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Systems Engineering (SE) is “an interdisciplinary approach and means to enable the 
realization of successful systems” that must meet and satisfy the needs of its stakeholders and it 
is based on concepts from systematic paradigms, methods and standardized processes 
(BKCASE, 2015, ISO/IEC 15288, 2015, ISO/IEC 29148, 2011). The continuing evolution of 
systems engineering comprises the consolidation, identification and formalization of new 
methods and modelling techniques, which can be applied in Product Development Engineering 
(PDE), Process Development (PD) and Software Development (SD). There is a significant 
amount of researchers working to formalize and standardize engineering design and to manage 
system life cycle when, in matter of fact, the attention should be drawn toward the 
information’s comprehension. Moreover, there is currently a debate regarding the semantic 
problems across different life cycle phases, which occur because of information’s 
misinterpretation and misunderstanding. 

Each system engineering starts with a requirements elicitation and negotiation phases in 
which the main objective is to translate initial customers’ needs into functional and non-
functional stakeholders requirements. Requirements are statements from the customers’ needs 
to identify and constraint a product, system or process (BKCASE, 2015). They must be 
unambiguous, clear, unique, consistent, stand-alone, measurable, verifiable and traceable, i.e., 
SMART (Specific, Measurable, Attainable, Realizable, Time bounded) requirements (Mannion 
and Keepence, 1995). Requirements are the entry point for the process production of 
specification analysis to a solution system with verified and validated solutions that meet initial 
needs. Functional and non-functional requirements are enriched with technical information, 
transforming into technical functional or non-functional requirements across different phases of 
system life cycle. However, this transformation involves, throughout its system life cycle, a set 
of heterogeneous knowledge, information and expertise. This results in a semantic gap between 
the initial requirements and the requirements that are taken into account during the life cycle, 
compromising the results of solution system. This semantic gap is caused by the non-
interoperability of information within each requirement. 

IEEE (1990) defines interoperability as “the ability of two or more systems or components 
to exchange information and to use information that has been exchanged without special 
effort”. In terms of categorization, interoperability has three levels (Panetto and Molina, 2008; 
EIF, 2004) as follows: 

(i) Technical Interoperability (TI) – it concerns technical properties, enabling machine-
to-machine communication to take place. TI is usually associated with hardware 
and software components, systems and platforms (e.g. data and protocols format, 
physical characteristics, material resistance); 

(ii) Semantic Interoperability (SI) – it concerns the real meaning of content that is 
shared and understandable by any other application; 

(iii) Organizational Interoperability (OI) – it is the ability of organizations to effectively 
communicate and transfer (meaningful) data (information) even though they may 
use a variety of information systems over widely different infrastructures in or out 
of enterprises boundaries. 

Semantic interoperability is feasible when the meaning associated to the captured 
information and knowledge can be effectively shared across different workgroups without any 
loss of meaning and knowledge (Chungoora et al., 2013). This can be done through the 
construction of formal domain ontologies (Gruber, 1995; Provine et al., 2004; Jovanovic and 



Gasevic, 2005; Noy and Rubin, 2008), implemented to different fields such as engineering, 
medicine, business, etc. Applied to Systems Engineering, the research questions thus concern 
“How heterogeneous information related to requirements can be formalised regarding to 
multiple knowledge domains to provide support during different phases of System Development 
Life Cycle?” and “What are the formalised relationships between system requirements related 
to multiples domains and impacting in different phases of Life Cycle?” 

This article presents an ongoing research project that aims to define a conceptual method to 
formally model the system requirements and their relationships in terms of transformation 
(translation, conversion and sharing) and traceability, based on an ontological approach. In this 
way, we are considering two hypothesis: (H1) Multiple phases of System Life Cycle can be 
supported by system requirements in a semantically interoperable manner; and (H2) System 
requirements formalization can ensure the comprehensibility and verifiability, reducing 
inconsistencies between different domains across the phases of System Life Cycle.  

The approach needs to discover and identify the dependence relationship during any 
Systems Engineering. Thus, according to ISO/IEC 15288, 2008, ISO/IEC 29148, 2011 and 
discussion provided in Szejka et al. (2014), three perspectives are necessary to establish the 
system-project: (i) the domain of application; (ii) the system life cycle phase; and (iii) the 
requirements constraining the studied system. The first perspective concerns the set of 
heterogeneous knowledge and expertise involved during the Systems Engineering, i.e., 
mechanical expertise, electrical expertise, IT expertise, and so on. The second perspective 
refers to different phases of system life cycle, where each phase has its proper constraints and 
information. The last perspective considers the consistency of the relationships between 
requirements since a specific requirement is dependent of one or multiple domains and one or 
multiple phases of life cycle. 

Based on this context, we can directly identify three interoperation issues. The first 
concerns the heterogeneity of information coming from multiple domains. It imposes some 
knowledge representation and analysis for managing requirements and their semantic 
relationships then, this is associated to hypothesis H2. The second interoperation issue 
concerns the system life cycle phases and the possible impacts between some requirements 
associated to different life cycle phases. The requirement definition can impact on other 
requirements and then, it is necessary to manage and to ensure the consistency of those 
requirements, so this is related to hypothesis H2. The last interoperation issue concerns the 
relationships between requirements and their properties of completeness, coherency, 
uniqueness, univocity and traceability that it is correlated to the hypothesis H1. 

Currently, there are a significant number of researchers that are working in this area 
(Ratchev et al., 2003; Baudry et al., 2007; Canciglieri Jr. and Young, 2010; Chungoora et al., 
2013). However, these teams focus their research on specific points to transform information 
between domains and/or single phases of system life cycle and/or requirements. In particular, 
requirements interoperation is the core concerns of industry when they are engineering a 
system (Micouin, 2008; Bernard, 2012). The main issue is to pragmatically formalize the 
requirements interoperation, based on ontological models, considering the tacit knowledge 
related to the processes involved in Systems Engineering. Thus specialists typically define 
requirements for project-systems using some informal document written in natural language 
(NL), because of the expression richness provided by it (Bryant, 2000). They are focused on 
establishing the references for the needs of systems engineering, in order to ensure the 
requirements completeness, consistency and coherency.  

The main result of this research is to transform functional and non-functional requirements, 
written in natural language (informal requirements), into formal requirements (Figure 1). It is 
based on formal Common Logic (CL) (Pan and Liu, 2010; Jarrar, 2007) and ontology 
application for transforming requirements written in natural language into requirements written 
in formal language. 



 
Figure 1. Requirements formalization approach 

 
The proposed method is comprised of sub-methods and procedures that they perform in a 

semi-automatic manner. Firstly, requirements written in natural language are split in ‘subject + 
verb + complement’ for building a fact-oriented model (FOM) (Halpin, 2006). The 
requirements are analysed extracting the facts of interest or concepts (‘subject’ / ‘complement’) 
and relationships (‘verb’) between these facts (Detail A – Figure 1). These relationships can be 
unary, binary or ternary (Halpin, 2006). Sequentially, these facts must be modelled in a formal 
logic in order to structure these requirements. This fragmentation puts in a simpler manner the 
information within each requirement.  

Different approaches can be used to structure this fact-oriented model such as: Object Role 
Modelling (ORM) (Detail B – Figure 1) and Cognition enhanced Natural language Information 
Analysis Method (CogNIAM) (Bollen, 2014). However, the method chosen must be able to 
model and verbalize the requirements, since it is important to compare the requirements model 
structured and the requirements originally defined (Detail C – Figure 1). So, it allows the 
identification of any discrepancy between the model and real desires (Detail D – Figure 1). 
Although these approaches rely on structured language, they are informal languages. Pan and 
Liu (2010) mapped some fact from Object Role Modelling into First-Order Logic (FOL). The 
latter has powerful expression to represent complex rules in a formal way. Some analysed 
research (Jarrar, 2007) provide methods to model those approaches in Description Logic or 
Common Logic that are based on First-Order Logic, and both methods have a inference 
machine. Inference machine is important to classify information and query answering. The 
presented method is based on Common Logic through mapping constraints enriched based on 
Common Logic Interchange Format (CLIF) (Detail E – Figure 1). This formal structure is 
linked with other requirements creating a knowledge model and possibilities of applying 
traceability methods and conflicts identification methods between requirements (Detail F – 
Figure 1). 

As a conclusion, the presented approach demonstrates that there are significant lacks of 
interoperability between requirements in SE due to heterogeneity of information from multiple 
domains and different phases of systems life cycle. We identified three interoperation issues 
cross-domains, cross-systems life cycle and cross-requirements. These interoperation issues 
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have a direct impact in design success, because they can cause mistakes and misinterpretation 
with requirements. Moreover, it was proposed a method dealing with requirements 
interoperability across different phase of the life cycle and domains. This method aims to 
formally model requirements interoperation in terms of transformation, traceability and 
conflicts analysis. The goal is now to enrich this method and evaluate its performance with 
different case studies.  
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