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Abstract. Digital manufacturing has been challenged by the manufacturing industry 
to rationalise different ways to connect and to exchange information and knowledge 
across the manufacturing systems. One of the main pillars of the Industry 4.0 
concept is the horizontal and vertical integration with intelligent and self-adaptive 
systems. For this to be possible, the manufacturing industry applies an extensive 
range of software tools to aid its activities, such as SCADA, MES, ERP, 3D CAD, 
CAM, and so on. Individually, each one performs its function to support the 
manufacturing process. However, these software tools do not have an effective 
integration and interoperation, since they present different database structures, 
variables that have the same information with different names and data structures, 
and closed systems. Thus, it has been identified semantic interoperability issues 
(misinterpretations and mistakes) in view of the information heterogeneity from 
multiple perspectives and their relationships across the manufacturing process. In 
this context, this paper aims to present a discussion of interoperability issues across 
the manufacturing systems, as well as to introduce possible solutions according to 
the related works. a holistic approach is critical factors for long-term 
competitiveness solutions. The literature points out that the solution to this problem 
may be in the application of semantic technologies. These have the potential to 
provide solutions that are more comprehensive than the industrial approaches that 
have been applied through the formalization of information so that knowledge can 
be shared among multiple domains. 

Keywords. Manufacturing System, Semantic Interoperability, Formal Models, 
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Introduction 

Nowadays the companies need to answer quickly to the external changes concerning the 

stakeholder's needs[1]. In order for this to be possible, the manufacturing industry applies 

a varied range of software tools to support their activities. Some of the main tools are 
Product Lifecycle Management (PLM), Enterprise Resources Planning (ERP), Supply 

Chain Management (SCM), Manufacturing Execution Systems (MES), Supervisory 

Control and Data Acquisition (SCADA), and specific machine control systems [2]. All 

these systems together sustain the manufacturing process as a whole, from the highest 

planning level to the shop floor. To guarantee the highest productivity with a lesser 
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amount of loss and rework, it is necessary that these systems operate in an integrated 

manner. 

For an integration of systems to exist, these must exchange and share information. 

These systems share thousands of heterogeneous information and knowledge from 

multiple groups within and across institutional boundaries [3][4][5]. For example, the 

wrong identification of an item in a lot of parts with defects could cause the need for a 
recall in the automotive industry. The lack or low quality of information must generate 

several types of damages (time, quality, financial loss, and so on).  

There is an extensive range of systems available to the companies and each one has 

its own structure and language since each one was developed by diverse producers. All 

tools are created and optimized to aid a specific part of the manufacturing system process. 
In diverse situations there is not a single possibility of integration of the system, causing 

the extreme dependency on human participation and interpretation of the process. When 

the integration was predicted, it is usually based on specific patterns, that might not even 

be shared by the other applications. According to [2] the application of patterns of 

industrial communication can help, but nowadays these tend to be focused on few 

domains and are not adequate for the most variated layers of knowledge and information 
that need to be managed during the manufacturer. 

The knowledge from every part of the process and development of the product can 

be formalized, generating the representation of the same object coming from multiples 

points of view, as well as different representations of similar concepts [6][7]. [8] defines 

the multiple representations of an artefact or concept as “semantic heterogeneity”, which 

is an obstacle to the process of manufacture. To solve this problem it is necessary to 
realize the process denominated “semantic reconciliation”. This process s usually 

realized manually by the programmers on the moment of integrating different systems, 

or by the machine operators themselves during the manufacturing. In order to realize this 

process in a more automated environment, the companies are investing in computational 

network emerging technologies, such as the Semantic Web [11][12][13]. 

The Semantic Web is, in synthesis, a network of relationships between entities. 
However it’s objective is to operate as a virtual model of the object or process in the way 

that every part involved in the manufacture, machine or human, can be able to access the 

requirements of the product and process that is being produced in a common environment. 

The systematization of the knowledge, denoted interoperability, is one of the main 

aspects of the Semantic Web and is promoted through the ontological integration, with 
the goal to create a common ontology to every source of knowledge in an environment 

of information exchange [14][15][16][17]. 

An ontology is an explicit and formal specification of the characteristics of a term 

in a domain, as well as the relationships between these terms [9]. In computational 

systems, an ontology is a data structure where characteristics of certain entities or 

environments are stored, as well as the relationships between different characteristics of 
the same entity or different entities, registered in a machine-readable format. [8][10] 

In this context, this article has the objective to discuss the possible application of 

ontologies to solve the problem of semantic interoperability, present on the information 

systems, in an integrated manufacturing system to minimize the misinterpretation and to 

promote the automatic semantic reconciliation between these systems. 

Chapter 2 presents a specific view about the integration problem in manufacture aid 
systems, and where the system based on ontologies could be applied. Chapter 3 presents 

the main topics that indicate the path to the delimitation of the problem, and possible 

solutions, according to related works present in the literature. Chapter 4 promotes the 
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discussion of a possible solution based in ontologies for the semantic interoperability 

problem in the integrated manufacturing system. 

1. Problem Statement 

“An ounce of information is worth a pound of data. An ounce of knowledge is worth a 

pound of information. An ounce of understanding is worth a pound of knowledge” [18]. 

Figure 1 presents the view of a conceptual integrated manufacturing system model, 
associated with the levels of content present on the human mind according to [18]. These 

levels are: 

 

• Data Level - it is composed of symbols that represent the properties of objects 

and environments. These are raw, and can exist in many forms, usable or not 
[18]. It’s the level where the sensors, transducers, actuators, motors and etc. are 

present; 

 

• Information Level - it is the level where is present the data that have been given 

meaning through relational connections [18]. Comprehend the layers of control 

– composed by PLCs and other controllers – and SCADA / HMI, as well as the 
layers,  corresponding to the systems of corporative management, such as MES 

and ERP. In this level the data are already refined and have a local practice 

application, that is, in the process that they are inserted; 

 

• Knowledge Level - it is a collection of information that has the intention to be 

useful [18] not only for the process in question, but also to the other processes 
inside the same company, or even other companies. In the integrated 

manufacturing system, in general, there is no system applied to this level of 

content; 

 

• Understanding Level - this is the process that makes it possible to create new 

knowledge through the knowledge obtained early. The difference between 
knowledge and understanding is the same as memorizing and learning [18]. In 

this level occurs the decision-making on a company level, where the managers 

use all of the knowledge generated to parametrize all the processes in the way 

to direct the whole company to attend to reach the goals planned, as well as 

planning new goals. 
 

Figure 1 also proposes two distinct levels of integration present on the processes of 

operation and production in manufacturing: 

 

• Vertical Integration -  it is integration between the different layers of systems 

inside the same manufacturing process; 
 

• Horizontal Integration – it is the integration among the distinct processes that 

compose the integrated manufacturing system.  
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Figure 1. Elements of a Conceptual Integrated Manufacturing System. 

 

Figure 1 shows ideal conditions, where all the systems operate together and 
information traffics in all the ways. However, this doesn’t happen in reality [3]. The 

actual manufacturing systems have some kind of integration, but this is based mostly on 

industrial protocols, and they can reach more than two layers of information. [19] 

mentions that although industry has responded to the interoperability challenges with 

collaboration interfaces and integration mechanisms, these approaches may become 

unsustainable with the huge variety of system architectures in development.  
In detail A of Figure 1, it is possible to verify that there is no specific system to aid 

the level of knowledge, that is, applying the information captured from the processes. 

This happens because the functions of these levels are completely attributed to the 

managers and operators, once that the actual systems, in general, does not have any 

automation or intelligence created to aid this process. 

In order to create a tool for the automation of the knowledge level, it is necessary 
that all the information and knowledge originating from the process to be available. The 

detail B of Figure 1 points the need for an element in the system to unify all the 

knowledge and information coming from the most diverse layers of the integrated 

manufacturing system. Yet, in this process, two problems may appear: I – the same 

information \ variable being applied to different components (semantic problem) and II 
– different variables \ information being applied to the same component (syntactic 

problem) [20]. These problems are known as semantic heterogeneity and are problems 

of the semantic interoperability. 

In this context, is it possible to propose a vertical and horizontal integration 

intelligent system in order to support all phases of a manufacturing process, overcoming 

the semantic interoperability obstacles? 
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2. Related Works 

This section presents the main topics contained in related works of the current literature, 

that are in conformity with the research objective, in order to enlighten the path to 

delimiting the problem and finding a possible solution, as well. These topics are (i) 

Vertical and Horizontal Integration in Manufacturing Systems; (ii) Semantic 

Interoperability Concept; and (iii) Ontology-Driven Interoperability. 

2.1. Vertical and Horizontal Integration in Manufacturing Systems 

The companies must answer quickly to the product and manufacturing changes in order 

to be in a continuous evolution [3]. Industry 4.0 concepts have been applied to increase 

the level of horizontal and vertical integration on the manufacturing systems through 

Information Communication Technology [20].  
The horizontal integration is presented by [2] as the cooperation between one 

company and other related companies. Cooperative and competitive relationships 

establish an ecosystem where information, finances and materials can move continuously 

in cooperation. From the perspective of the system, the integration includes the 

interconnection of the elements of value, such as equipment, people, organizations, 

processes and products. The composition of the value networks connects and creates 
values between the elements.  Due to the interactive unions between the elements of 

value, the companies can generate advances and innovations. This creates the 

opportunity to develop new business’ models [21].  

The vertical integration is the integration of elements that are important to the 

company itself, such as the people, equipment and products in a production line or 

factory. The vertical integration also includes the tasks of integration, such as marketing, 
sales, services and procurement [22]. A manufacturing system can unite the activities of 

manufacturing in a value chain through the cyber-physical systems [21]. The vertical 

integration allows the holistic view of the manufacturing process and makes it react to 

the customers’ needs as fast as possible [23]. 

2.2. Semantic Interoperability Concept 

According to [24] the mistakes and miss-interpretations during the steps of design 
and manufacture correspond to 85% of the final cost of the products. In order to 

guarantee the optimization and cost reduction, keeping the same quality, the share of 

information during the different steps of the development of products and manufacture 

must be realized in an efficient manner [25]. 

[26] defines this situation as a semantic interoperability problem, where the meaning 
associated to the captured information must be shared between the different domains of 

a system without losing quality (meaning and intent) during the exchange process. The 

most common method to guarantee the lossless exchange of information during 

processes has been the definition of common information models [27] [28]. In order to 

accomplish this goal, the construction of ontologies has shown itself a viable solution on 

the formalization of these common information models, as well as in the sharing of 
formal information through the manufacture processes, what also provides the increase 

of the presence of the knowledge in the application domains [28] [29]. 
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[3] presents that even though technical standards such as ISA-95 (IEC/ISSO 62264) 

provides a very useful reference towards the interoperability as a tool for manufacture, it 

shows the limitations by the lack of semantic consistency on its 

operation/implementation. [30] illustrates the problem of misinterpretation between the 

users of ISA-95, identifying 83 errors in a simple real-world example, and demonstrating 

how these could be avoided if formal semantic approaches were used. [3] reinforces that 
representing information in a robust and consistent interpretable manner, in the way that 

it can be shared with trust, is a substantial problem. 

2.3.  Ontology-Driven Interoperability 

The principles and methods for the representation using ontologies were developed 

in the field of Artificial Intelligence to ease the share of knowledge and reuse among 
people and application systems [31]. The ontology was developed to provide a semantic 

that can be processed by machines in information sources that can be communicated 

through systems and humans [32]. The concept of ontology has its origin in philosophy, 

where it means a systematic explanation of being [33]. In the last decade, the concept of 

ontology has show itself more significant for the Intelligent Information Integration, 

Internet Information Retrieval, Knowledge Management and Semantic Web. The reason 
for this expansion is the promise to provide a common understanding and sharing inside 

a specific domain [34]. Nowadays, the ontology is recognized as an important technology 

to face issues of semantic interoperability [17]. 

Several research works have been carried out in the field of engineering applying 

ontologies to solve specific semantic interoperability issues. [35] researched a 

framework to semantically support the interoperability between design between product 
design and manufacturing. [36] created information mapping to translate information 

from the product design to manufacturing. [37] defined a model of manufacturing 

engineering that can be applied to enable the exchange of information between 

companies and between multi-disciplinary teams of design and engineering. [38] 

proposes an ontological model to evaluate the adesion of existing production systems to 

engineering changes requests or new products in the context of the automobilistic 
industry. [39] presents a semantic model to support the calculation of energy efficiency 

indicators in welded-assembly processes. 

The combination between Ontology Web Language (OWL) and the Semantic Web 

Rule Language (SWRL) was employed to solve different issues in representing 

constraints in formal models. Works such as [40] [41] [42] and [43] explore the 
combination of OWL and SWRL. Rules in SWRL offer a powerful layer of axioms that 

cooperate with OWL-based ontologies in order to provide the semantic enrichment. 

3. Discussion 

In order to meet the request of the Industry 4.0 to the connection and integration between 

processes (vertical) and companies (horizontal), it is necessary, before, to step back once. 

It is necessary to organize and formalize the information and integrate the internal 
processes, in the way of assuring the quality and confidence of the information that will 

be repassed to the partner companies. For this to be possible, the integration could be 

analysed at principle under the optics of processes and operations, dealing with the  
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vertical integration as the layers of systems in each process and the horizontal integration 

as the continuity of information and knowledge between every parallel process in the 

manufacturing. 

The tools proposed by the literature when applied to other domains of knowledge 

has shown themselves very effectively. Analysing the problem of the integration of the 

layers and processes as a problem of semantic interoperability it is possible to verify that, 
in an integrated manufacturing environment, with the problems of information traffic, 

the ontologies seems to be an interesting path to the solution. 

However, the development process of this system would require the integration of 

several domains / disciplines of knowledge. Examples are mechanics, electrics and 

automation that are applied to the machines, chemistry for the processes, materials 
engineering, production management,  business, marketing and many others. This 

requires a multidisciplinary team to work together upon creating manners of gathering 

all the information and knowledge involved in the manufacturing process in a single 

source. One of the obstacles that this platform will have to overcome is how to ease the 

transdisciplinary interaction among all these areas. 

To realize formal modelling in ontology, adequating the variables correctly in every 
step of the process for them to contribute with a unified common model, has the potential 

to turn the information accessible to every part of the manufacturing process. 

Additionally, once the models are organized and structured, a new horizon is open for 

the application of techniques from semantic interoperability, enabling for example to 

create formal rules and establishing relationships among these entities in order to aid the 

decision making and generation of new knowledge. 
With the knowledge formalized and accessible to every layer of all the production 

processes, it would be possible to minimize the errors, integrating the different layers 

and levels of information, reducing drastically (or even extinguishing) the necessity of 

the operator in some cases. In this manner it would be possible also to share information 

with partner companies with trust, enlarging the productivity of the ecosystem as a whole. 

Figure 2 presents the possible conceptual model of the integrated manufacturing 
system with the ontology-based system applied (Detail A of Figure 2). This environment 

would integrate and reunite the information coming from every system of manufacture 

aid through the semantic reconciliation technologies (Detail B of Figure 2). This way, 

beyond promoting the horizontal and vertical integration inside the company, the system 

would have all the knowledge of the process formalized and unified, improve the 
decision-making on the level of understanding, and possibly reducing drastically human 

mistakes on the integration of the systems. 

However, it is necessary to emphasize that the application of ontologies to industrial 

processes are recent and in development. The technologies of semantic interoperability 

require a specialist for the implementation and are made in manual processes, non-

automatized, making this procedure relatively costly. 
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Figure 2. The conceptual solution for the interoperability problem in an Integrated Manufacturing System. 

4. Conclusion 

This article presented research directed to identify the problems on the flow of 

information in an integrated manufacturing system and possible solutions explored by 

the literature. This work is pertinent as an initial approach to the problem, showing the 

direction to be followed in future research. However, many challenges and problems 

need to be solved with horizontal and vertical integration. The ontologies and semantic 
interoperability tools have shown as a relevant solution for the problem of information 

integration to the layers of software and processes.  

Additionally, the application of these technologies is not trivial and requires a 

holistic view of the whole manufacturing system, with specialists dedicated full time for 

the modelling of the knowledge structure. But, the integration of these processes can 
reduce drastically the necessity of human interference, increasing the confidence and 

quality of information, impacting directly on the productivity of the company. 

As a future work of this research, it is necessary to carry out a deeper review of the 

literature through a systematic literature review, in order to define and validate the state-

of-art in the related topics. The authors suggested as the main topics to the systematic 

literature review to explore semantic interoperability subject, integrated manufacturing 
systems, horizontal and vertical systems integration and other related areas. Additionally, 

the authors suggest the application of the main concepts identified in the literature review 

in experimental real cases. 
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