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Abstract. Manufacturing teams face the challenge of integration and reuse of computational information systems and 
knowledge. The management of information systems dealing with heterogeneous data and semantics meets the problem 
of interoperability between software applications, and it has been the basis to research on methodologies for the 
sustainability of reference ontology development. Ontologies facilitate the computational understanding, 
communication and seamless interoperability between people and organizations. They allow key concepts and terms 
relevant to a given domain to be identified and defined in an open and unambiguous way. Therefore, ontologies 
facilitate the use and exchange of data, information, and knowledge towards intelligent systems interoperability. Tasks 
on distributed and heterogeneous systems demand support from more than one ontology. Multiple ontologies need to 
be accessed by the same, but also different systems. The distributed nature of ontology development has led to 
dissimilar ontologies for the same or overlapping domains. Thus, various parties with different ontologies often do not 
understand each other. To solve these problems, it is suggested the use of ontology mapping geared for 
interoperability. This paper proposes a methodology to support the development of a common reference ontology for a 
group of endeavors sharing intense supply chain and metrological information exchange. This methodology enables 
each partner to keep its own terminology, glossary and ontological structures, providing seamless communication and 
interaction with the others, assessed by interoperability checking processes for an overall interoperable level of 
interacting systems. A use case in mechanical engineering domain is described and the proposed methodology 
demonstrated. 
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1. INTRODUCTION  
 

The globalization of markets and manufacturing has forced the management to look in processes that penetrate 
networks of organizations. The formation of cooperation and collaboration alliances between several small 
organizations is proving, in multiple cases, to be more efficient and competitive by comparison with big companies. 
Thus, the research on manufacturing management has turned from an intra-enterprise focus towards an inter-enterprise 
focus [1]. 

Manufacturing and its supply chains consist of different structures: business processes and technological, 
organizational, technical, topological, informational, and financial structures. All of these structures are interrelated and 
change in their dynamics. To ensure a high responsiveness level, the manufacturing and supply chain plans must be 
formed extremely quickly, but must also be robust enough to a quick adaptation. The increasing competitive pressures 
coupled with the rapid advances in information technology have brought manufacturing planning into the forefront of 
the business practices of most organizations [2]. Consequently, there has been a growing interest in electronic business 
(e-business) solutions to facilitate information sharing between organizations in the supply chain [3,4]. However, 
partnerships cause some problems mainly in integrating Product Life Cycle phases, since manufacturers, distributors, 
designers, retailers, warehouses, often acquire their proprietary solutions which are, typically, not interoperable with 
another  [5]. 

Due to the large number of worldwide available software components in a specific manufacturing domain, each 
enterprise has its own software, thus when it is needed to do business with other enterprises in the same domain, 
application and data interoperability problems emerge [6]. Standardization in data structures appeared to solve the 
referred communication problems [7]. Several initiatives were taken to address this issue, like ISO10303. ISO 10303, 
also known as STEP, is the standard for the exchange of product model data. STEP Application Protocols have been 
widely used in industrial environments, to support systems interoperability through the exchange of product data in 
manufacturing domains. However, this kind of data representation standards did not solve all the problems [8]. 

Semantics interoperability problems still remain to be solved [9,10]. More recently, the development of ontologies, 
as promising techniques with capabilities to solve semantic issues, has been addressed by important companies and 
SMEs. Thus, each company is struggling to develop competencies at this ontological level, but inevitably different 
perspectives will lead to different final results, and achieving different ontologies in the same business domain is the 
reality [11,12]. One possible solution is to have a reference ontology for a specific domain where all the domain 
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enterprises should use in their business. Although, to force manufacturers or suppliers to adopt a specific ontology as 
reference is not an easy task, since each enterprise does not foresee any outcomes by changing their knowledge. Thus, 
an advantageous solution would be to let them to keep their terminology and classification in use, and adopt a reference 
ontology. The adopted ontology will be the organization knowledge front-end, enabling inter-enterprises 
communications sharing the same terminology and semantics. Since this reference ontology will become their front-
end, each organizational enterprise should feel motivated to participate in its building process, contributing with their 
own terminologies, definitions and classification structure. 

System methodologies for enterprise interoperability facilitate organizations to keep its technical and operational 
environment, improving its methods of work and the usability of the installed technology through quality assurance of 
the system software components, ontological harmonization of the enterprises product models in use, assessed by a 
fitting validation framework for conformance testing and interoperability checking.  

To get an enterprise organizational system interoperable, a domain reference ontology has to be adopted which 
enhances inter-enterprise’s semantics interoperability concerning to the contents of a standardized data representation 
model. These both components (reference ontology; data representation model) should be complemented with software 
quality assessment and interoperability checking methodology able to make the model conformance testing (Fig. 1). 
The paper proposes the integration of the VALTE (section 2) and MENTOR (section 3) methodologies, complemented 
by interoperability checking methods (section 4), to contribute for seamless manufacturing supply chain planning 
(section 5) in mechanical engineering domain. The paper finishes discussing a case study in the mechanical engineering 
industrial context. 

 
Figure 1. System interoperability methodologies 

 
 
2. VALIDATION AND TESTING OF SOFTWARE COMPONENTS  
 

The essential parts of software quality evaluation are the quality model, the method of evaluation, software 
measurement, and the supporting tools [13]. To develop good software, quality requirements should be specified, the 
software quality assurance process should be planned, implemented and controlled, and both intermediate products and 
end products evaluated [14]. 
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VALTE is an evaluation methodology for supply chain software components, using as reference the Software 
Product Quality Evaluation Reference Model that describes the process, activities and tasks performed during the 
quality evaluation of a software product. This reference models is defined by the standard that contains general 
requirements for specification and evaluation of software quality and clarifies the general concepts providing a process 
description for evaluating quality of software product, stating the requirements for the application of the evaluation 
process [15]. This specification is part of the SQuaRE series of standards created by ISO (the International Organization 
for Standardization) and IEC (the International Electrotechnical Commission) [16][17]. 

The VALTE methodology reference details the activities and tasks providing their purposes, outcomes and 
complementary information that can be used to guide quality evaluation of a supply chain software component. To 
evaluate the software quality it is needed, first to prepare the evaluation, then establish the evaluation requirements, 
specify, design, execute and, finally, report the evaluation (Fig. 2). 

 

 
Figure 2. Information flow and activities of the VALTE evaluation methodology 

 
The developers must provide as input the components and their documentation, in the other hand the evaluators 

should define the evaluation techniques and the evaluation criteria, in this paper the evaluation is defined by the 
VALTE methodology for a supply chain software component [18]. 

The principal motivation for using a standardized methodology when performing evaluation activities is to promote 
the following desirable evaluation process characteristics: 

 Objectivity: the evaluation results should be factual, i.e. not coloured by the feelings or the opinions of the 
evaluator. 

 Impartiality: the evaluation should not be biased towards any particular result; 
 Reproducibility: evaluation of the same component to the same evaluation specification by a different 

evaluator should produce results that can be accepted as being identical; 
 Repeatability: repeated evaluation of the same component to the same evaluation specification by the same 

evaluator should produce results that can be accepted as being identical. 
The evaluation procedure comprises a number of steps (Analyse; Specify; Design; Perform) which divide the 

evaluation into discrete activities. The evaluation requirements are formal records of the agreement between the 
producer of the software and the evaluator of what is covered by the evaluation process. It provides a list of software 
characteristics which is to be evaluated, their evaluation level and it identifies the source of data and evidence which 
can be used in the evaluation process. The evaluation specification, besides the more formal description of the 
evaluation requirements it consists on the identification of the received documents and classification of the available 
items into product, process and supportive information, in order to identify which evaluation techniques can be applied. 
The evaluation plan includes the list of evaluation modules to be applied and that will guide the evaluation activities. 
The evaluation results will be stated based on the metrics and measures defined and the positive or negative response of 
the software components to all the tests performed. 

The intended of this evaluation strategy is to be a guide when actually running architecture evaluation activities. For 
that, it contains a level approach to quality characteristics and a flexible view on classifying components and process 
information. The evaluation methodology is designed to support the evaluation of all architecture components without 
need for modification of its basic principles. This will provide a more balanced and equal evaluation result of all the 
components of the architecture.   

VALTE identifies relevant evaluation techniques in order to have a set of applicable Evaluation Modules (EM) 
defined and applied to evaluate supply chain planning architectural components proposing seven evaluation modules 
according with the evaluation techniques defined for each quality characteristic. These modules describe and guide the 
evaluators when performing the evaluation of architecture components: EM1 - Functionality: Functional Test Cases; 
EM2 - Functionality: Unit Tests; EM3 - Reliability: Fault tolerance analysis; EM4 - Usability: User interface; EM5 - 
Efficiency: Execution time measurement; EM6 - Maintainability: Inspection of documentation; and EM7 - Portability: 
Analysis of software installation procedures. 
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The intended of this evaluation strategy is to be a guide when actually running architecture evaluation activities. The 
level approach to quality characteristics and a panoramic view on components and process information classification 
helpfully provide required support. The evaluation methodology is designed to support the evaluation of all architecture 
components without need for modification of its basic principles. This will provide a more balanced and equal 
evaluation result of all the components of the architecture. 

 
3 MENTOR: METHODOLOGY FOR REFERENCE ONTOLOGY DEVELOPMENT 
 

A reference ontology development follows the MENTOR methodology. Its main objective is to help an organization 
to adopt or reuse and to build, a domain reference ontology, after through several main steps as semantic comparisons, 
basic lexicon establishment, mappings among ontologies and others operations on knowledge base representations [19].  

The method to support the development of a common reference ontology for a group of enterprises sharing a 
business domain, provides several steps as semantic comparisons, basic lexicon establishment, mappings among 
ontologies and other operations on ontologies. This methodology considered the state-of-the-art in terms of ontologies 
merge and concatenation (and applications and tools as well [20-23]) but trends in the research field [24][25]. 

This method is composed by two phases with three steps each (Fig. 3): the Lexicon Settlement - Phase 1 (steps: 1; 2 
and 3), and the Reference Ontology Building - Phase 2 (steps: 4; 5 and 6). All of these steps are deeply described in the 
following two pictures where each step has a set of actions which has a number related to the step which belongs to 
(e.g. 1.1 is an action of the step 1).  

The Lexicon Settlement phase (steps: 1; 2 and 3) represents a domain knowledge acquisition which comparatively to 
the human language apprentice phase could be represented in computer science as a semantic organized structure with 
definitions.  

The thesaurus can represent such words structure of associated meanings and thus should be built in order to 
establish the lexicon of a specific domain. This phase has three steps: Terminology Gathering (step 1); Glossary 
Building (step 2) and Thesaurus Building (step 3).  These steps define a set of workflows that establishes a thesaurus of 
the domain before starting the ontology building. 

Figure 3 (left part) depicts the state diagram of the lexicon settlement phase. The terminology gathering step 
concerns to the process of collecting all relevant terms (action 1.2) in a specific domain previously defined (action 1.1). 
All the participants in the process should give their inputs. There is no rule from where the terms should come. Since 
they are related with the domain established. Tools for automatic extraction of domain related terms can be found, 
nevertheless there is always need of a human checking before close the terms list to not miss any domain terms. All the 
terms provided from the contributors are acceptable in this step (action 1.2). Nobody has authority to erase other’s 
participant term. The term should be collected with reference to the contributor in order each contributor provide term’s 
annotation in the next step (action 2.1).  

Glossary is a specialized vocabulary with corresponding annotations. This vocabulary includes terms that are unique 
to the subject, have special meaning in the field of interest. The annotations include descriptive comments and 
explanatory notes for the terms, such as definitions, synonyms, and references. A Glossary can be used when 
communicating information in order to unify knowledge sharing. The Glossary Building step (step 2) intends to build a 
glossary in the domain defined. It starts with annotations attribution (action 2.1) to the terms collected. Each contributor 
should provide the annotations for his own terms. After having all the terms provided with annotations, it proceeds to 
the terms revision cycle (actions: 2.2; 2.3 and 2.4). In this cycle it could be useful to use a multi-language dictionary 
(action 2.0) in case of the organization members don’t use the same natural language. The dictionary will help 
translations to the agreed language for the reference ontology. The terms revision process can have semantic and 
syntactic cases of mismatches (action 2.3), where they are recorded as a semantic mismatch for future mappings using 
the proposed Mediator Ontology (MO). 
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Figure 3. MENTOR Phases and steps 
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After a careful revision in all the terms (action 2.2) with a successful agreement (action 2.4) in their meaning 
consolidation, the glossary is defined from the terminology list in the domain specified. Another output from this 
process is the semantic mismatch records (action 2.3): this is made using the Mediator Ontology. 

The Thesaurus Building step (step 3) is composed by a cycle where firstly, the knowledge engineers define a 
taxonomic structure (action 3.1) from the glossary terms, establishing some as thesaurus node terms. Secondly, the 
other terms are classified to the right paths in the existent taxonomic structure, being the thesaurus leafs (action 3.2). If 
there is an agreement (action 3.3) in the structure and in the terms classified, the thesaurus is defined (action 3.4). If not, 
the cycle starts again from the taxonomic structure definition (action 3.1). The thesaurus defined will enhance the 
ontology harmonization process in the next phase. 

The Reference Ontology Building phase - Phase 2 (steps: 4; 5 and 6) is the phase where the reference ontology is 
built and the semantic mappings between the organizational ontologies and the reference one is established. Figure 3 
(right part) describes this. 

The first step comprehends ontologies gathering (action 4.1) in the previously domain defined (action 1.1). Other 
type of knowledge representation could be used as input for the harmonization ontologies process together with the 
thesaurus defined (action 3.4) in the previous phase. The harmonization method for building ontologies, proposes the 
development of a single harmonized Ontology’s by two cycles (actions: 5.1 and 5.3) where first the structure is 
discussed until having agreement on it (action 5.1), which result on the definition of the common classes and the class 
hierarchy (action 5.2), and then the same process for the ontology contents definition (action 5.3). From this process 
new semantic conflicts could be found. After agreement, the resolution could be recorded in the Mediator Ontology for 
further mapping establishments. With all the agreements accomplished, the harmonized ontology is finalized (action 
5.4) together with the mapping tables (action 6.1), describing the ontological relationships between the harmonized 
ontology and each one of the individual ontologies through the use of the semantic mismatches records (action 2.3). 
Semantic difficulties related to the natural language of the potential users of the harmonized ontology are likely to 
happen. To assist on it, the ontology is complemented with a multi-language dictionary where a set of normalized 
tokens gives the reference to the corresponding concepts and definitions in different native languages (actions 5.0 and 
6.0). 
 
4 VERIFICATION OF INTEROPERABILITY 
 

During latest years, the architecture of the STEP Application Protocols has been revised to promote the reuse of 
software components, where the testing and quality assurance plays a critical role in the implementation of the STEP 
software components when applied to different types of manufacturing and e-Business systems. 

Interoperability Checking (IC) plays an important role to the company’s systems, providing an appropriate 
mechanism to check if they are able to seamless exchange information between them. The methodology proposed for 
the presented case is based in the development of an Abstract Test Suite (ATS) that is used to define the set of tests to 
be used to verify the interoperability between the systems [26]. Figure 4 shows the diagram with the methodology for 
validation, in this case considering to systems in validation, i.e., “Computer System” and “IC System”. 

To guarantee the systems interoperability, these steps would be executed to all the cases defined by the ATS [27]. 
As depicted, the first step consists in reading a XML file provided by the “IC System”. Also, the file must be validated 
with the Conformance Testing (CT), depicted in the system validation section. After the “Computer System” read and 
“understand” the information in the file, the “Computer System” modifies it with new information and send it back to 
the “IC System”. Then, the “IC System” analyses the modified file, also improving the CT, and confirms (or not) it is 
able to understand the modified information that received from the “Computer System”. 

If the information is correctly in the modified file, the IC can notify company that their systems pass the current test. 
Then company must pass to the second test, executing the same steps. Doing all the defined test files, IC can ensure the 
Interoperability of the company’s system. This service will be available online, allowing the users to download the test 
files and check its system. The upload of the modified files will be done by email to the community IC system. After 
complete the verification of the received file, the community IC system, will notify the user of its interoperability with 
other complaint systems. 

 
 

5 CASE STUDY 
 
To guarantee the survival in today’s competitive and demanding digital world of manufacturing business, the 

European companies, especially SMEs, should be more agile, self-sustainable and responsive to the changes in the 
supply chain. Obtaining and maintaining a competitive edge in supply chain is not only the concern of individual SMEs, 
but should be also addressed by the entire chain jointly. The manufacturing and supply chain partners should 
collaborate effectively so as to better align supply and demand forecasts to have a joint strategy for handling exceptions 
that will occur in the way of realizing the “the network is the business” vision. 
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Nowadays SMEs consider the search for products in electronic catalogues as an important method for parts 
selection and supply. Along supply chain several typical situations require such part’s search (for example in the 
replacement of a component during manufacturing or for subsequent maintenance purposes). Also, when designers 
intend to provide alternative solutions, preventing single supplier dependency and reducing the manufacturing costs, the 
inclusion of alternative parts in the design of a product is a wise approach of management requiring the handling of a 
range of electronic catalogues. 

The necessary incorporation of different brought-in parts requires detailed data check and update by different 
teams, to keep valid the initial design conditions and maintain the product assembly consistency. This task is often 
facilitated with computational tools, and the components’ data representation should be of common understanding, to 
reduce re ¬work and time consuming during catalogue examination. 

Considering the specific example of searching for a classic mechanical bolt, many catalogues in paper or in digital 
format can be found. Amazingly, although all these catalogues reference to the same type of physical component, each 
one usually represents their specifications in different formats and with heterogeneous contents and classification. In 
fact, different catalogues tend to adopt different variables, unlike coding fields (though equivalent) or widespread 
designations, most of them diverging from available advisory ISO standard designations. 

Hence, the simple choice of mechanical components suppliers by a mechanical manufacturer brings interoperability 
problems. Suppliers have defined various nomenclatures for their products and its associated meanings (and 
consequently knowledge). Thus, the need to align applications and semantics, to exchange products data emerged as a 
priority to solve the dilemma. 
Figure 4 describes the validating scenario, where a set of enterprises agreed to work together to supply a big common 
client with various mechanical parts which are built collaboratively. 

 
Figure 1. Case study and validating scenario 

 
The first step is to follow the VALTE methodology (upper part of the Fig. 4), which will guide the applications 

evaluation activities. The evaluation follows a plan that includes the list of evaluation modules to be applied against the 
defined requirements related to the desired level of the software components characteristics. The evaluation results are 
then stated based on the metrics and measures defined, and the positive or negative response of the software 
components evaluation, to all the tests performed, defines if the applications belong to the set of common tools for a 
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specific supply chain planning. The myriad of applications which gave strong support to different supply chain stages, 
spanning from CAD to CAPP or CMM, require a interoperable level of data exchange to profit from computational 
resources, in which each SME is engaged. The data from CAD applications, like CATIA or ProEngineer, in addition to 
data matching and semantic agreement level, require matching in technical requirements level for a successful 
interoperable communication with CAPP applications, like JobBoss or PLM management solutions. 

In the second step, to establish a common semantic level it is developed a reference ontology to the endeavours that 
are working together (lower part of Fig. 4). Thus, the MENTOR methodology is used to develop such reference 
ontology. During the reference ontology building phase, it is produced a mediator ontology which records all the 
semantic operations performed in this process. One of the applications of these semantic operation logs is to use that 
recorded information for semantic translation. An example of such process is when a message with a product request is 
sent from an Enterprise A to an Enterprise B, and the mediator ontology is used to get the “semantic translation” of the 
information present in the message, which uses syntax accordingly to the reference ontology, to the equivalent syntax 
used in the Enterprise B.  
Figure 5 shows a subset of the terms used by a Reference Ontology concerning the bolt domain. In this example, when 
enterprise B receives a request of a “Hexagonal Bolt” with a “M16 diameter”, the message is translated to a “hexagonal 
head Bolt” with a “Thread=Metric” with a “nominal diameter=16” assisted by terms included in the reference ontology. 
Although these mappings are relatively smooth to operate at Classes level, the complexity increases when going deeper 
in the established hierarchic semantics. 
 

 
Figure 5. Reference Ontology overview 

 
Now, it was found that Enterprise B has two terms that Reference Ontology doesn’t consider, which are Maximum 

Distance and Minimum Distance. It was found too that an Enterprise C, acting in the same domain of interest, has also 
the term Tolerance not considered in the reference ontology. 

During the harmonization phase, domain engineers from both enterprises decided to use them as reference. Thus, the 
concepts Maximum Distance and Minimum Distance, used as a property, by enterprises B, it may result in a no-
interoperability relatively to enterprise C. The same may occur due the term Tolerance used by the last. 

Hence, it was created three new other concepts in reference ontology: Maximum Diameter, Minimum Diameter and 
circularity. The first two defined as the maximum and minimum allowable variability in the process or characteristic in 
analysis; and the last concept defined by the difference between the radius of two concentric circles, whose value must 
be less or equal than to tolerance [ISO 1101, Annex B]. MO logs all this operations, keeping the consistency between 
the ontologies. 
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Figure 6. Mediator’s Translation Example 

Semantic messages translation can be one of the MO use. Since all the ontology related operations are saved in the 
MO, appropriate queries could be used for semantic translations between the organizations members, including an 
hypothetical organizational front-end which uses the established reference knowledge. The example of Fig. 6 explains 
what happens to Enterprise B side when using the MO to translate messages according to reference ontology. The 
maximum diameter and minimum diameter reference concepts, which appear in the communication content, is replaced 
by MO to maximum distance and minimum distance. This way, Enterprise B gets and understands the messages with its 
own terminology and semantics, while the communication with external partners is under a common interoperable 
framework to all the endeavours. 

One immediate advantage of the use of MO, is that method enables the computational systems of any enterprise to 
smoothly communicate with external parties as it was using the Reference Ontology. This is also the main motivation 
that enterprises may consider to adopt the Reference Ontology building process, independently of its domain expertise. 

To ensure the interoperability between the systems (i.e., the third step on this use case) it is applied the Conformance 
Testing (CT) to the exchanged files. Based on the defined methodology for CT, the architecture shown in the Figure 7, 
is used to validate such files. The architecture was designed based in web-services, able to receive the files in XML 
format and checking them against the reference testing model using an Application Engine developed in JAVA, SAX, 
Schematron and XALAN. 
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Figure 7. Architecture for CT system validation [23] 

Using the CT the user can check the files against the defined models, ensuring its correct implementation. The CT 
checks the XML against syntactic and semantic rules and sends back the detected errors enabling its correction. 
Following the same example as described before, if is defined that an attribute, in the “Thread” entity, named “nominal 
diameter” with a value 10 must be related to 10.20 and 9,80 (maximum and minimum diameters), and the system 
detects a relation which have “nominal diameter=10” with 10.25 as a maximum diameter, the CT with the semantic 
rules will detect the error reporting it to the user.  
With CT executed to its XML files, the next step is the application of the IC. To apply IC, the user will analyze and 
modify the test files, sent by the IC system, and send it back to evaluation. After check all the files, defined in the ATS 
for IC, the user receives the confirmation that its system is interoperable. With all the ATS executed (CT ATS and IC 
ATS), the system validation can ensure that the systems are in conformance with the model defined and is interoperable 
with others system of this type. 
 
6 CONCLUSIONS 

 
The paper proposes a methodology to enable computational systems, of any set of manufacturing enterprises which 

work together, to seamless communicate between each other. With it, they are enabled to understand each other using 
its own metrological syntax and semantics present in its own data representation when supported by a reference 
ontology. This achievement is assessed by software components evaluation and post conformance testing procedures. 
Together, this methodology and conformance testing services have been applied with good results in a real scenario, 
encouraging further research 

The development of new framework functionalities in the future are expected, i.e., A) Automatic management of the 
Reference Ontology along its life cycle, by monitoring, supervising and intelligent tuning in the advent of the systems 
changes and updates; B) improvement in the automatic generation of the reports according to a normative schema (e.g., 
defined in EXPRESS and XML), to enable automatic inference and reasoning on the errors found, and provide 
automatic correction of the identified errors by an expert system; C) development of a cloud of web services able to set 
up and manage the knowledge sharing of organizations through the web, with the conformance testing services. 
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