the images collected at the camera station 

In the image 6-5 a simulation of the different images collected at the camera station are 

represented. When the product arrives at this station one of the images represented in 

figure 6-5 is attributed to the PCB. For the shaker a similar mechanism is developed, 

in fact when the product arrives at the Drill station one of the features represented in 

figure 6-6 is attributed to the drilling machine, in this way it is possible to determine if 

the shacker is active or not. 

 

Figure 6-6: Representation of the behavior of the shaker at the drilling station 



118 | Ontology Implementation 

 

 

Overall, the solution proposed guarantees adequate computational performance, but 

there are some considerations to make. First of all this process is not a real-time 

process, as, while the data are retrieved from the sensors it was not possible to execute 

the python code responsible to read the data from InfluxDB. This is due to the fact that 

during the data collection the database is continuously refreshed with the new data 

and so it is not possible for the code to retrieve the data. For this reason the following 

solution was adopted, all the data contained in InfluxDB are converted in a CSV file, 

as soon as the process finishes, which is then read by the python code. This solution 

has to deal also with another aspect concerning the production process: in the FML 

there are not the necessary instruments to cover the entire process steps that the 

ontology can perform, including the repair and disassembly process. For this reason 

only a subset of the potentiality of the ontology can be exploited, since it is not possible 

to operate on the product in real time. In this way even if the ontology recognizes that 

the quality of the components is not sufficiently good, in the current physical 

workplace there is no way to stop the process and so a final product will still be 

obtained but it will need to be discarded. For these reasons one possible solution can 

be the creation of an ad hoc CSV file and a new python code which can be utilized to 

show all the potentialities of the ontology. 

6.2. Ontology population: Repair and Disassembly 

Stations 

Accordingly to the limitation of the previous population a new population has been 

performed without using the CSV file obtained from the FML, but using a CSV file 

which has been created for this purpose by the author of this thesis work in order to 

show the potentiality of the ontology. In fact, the ontology developed in this thesis 

work is already able to operate in real time to manage the repair and disassembly 

process of  an eventual product. Instead the FML in the Laboratory of Industry 4.0 at 

Politecnico di Milano has not the instruments to do so. For this reason a new code and 

CSV file have been developed to simulate the behavior of an hypothetical Repair and 

Disassembly station present in the FML. 

The cases that will be presented are the case of a Repairable Cellphone and Defective 

Cellphone since for the Dummy Cellphone there are no significative differences to be 

reported (with respect to what already reported in the previous chapter 5). 

6.2.1. Repairable Cellphone case: 

Concerning the Repairable Cellphone case, respect to the previous population, now it is 

possible to see how the system behaves in the case there is one or more components to 
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be repaired. In this case it is going to be presented a situation in which the FrontCover 

and the PCB need to be repaired.  

The first element to analyze is what is obtained after the product pass through the 

Drilling Station. As a matter of fact the result reported in the ontology are the ones of 

figure 6-7 and 6-8. 

 

Figure 6-7: Representation of the individual Drilling_Machine_Feature_1 

 

Figure 6-8: Representation of the Property assertion of the Drilling_Machine_Feature_1 

When the product goes to the next station, the Robot Cell, the reasoner is activated, 

image 6-9, and the results obtained from the reasoning are showed in the images from 

6-10 to 6-13. In the images 6-10 and 6-11 the FrontCover_Feature is represented and it is 

possible to see that the reasoner recognizes the front cover as a repairable component, 

instead in the images 6-12 and 6-13 the Drilling_Machine_Feature is represented and it 

is possible to verify that the Asset has a Bad_Operating_Condition.  

 

Figure 6-9: Activation of the reasoner of the Python code 
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Figure 6-10: Representation of the individual FrontCover_Feature_1 

 

Figure 6-11: Representation of the Property assertion of the FrontCover_Feature_1 

 

 

Figure 6-12: Representation of the individual Drilling_Machine_Feature_1 

 

Figure 6-13: Representation of the Property assertion of the Drilling_Machine_Feature_1 
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When the front cover is recognized as Repairable, image 6-11, it is possible to provide 

to the repair of the component. As a matter of fact the code provides a way to send the 

component to the Repair Station, a dummy station, located outside of the line, that has 

been inserted into the code in order to simulate the component repair process, as it is 

possible to see from the image 6-14. 

 

Figure 6-14: Representation of the Repair Station 

After the component is sent to the Repair Station, a repair process is simulated where 

the Repairable feature is removed from the component and after a few seconds (since 

the objective is to simulate the routing, but not the repair time) the FrontCover is re-

introduced in the line. When the FrontCover is re-introduced a new feature is given to 

the front cover, the Conform feature since now the FrontCover is repaired. So the result 

obtained after the repair process are shown in the images 6-15 and 6-16, where the new 

feature of the front cover is represented.   

 

Figure 6-15: Representation of the individual conform_1 

 

Figure 6-16: Representation of the Property assertion of the conform_1 

In the case the PCB needs to be repaired the same situation is going to be verified. The 

results obtained for the repair of the PCB are presented in the images from 6-17 to 6-
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20. In the images 6-17 and 6-18 the situation before the repair process is represented, 

while in the images 6-19 and 6-20 the situation before the repair process is represented.  

 

Figure 6-17: Representation of the individual PCB_Feature_1 

 

Figure 6-18: Representation of the Property assertion of the PCB_Feature_1 
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Figure 6-19: Representation of the individual PCB_Feature_2 

 

Figure 6-20: Representation of the Property assertion of the PCB_Feature_2 with the reasoner 

active 

Now that the Repair strategy has been analyzed it is necessary to move to the Defective 

Cellphone case in order to see how the population of the ontology changes when it is 

necessary to apply the disassembly strategy. 

6.2.2. Defective Cellphone case 

In the Defective Cellphone case a disassembly strategy is applicated to retrieve those 

components which have a sufficient good quality to be used for the production of 

others products, while defective components are discarded.  

In order to apply the disassembly strategy two production processes have to be 

considered: a first production process in which the product obtained is defective and 

so it has to be discarded, and a second production process in which the good 

components of the first product are re-used for the second one. Therefore two 

production processes have been executed and the results of the first one are 

represented in the images from 6-21 to 6-30. In the images 6-21 and 6-22 the first 
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Product is represented and, as it is possible to see from the images, it is a Defective 

Cellphone.  

 

Figure 6-21: Representation of the individual 7_1 

 

Figure 6-22: Representation of the Property assertion of the 7_1 with the reasoner active 

In the images from 6-23 to 6-30 all the components of the Product are analyzed and it 

is checked the state of each component. In the images 6-23 and 6-24 the PCB is checked 

and it is possible to see that it is a defective component and so it is not Repairable and 

not Recyclable. In the images 6-25 and 6-26 the state of the FrontCover is checked and it 

is verified that the front cover is Recyclable and so it can be used for the production of 

a second product. In the images from 6-27 to 6-30 the condition of the fuses are checked 

and it is possible to verify that these components are Recyclable.  
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Figure 6-23: Representation of the individual PCB_Feature_1 

 

Figure 6-24: Representation of the Property assertion of the PCB_Feature_1 with the reasoner 

active 

 

Figure 6-25: Representation of the individual FrontCover_Feature_1 
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Figure 6-26: Representation of the Property assertion of the FrontCover_Feature_1 

 

Figure 6-27: Representation of the individual Left_Fuse_Feature_1 

 

Figure 6-28: Representation of the Property assertion of the Left_Fuse_Feature_1 
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Figure 6-29: Representation of the individual Right_Fuse_Feature_1 

 

Figure 6-30: Representation of the Property assertion of the Right_Fuse_Feature_1 

After the ontology recognizes the Recyclable components a second production process 

is executed in order to verify if the ontology is able to associate to the new product the 

recycled components. The result of the second production process is shown in the 

images 6-31 and 6-32.  



128 | Ontology Implementation 

 

 

 

Figure 6-31: Representation of the individual 7_2 

 

Figure 6-32: Representation of the Property assertion of the individual 7_2 with the reasoner 

active 

As it is possible to see from these images the components which were present for the 

product before, which were in good state, have been utilized for this product, 

contrarily to the PCB which has been substituted with a new component and the 

BackCover that the previous Product did not have.  
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7 Result and discussion 

In this chapter the results obtained from the validation and the population of the 

ontology will be discussed. In particular the analysis will concern on the different 

scenarios presented in the validation of the ontology and the results obtained after the 

two populations of the ontology.  

7.1. Results: Ontology Validation 

The validation of the ontology has been executed in order to determine if the logic of 

the ORMA+ ontology was correct. To verify if the logic inside the ontology was correct 

three different scenarios were identified: one related to the creation of a Dummy 

Cellphone, one related to the creation of a Repairable Cellphone and one related to the 

creation of a Defective Cellphone. These 3 cases are reported below: 

• Scenario 1: Creation of a Dummy Cellphone. In this scenario a production 

process has been executed considering a Good_Operating_State Asset and a 

Product formed by Good_State_Components.  

• Scenario 2: Creation of a Repairable Cellphone. In this scenario a production 

process has been executed considering a Bad_Operating_State Asset and a 

Product with an Intermediate_State PCB. 

• Scenario 3: Creation of a Defective Cellphone. In this last scenario a production 

process has been executed considering a Bad_Operating_State Asset and a 

Product with a Bad_State PCB.  

The results obtained from these scenarios enable to make the following consideration:  

• The goal of the ORMA + ontology is to help any operator to act accordingly to 

the results obtained from the ontology. As a matter of fact by running the 

reasoner when the product arrives at the Manual Station, it is possible to 

determine the condition of the drilling machine and the state of the components 

that make up the product, determining, in this way, the quality of the produced 

product. Thanks this tool it is therefore possible to help/improve decision 

making by aiding an eventual operator to make the correct decisions, finally 

and avoiding the delivery of defective products to an eventual costumer.  

Now that this consideration has been made it is necessary to move on to the part 

dedicated to the population of the ontology as it represents the practical application of 

the ontology. 
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7.2. Results: Population of the ontology 

As seen in the chapter “Ontology Implementation” two different population have been 

executed: one with the data obtained from the line and a second one which simulates 

a line with the necessary instruments to implement specific actions such as repairing 

or disassembly.  

Starting with the population of the ontology with the data obtained from the line it is 

necessary to make the following consideration:  

• The main outcome it is possible to derive from the first population is that the 

proposed solution can be implemented in a real industrial context. As a matter 

of fact the ontology is able to interpret and analyze the data coming from the 

servers of the FML to obtain the results seen during the ontology validation 

phase, like the quality of the product or the components that constitutes the 

product and so on.  

Concerning the second population, this was executed with the aim to show all the 

potentialities of the ontology in the case the line was characterized by the needed 

instruments to perform a real time operation on the product. So respect to the previous 

case the following consideration can be made: 

• In this case the proposed solution has shown that the ontology is able to execute 

some real time complex reasonings like the repair or the disassembly of a 

product. In fact the ontology is able to determine if a product needs to be sent 

to a repair station, therefore, stopping the production process and waiting for 

the part to be repaired and reinserted into the line before continuing the 

production process. At the same time, the ontology is also able to determine if 

the product obtained is defective and so if it is necessary to execute the 

disassembly of the product, keeping only those components whose quality is 

sufficiently good to be re-used for another production process.  

7.3. Potentiality of the ORMA+ 

The application of the ontology proposed in a small scale manufacturing environment 

like Industry 4.0 Laboratory of Politecnico di Milano, gives a relevant validation of the 

model itself.  

The aim of the ORMA+ ontology is to provide an instrument which can help an 

eventual operator to improve decision making. It has been, also, proved during the 

population of ORMA+ that the ontology can have an industrial application. As a 

matter of fact, in the ontology the ZDM strategy of Detection and Repair have been 

introduced in order to make the ontology more extended, innovative and complete, 

introducing a triggering factor and triggering action to deal with specific situations 

like the repair of one or more components. It is worth also observing that a recycling 
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activity is also integrated and supported by the ontology through the disassembly; this 

increases the potentiality in the innovative aspect of the ontology, suggesting a further 

step beyond the ZDM strategy in its pure definition as found in literature, toward a 

“sustainable” ZDM strategy. 

Furthermore, as mentioned in the Literature Review chapter, in order to make the user 

of the ORMA+ ontology free to choose which process works the best in the given 

industrial context, both a process and product oriented approach have been added in 

the ORMA+ ontology. In fact, in the proposed solution a process based approach is 

utilized to determine the status of an asset, the drilling machine, in function of the data 

collected by the FML. The product based approach, instead, consists in determining 

the state of the PCB, one of the components of the product, in function of what has 

been observed by the camera of the Camera Station.  

Overall, ontologies are expected to play a significant role in the future for several 

manufacturing industries, given that data, information, and knowledge are expected 

to continuously rise up and their management and integration is assumed to be more 

and more a challenging activity. Indeed, the role of an Ontology like the one developed 

in this work is to increase, through semantic capabilities, the cognitive ability, and this 

will be an essential feature in the future of manufacturing systems. Therefore, it can be 

asserted that, with this thesis work, the exploration of the Cognitive Digital Twin has 

been initially launched. To this last regard, it is worth remarking that the “traditional” 

understanding of a Digital Twin as a mirroring element of the reality (in this case, the 

reality is the physical product) is inherently embedded in the solution developed so 

far in the thesis; a step further, enabled by the same provided solution, is built on the 

reasoning enabled by the Ontology, this helps to provide the cognitive ability expected 

in the visionary definitions of a Cognitive Digital Twin. 
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8 Conclusions 

The thesis work carried out was aimed at creating a tool that could be used within an 

industrial context in order to help an operator make the right choices based on the  

reasonings produced by the ontology and consequently by the Digital Twin of the 

product. In order to obtain this solution a Systematic Literature Review has been 

performed to determine the gaps present in the Literature to motivate this thesis work. 

Based on the gaps found a Research Design has been carried out to determine the 

objectives of this thesis work. These objectives have been fulfilled by the ORMA+ 

ontology in the validation and population phase of this thesis work, where the intrinsic 

logic of the ontology and the implementation of the ontology in a laboratory scale have 

been tested. Therefore the work carried out, through the conjunction between the 

ontology containing the ZDM strategies and the modeled digital twin of the product 

obtained from the line at the Laboratory, finds an implementable way to monitor the 

line itself, providing an adequate aid to an eventual operator, thus reducing the 

possibility of committing any mistakes in the direction of ZDM.  

In this Chapter, an analysis of the research contribution and the practice contribution 

that the proposed solution give is going to be treated. These tasks are carried out by 

explaining how the implementation of the solution of this thesis work may open the 

way to providing the exact validated application cases that are necessary to fill the 

research gaps as well as an explanation of the practical outcomes of the proposed 

solution. Furthermore, an overview of the limitations of the performed work together 

with the possible future researches to enrich the solution proposed will be provided. 

8.1. Research Contribution 

The proposed solution of this thesis work can fulfill the gaps that have been seen in 

the Literature Review in order to expand the use of ontologies for ZDM related 

applications. The gaps found in the Literature are addressed by this thesis work in the 

following way:  

 

➢ Main Objective: Creation of a Digital Twin using an Ontology in order to 

enable a cognitive capability to apply a Detection and Repair strategy to 

finally pursue the objective of a ZDM. 
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➢ The ontology realized permits to develop a Digital Twin of the product obtained 

by the FML and, when certain conditions are met, to apply the ZDM strategies 

of Detect and Repair. As a matter of fact the Detection strategy is applied to 

determine the state of the product’s component or the state of the Asset. In this 

way it is possible to verify if it is necessary to adopt a Repair strategy or, if the 

product is defective, if it is possible to disassemble the product in order to 

retrieve the recyclable components. Thanks to the use of these two strategies, it 

is therefore possible to validate the proposed solution and to avoid the delivery 

of defective products to an eventual costumer, since it is possible to determine 

the quality of the product and help the operator to make the correct decisions. 

For what concerns the other sub objectives instead: 

 

● Secondary Objective 1: In the Literature it is shown how the Repair strategy of 

the ZDM is not frequently utilized as, in order to use that strategy, is 

necessary to find a good trade-off between the utility of the strategy and the 

cost and time that the introduction of that strategy may determine. The 

proposed solution may then consists in the combined use of the Detect and 

the Repair strategies to try to solve this trade-off.  

➢ In this thesis work both these strategies are used together. The Detect strategy 

was used since this strategy is the most documented and used in the literature, 

therefore the use of this strategy makes the ontology conform to what was 

found in the literature. At the same time, however, given the versatile nature of 

the ontology, the Repair strategy was also introduced in the proposed solution 

in order to make the ontology more extended, innovative and complete, 

exploiting a combination of triggering factor, the detection strategy and the 

triggering action, the Repair strategy. After the validation of the ontology there 

is no way to tell if this combination helped solving this trade-off analysis, but it 

has been demonstrated the possibility to integrate the Repair strategy in the 

entire approach to try to solve this issue. 

 

● Secondary Objective 2: It has been observed that in the literature there are 

several papers in which an application of a ZDM strategy was presented in 

different sectors, this may make it difficult to understand which tools / 

techniques can be used and the requirements necessary to obtain a ZDM in a 

more general sense. To this end the proposed solution may then include a 
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standardization of the ZDM terms and definitions, helpful in a sectoral 

independent definition of ZDM-related concepts. 

➢ The use of an ontology has proven to be fundamental since the ontology in itself 

involves the introduction of a standardization of the terms and the introduction 

of a series of definitions, which can make this proposed solution also applicable 

to other contexts. In fact, one of the key points of the ontology is the Knowledge 

Reuse; for this reason it is possible to use the knowledge present in the ontology, 

about ZDM,  to construct a new specific solution for any new context. 

 

• Sub Objective 3: In the eligible articles, no unified procedure for data 

collection, management and elaboration is provided in a unified framework. 

So it can be interesting to provide a solution able to provide such structure. 

 

➢ In order to cope with this aspect the solution proposed has been validated in a 

simulated environment where the population of the ontology is realized with 

the data obtained by the production line (the FML of the Lab) under analysis 

and, accordingly to the data collected by the ontology, it is possible to determine 

the quality of the realized product. 

 

● Sub Objective 4: In the eligible articles the approach usually utilized is a 

product based approach since it is easier to implement due to its nature. For 

this reason this objective advances the possibility to utilize a process oriented 

methodology in the proposed solution. 

 

➢ In the proposed solution a combination of product and process based approach 

is utilized. In fact the proposed solution consists in determining the status of an 

asset, the drilling machine, following the data collected by the FML and then 

determining the quality of the product made accordingly to the status of the 

Asset and the state of the PCB, one of the components of the product, in function 

of what has been observed by the camera of the Camera Station. This choice 

was done since accordingly to [48] one of the two process can be more or less 

effective in function of the industrial context of application, for this reason the 

proposed tool do not impose a specific approach but it allows to adopt the way 

that best suits the specific context.  
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8.2. Practice Contribution 

Based on what was previously said in the chapter dedicated to the Research 

Contribution, it was possible to identify a series of shortcomings that led to the 

definition of some practical objectives that must be fulfilled by the solution found and 

validated in the Industry 4.0 Laboratory of Politecnico di Milano. 

Many of the activities carried out in the Laboratory were aimed at creating a tool 

whose goal was to model an ontology that would allow the creation of a digital twin 

of the product obtained following a FML cycle. For this purpose, a work previously 

performed in the Laboratory based on the creation of an ontology (the ORMA 

ontology) was taken as a model [23], which had the purpose of monitoring the status 

of one of the assets present on the Flexible Manufacturing Line, the Drilling Machine. 

With the use of a set of know-hows such as the BFO [49][69], IAO [70] and CCO [71] 

ontology and the ORMA ontology [23] it was possible to realize the ORMA + ontology 

which was implemented and validated in order to determine the quality of the 

products obtained from the line. 

The following practical results have been obtained: 

• The realized ontology is able to interpret the data coming from the servers 

contained in the MLF through the use of a python code which puts the ontology 

in contact with a local database (InfluxDB) and also allows to use these data in 

order to perform the population of the ontology. 

• Once created, the ontology allows you to determine the quality of the product 

made by the line using the data provided by it and allows you to identify and 

classify the characteristics of the product such as its components and their status 

or the production process which was used. 

8.3. Limitations of the current work 

The current thesis work has some limitations on the ontological modelling side as well 

as on the technological deployment side.  

As a matter of fact, the ORMA+ ontology, as the ORMA ontology [23], could not 

manage multiple cycles a product may have. Therefore, ORMA is limited in managing 

the knowledge in situations where a product may be realized by different machines of 

the same type in the same working step. 

From the technological deployment side, the Digital Twin obtained with this thesis 

work is a digital copy of the product which requires the presence of an operator who 
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must make decisions based on the results shown by the ontology. The possibility of 

giving the ontology the ability to choose which is the best (optimal) action to perform 

based on results obtained from the ontology was not considered in this work, given 

the lack of the necessary instruments on the line to perform such operations. 

Accordingly to this the Repair and Disassembly actions theorized in the validation of 

the ontology have been just introduced as proof of concept since in the line there is not 

the possibility to apply these actions.  

8.4. Future Researches 

Overall this work of thesis with its ability to realize a solution able to determine a 

Digital Twin with the support of an ontology paves the way to other future researches.  

As a matter of fact it has been said throughout the entire thesis work how the solution 

proposed can be made more complete, if the FML had the necessary actuators to fully 

exploit the potentialities of the ontology. So one of the possible future application may 

concern how the proposed solution may work in an industrial context with the needed 

instruments in order to realize a digital twin able to take decision on its own in real 

time. A second future development may be the introduction in the proposed solutions 

of the missing Zero Defect Manufacturing strategies in order to make the solution 

more complete. Another possibility can be the introduction of other possible 

monitoring processes, as a matter of fact in the current solution only the Boolean and 

Energy values coming from the sensors are evaluated. However in an eventual 

industrial context there may be several other data which may be used in order to 

perform other monitoring systems, like for example the monitoring of the energetic 

anomalies or the monitoring of the times taken in order to perform the needed 

operations. These new kinds of monitoring could be integrated; at the same time, it 

can be expected that they should be based on the specific domains / sectors of 

application, for which appropriate knowledge has to be considered to finally proceed 

with the integration. 
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A) APPENDIX: Data Collection 

Although the focus of the work is the development of an ontology for the application 

of the ZDM, a secondary but not negligible part of the work carried out was the 

collection of data from the machines present on the line in order to be able to verify 

the functioning of the ontology. This step is in fact essential as the data collected by 

the various servers can then be entered into the ontology to verify its operations. This 

process can then enable a method through which it is possible to collect data in real 

time, which can then be entered into the ontology to perform operations in almost real 

time. To achieve this objective the steps followed are represented in the image below 

 

Figure A-1: Steps executed in the thesis work 

In order to better understand how it was possible to extract the data from the servers, 

it is necessary to dwell for a moment on the architecture currently present in the 

laboratory, the OPC UA.   

OPC-UA 

OPC UA is a Client-Server protocol, in which possibly more than one Client interfaces 

itself directly with the Server to acquire data. The Client send one or more requests for 

services to the Server, which provides a service as an answer, like for example a data 

read or a subscription and so on.  

 

Figure A-2: Representation of the sending and receiving of a request to a server 

The exchange of information can happen over TCP (Transmission Control Protocol) or 

can happen over another application layer protocol which is HTTP (Hypertext 

Transfer Protocol), which are not going to be considered since in the Lab the 

communication stack utilized is the TCP one. There are several reasons according to 



| APPENDIX: Data Collection 145 

 

 

which OPC UA should be utilized, as a matter of fact in addition to a practical interface 

for the acquiring of industrial data, OPC UA provides also a framework to execute 

Information Modelling, to represent and organize the signals which are provided by 

the server. So Information Modelling can be used to represent complex informations 

as Objects in an Address Space. The Objects consist in Nodes (characterized by a 

unique identifier called NodeId) which are linked by References. The class of Nodes 

to consider is the Variable Node so a Node representing a value that can be read or 

written. This Node has an associated DataType, which define the actual value of the 

sensor such as a string, a structure, a float and so on. In this way using OPC UA is 

possible to access a server current value by investigating the Nodes. Therefore it is 

possible to associate a node to each signal, making possible to collect signals of interest 

using the OPC UA specification, which once invoked on a Server permits to acquire 

the values stored inside its nodes, depending on the library that it is used to interact 

with OPC UA Servers. 

Now that it has been seen how to take advantage of some basic elements of OPC UA 

there is the need to investigate more deeply on how to explore the Nodes and be able 

to read their data. In this part it is not necessary to dwell on the technical details that 

allow to perform a data reading, but a characteristic of OPC UA is treated: its 

asynchronicity. Previously it was said that OPC UA is a Client-Server protocol and 

that therefore every time it is necessary to obtain data from a server it is necessary to 

send a request to the server and wait for its response. This mechanism appears 

immediate in the case in which there is just a server and a client, but in the case there 

are more servers the situation becomes more complicated. Specifically, every time a 

request to a server is made to obtain data, the request is sent to the server which must 

respond and send a response to the customer, who can make a new request. In the 

event that there are multiple servers although multiple requests are sent at the same 

time, the requests do not arrive at the servers at the same time. Let’s consider the case 

of a client and two servers in which the client sends a request to the two servers at the 

same time. Although the request is sent at the same time, one of the two servers will 

not receive the request immediately, but will have to wait for the other server to receive 

the request and respond before receiving its request. However, there is a way to 

overcome this problem by leveraging the asynchronicity of OPC UA by resorting to a 

process known as Concurrent Programming. According to the definition reported by 

Wikipedia, Concurrent Programming means: "Concurrent computing is a form of 

computing in which several computations are executed concurrently, during 

overlapping time periods, instead of sequentially, with one completing before the next 
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starts". Using concurrent programming is possible to sent multiple request to multiple 

servers permitting the user to work with different tasks at once, since there is not the 

necessity to wait for the server response each time to send a request to another server 

 

 

Figure A-3: difference between a non concurrent system (on the right) and concurrent one 

(on the left) 

Work Performed 

Now that the basic understanding of OPC UA and concurrent programming has being 

covered, it is possible to introduce the activities which have been executed. In the 

Industry 4.0 Lab every station has an Energy and an Operational PLC and every of 

these two PLCs runs an OPC UA Server. The Energy Server publishes signals related 

to the energy consumption of the station while the Operational Server publishes 

mainly Boolean signals related to the presence of carriers in specific positions of the 

conveyor. The OPC UA servers are on a local network accessible either by connecting 

at AP-CP-Lab via Wi-Fi but it is also possible to connect an ethernet cable from the 

personal computer to one of the line's hubs.  
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Figure A-4: Taken from 6.1.1, Representation of the Flexible Manufacturing Line in the 

Industry 4.0 Lab 

Linux Virtual Machine 

To retrieve the data from the servers a Linux virtual machine has been installed on the 

computer by using the hypervisor desktop VMware workstation pro. The reasons to 

use a virtual machine with Linux on it are several, as a matter of fact the Linux 

environment present different advantages like the lightweight open source operating 

system, its flexibility, since Linux system provides high performance over different 

networks and the possibility to use an environment in which there are all the tools 

necessary for application development, such as the python environment, the Go 

environment and many others. For all these different reasons it has been decided to 

utilize a virtual machine with the aim to get all the characteristics reported above and 

to get a unique environment in which all the needed elements were contained in a tidy 

manner using Docker features.  

Docker 

Docker according to https://www.ibm.com/cloud/learn/docker is an open source 

containerization platform which allows to  develop, ship, and run applications in the 

background of the virtual machine. As a matter of fact Docker enables developers to 

separate your applications from your infrastructure by packing applications into 

containers, where by container is intended: “A container is a self-contained execution 

environment that shares the kernel of the host system and which is (optionally) 

isolated from other containers in the system" where the kernel is the Linux Kernel so 

the part of an operating system that manages interactions with the hardware of a 



148 | APPENDIX: Data Collection 

 

 

computer.  To summarize a container is a standardized executable component which 

combine application source code and operating system libraries and the dependencies 

required to run the code. In this way it is possible to simplify the delivery of distributed 

applications, while enabling multiple applications component to share the resources 

of a single instance of the host operating system in the same way a hypervisor enable 

multiple virtual machines to share the CPU, the memory and other resources of a 

single hardware server. So containerization provides several benefits and 

functionality, for example Docker enhances the 

native Linux containerization capabilities with technologies that enable: 

● Improved—and seamless—portability 

● Even lighter weight and more granular updates 

● Automated container creation 

● Container versioning 

● Container reuse 

● Shared container libraries 

So once the virtual machine has been installed, Docker was installed and different 

containers were created, one container for Golang, one dedicated to Python and finally 

one dedicated to InfluxDB were created following the procedure expressed in the 

Linux official website. Now It is necessary to focus the analysis on the functions 

performed by the individual containers starting with the one dedicated to Golang.  

Golang 

Previously It has been introduced the concept of concurrent programming, but it was 

not stated which are the possible solutions to obtain this result and between all the 

possible solutions the choice fell on Golang, the Google programming language. The 

details of the Go syntax are not going to be considered or how is this language 

compared to other ones, but it will be discussed what are the concepts behind how the 

protocol can be exploited. In fact the protocol can be used to gather data faster in 

certain situations using Go programming language and its open source OPC UA Client 

library gopcua. As a matter of fact Golang provides easy ways to write and launch 

concurrent programs, but before getting into the how and why, it is necessary to cover 

the what. There are two primary elements of Go’s concurrency model: 
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● Goroutines: a concurrent thread of execution, which execution is decided by the 

Golang scheduler, which in order to be spawned it is necessary to put the 

keyword “go” before a function 

● Channels: it is the way through which goroutines communicate each other via 

message passing. So Channels represent how goroutines share data with one 

another without the complexity and safety concerns that come with sharing 

memory. In terms of usage, a channel can essentially be thought of as a typed 

queue with optional capacity. 

 

Concerning the object of this thesis work to serve a request to the different servers in 

the line, it is necessary to query the API of the servers, process their data into a 

consistent format and aggregate all of these data into a single response payload. For 

this reason, scripts have been created in Golang in order to be able to send a request to 

the various servers that make up the line in order to be able to collect the energy values 

of the servers and the various Booleans. Once the script has been executed, the values 

collected by the server are printed on the virtual machine terminal and on InfluxDB.  

InfluxDB 

InfluxDB is a database management system developed by InfluxData, Inc and 

programmed in the Golang programming language. This system was designed for 

Time Series databases (TSDB) and therefore for databases that are also used to collect 

and analyze data from sensors or time-stamped protocols over a certain period of time. 

Once in the database these data must be processed quickly, for this reason a time 

service known as Network Time Protocol (NTP) is integrated in InfluxDB which 

ensures time synchronization in all the systems. Nevertheless the data coming from 

the servers are sent to InfluxDB in which they are collected and stored for further 

applications like the creation of a dashboard or to be inserted inside the ontology. In 

order to execute this last step another passage is necessary, as a matter of fact there is 

the necessity to use a python script in order to retrieve the data from InfluxDB and 

convert them in a format which is readable for the ontology using the python library 

owlready2. 

Python 

As final step of this operating process a python script was realized in order to convert 

the data coming from InfluxDB as a CSV file which is then utilized to populate the 

ontology. As a matter of fact the initial part of the code is dedicated to retrieve the data 
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coming from the servers which are stored in InfluxDB and convert them into a CSV 

while the second part of the code is dedicated to use this CSV file to populate the 

ontology using the functions contained in the owlready2 python library. This part will 

be seen in greater detail in the next chapter, Appendix B  
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B) Appendix: Python Code 

B.1. Python code for the data extracted by the FML 

 

Figure B-1: Initial part of the code 

In the image B_1 there is the starting point of the python code. Here the csv file, 

obtained from the FML, is read and the elements in the csv file are organized in Station, 

node_id, Timestamp, valore and TS. Where Station is the name of the station, the 

node_id is the name of the sensor, the Timestamp is the time at which the data is taken, 

valore is the value of the sensor and TS is the list of objects processed in the FML in a 

Digital Twin logic. The first if statement says that if the name of the node is contained 

in lista_bool, which is the list of all the sensors recording a boolean value, it will be 

processed. In case the name of the sensor is not contained in that list then the sensor is 

not a Boolean sensor, but it is an energy sensor which has valore equal to the energy 

reported in the csv file.  

 

Figure B-2: Reading of the Station in the CSV file 

In the image B_2 there is the second if statement of the python code, in particular it says 

that all the stations of the FML are read. 
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Figure B-3: Creation of an Individual and Id in the FrontCover Station 

The first station to be analized is the FrontCover station, image B_3. In this station a 

new Individual is going to be created with the name “1_” plus the Individual object id. 

The object id is obtained by means of an algorithm which gives a different object id each 

time a new Individual is seen in the FML. In this way the system creates a digital image 

of the process which is happening in the FML (Digital Twin). The same logic is applied 

for the Individual id, which has name “Process_1_Product_” plus the Individual object 

id. This part of code will be executed in each station of the FML in order to keep track 

of the movement of Individual along the FML 

 

Figure B-4: Adding of the front cover component to the Individual 

Since we are dealing with the FrontCover Station the individual front cover is going 

to be created and is going to became a component of Individual. As a matter of fact in 

the image B_4 it is possible to see that Individual has now a component which is front 

cover. The individual front cover has a feature, namely frontcover_feature, which is 

attributed to the individual because in the next station, the Drill Station, the front cover 

is going to be drilled and so the quality of the drilling process must be recorded in the 

frontcover_feature.  

 

Figure B-5: FrontCover Station position of the individual 
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After the operations described in the images B_3 and B_4 are done then a position is 

attributed to Individual, as a matter of fact in the image B_5 Individual has a position 

named FrontCover_Station.  

 

Figure B-6: Representation of the FrontCover Energy station 

In the image B_6 is shown that if the name of the station is FrontCoverEnergy then 

only the energy value of the station is reported.  

 

Figure B-7: Representation of the Drill Station 

The next station to analyze is the Drill Station, here the code shown in image B_7 has 

the same initial structure of the FrontCover Station. The difference respect to the 

FrontCover Station is reported in the lower half of image B_7 where the id of the two 

individuals created in the FrontCover and Drill station are confronted. This passage is 

necessary in order to execute a simple tracking process where if the IDs are the same 

only the entity created in the latter station is kept, as seen in the image B_8. This is 

done because in case of error it is possible to check the id of Individual and see which 

was the last station visited by the Individual.  
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Figure B-8: Representation of the Shacker function 

In image B_8 it is also shown the elements corresponding to the analysis of the shacker. 

If the shakcer is not active then the individual Drilling_Machine has a feature which is 

characterized by Malfunctioning equal to false otherwise it has value true.   

 

Figure B-9: Representation of the Drill Station Energy 

In the image B_9 is shown that if the name of the station is DrillEnergy then only the 

energy value of the station is reported 

 

Figure B-10: Representation of the Robot Cell 

In the image B_10 it is presented the mechanism introduced in the code in order to 

read the value of the sensor xStart, following the modalities described in 6.1.1.  
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Figure B-11: Individual and id creation in the Robot Cell 

 

Figure B-12: Comparison of the Individuals id and Individual "2_” + str(st2) destruction 

In the images B_11 and B_12 the same operations executed in the previous stations are 

presented and this part will be overlooked.  

 

Figure B-13: pcb and fuses insertion 

In the following image, figure B_13, the insertion of the pcb and the fuses is treated. It 

is also possible to see that for the left and right fuse the feature associated is Conform 

since, as described in the image, there is no way in the ontology to determine the 

feature of these 2 elements.  

 

Figure B-14: Representation of the Robot Energy station 



156 | Appendix: Python Code 

 

 

 

In the image B_14 is shown that if the name of the station is DrillEnergy then only the 

energy value of the station is reported 

 

Figure B-15: Representation of the Individual and id creation in the Camera Station 

 

Figure B-16: Representation of Components insertion 

In the images B_15 and B_16 are contained the operations already treated in the 

stations before and so they will be overlooked. 
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Figure B-17: Operations in the case of a Circle image on the PCB 

 

Figure B-18: Operations in the case of a Square and Triangle image on the PCB 

In the images B_17 and B_18 it is possible to see the elements introduced in the python 

code to determine the pcb images. The pcb images determines the relationships 

present in the images B_17 and B_18 like the quality of the Individual or the 

relationship between the quality and the image on the pcb. In particular, even if the 

quality of the Individual is determined in this moment, there are not the actuators 

necessary to operate on the Individual in real time. For this reason, even if the 

Individual is defective, the operations of the next stations will be executed even if it 

means to waste components and energy.  
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Figure B-19: Individual and id creation in the BackCover Station 

 

Figure B-20: id comparison in the BackCover Station 

 

Figure B-21: Components insertion in the BackCover Station 
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Figure B-22: Operations to execute in case of a Triangle image 

Accordingly the operations shown in the images B_19-B_22 are going to be executed 

even if the Individual is defective. These operations are the same described for the 

stations before so they have already been examined. The same goes for the images 

B_23-B_28 where the Press Station and the Manual Station are going to be treated 

 

Figure B-23: Individual and id creation and id comparison in the Press Station 
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Figure B-24: Components insertion in the Press Station 

 

Figure B-25: Representation of the Press Energy Station 

 

 

Figure B-26: Individual and id creation and id comparison in the Manual Station 
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Figure B-27: Components insertion in the Manual Station 

 

Figure B-28: Representation of the Manual Energy Station 

B.2. Python code for an hypothetical enhanced FML 

For enhanced FML is intended a line characterized by the necessary actuators to 

operate in real time to a product, which is being processed by the line. The ontology 

developed in this thesis work is already able to operate in real time to manage the 

repair and disassembly process of  an eventual product. Instead the FML in the 

Laboratory of Industry 4.0 at Politecnico di Milano has not the actuators to do so. For 

this reason a new code has been developed to simulate the behavior of an hypothetical 

Repair and Disassembly station present in the FML. 

The new python code is able to show all the potentialities of the ontology has the same 

structure of the one used to elaborate the data coming from the FML, but there are 
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some evolutions. The first one is the introduction in the code of the Repair and 

Disassembly station, while the second one is the activation of the reasoner after each 

time a product goes to a different station. In this chapter will be treated only the 

enhanced features of the Repair and Disassembly station. 

 

Figure B-29: Front Cover recycle at the FrontCover Station 

In the image B_29 the Disassembly process is being treated. As a matter of fact 

concerning the FrontCover Station there may be some recycled components to deal 

with. If there are recycled components then the front_cover_list is different from 0, so 

it is not necessary to create a new front cover individual but it is possible to use the 

one already inside the ontology. As a matter of fact it has been considered the case of 

an already existing population in which the Individual obtained was a discarded 

product and so the good state components have been recycled. Instead if the 

front_cover_list is equal to 0 no pieces are recycled and so it is necessary to utilize a 

new front cover. The same procedure is utilized for the Robot Cell where the fuses are 

eventually re-inserted on the product as it is possible to see in the image B_30 
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Figure B-30: Fuses recycle at the Robot Cell 

Now the last element to consider is when these components are sent to the 

Disassembly Station. This part is treated in the following images 

 

Figure B-31: Representation of the Disassembly Station 1/2 
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Figure B-32: Representation of the Disassembly Station 2/2 

As represented in the images B_31 and B_32 when there is a pcb with a triangle image, 

meaning that the product must be discarded, then the good state components are sent 

to the Disassembly station. In this case the tuple to fill is that Station is the Disassembly 

Station, the node_id is the component to recycled and the value is the id of the 

component to be recycled. So after these components are sent to the Disassembly 

Station then the lists seen in the images B_29 and B_30 are filled with the respective 

components.   

For what concerns the Repair station, the following image will be considered  

 

Figure B-33: Representation of the start of the code 

In the image B_33 the initial part of the code is presented and it is possible to see the 

structure of the Repair station. The first element to consider is rep_current_object 

which at the start of the execution is equal to none, meaning that no piece needs to be 

repaired. Then it is possible to evaluate the Repair Station structure which is composed 

by station, node_id, timestamp and valore. The Station is always equal to Repair 

Station, the node_id is the station in which the component must be re-inserted and 

rep_current_object is the piece which needs to be repaired. In the following images the 

application of the Repair Station is going to be seen. 

From the image B_34 it is possible to see that when the Individual arrives at the Robot 

Cell two situations may happen: in the first case there is a front cover which is coming 
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back from the Repair Station and so since it has been repaired the front cover has not 

the Repairable feature anymore but now it has the Conform feature. In the second case 

there are no pieces coming back from the Repair station and so no repaired pieces have 

to be processed.  

 

Figure B-34: Front Cover retrieval from the Repair Station 

 

Figure B-35: Sending of the front cover to the Repair Station 

In the image B_35, in case the shacker was active, the front cover needs to be repaired 

and so it is sent to the Repair station. In this case it is possible to see the tuple that must 

be filled in order to send the component to the Repair Station. Station is always Repair 

Station, the node_id is equal to Robot Cell, so the front cover must re-enter in the Robot 

Cell and the value is equal to the id of the front cover individual. It is also possible to 

see that the frontcover_feature is eliminated in the case the front cover is repaired. 

Now the component has not the Repairable feature anymore since it is sent to be 

repaired and instead, as shown in image B_34, it has the Conform feature now. This is 

one of the two parts of the code in which the components are sent to the Repair Station, 

the second one is the BackCover Station.  
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Figure B-36: Retrieval of the pcb from the Repair Station 

 

Figure B-37: Sending of the pcb to the Repair Station 

As it is possible to see from the images B_36 and B_37 the situation is the same 

expressed for the Robot Cell but with the pcb in this case. As a matter of fact if the 

image on the pcb is a square then the pcb needs to be repaired and so it is sent to the 

repair station. In this case the tuple is compiled in the following way: the station is the 

Repair Station, the node_id is the BackCover Station and the value is the id of the back 

cover individual. After the product is sent to the Repair Station the pcb feature is 

eliminated and instead the Conform one is given, as illustrated in the image B_36.   
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