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ABSTRACT 
 

Systems engineering is the most important branch of engineering in interdisciplinary study. 

Successfully performing a multidisciplinary complex system is one of the most challenging tasks 

of systems engineering. Multidisciplinary study brings problems such as defining complex 

systems, ensuring communication between stakeholders, and common language among different 

design teams. In solving such problems, traditional systems engineering approach cannot 

provide an efficient solution. In this paper, a model-based systems engineering approach is 

applied with a case study and the approach is found to be more efficient. In the case study, the 

design of the helicopter automatic flight control system was realized by applying model-based 

design processes with integration of tools. Requirement management, system architecture 

management and model-based systems engineering processes are explained and applied of the 

case study. Finally, model-based systems engineering approach is proven to be effective 

compared with the traditional systems engineering methods for complex systems in aviation and 

defence industries. 
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1. INTRODUCTION 
 

In order to understand Model-based systems Engineering, it is necessary to know the definition 

and scope of the systems engineering. The definition of systems engineering is defined as follows 

in the references. 

 

“Systems engineering is an interdisciplinary approach and means to enable the realization of 

successful systems.” [1] 

 

“Systems engineering is a discipline that concentrates on the design and application of the whole 

(system) as distinct from the parts. It involves looking at a problem in its entirety, considering all 

the facets and all the variables and relating the social to the technical aspect.” [2] 

 

Considering these reference definitions, within the scope of this case study, the definition of 

systems engineering is made as follows. 

 

“Systems engineering is a multidisciplinary and common mind approach that ensures successful 

realization of systems.” 

 

http://airccse.org/cscp.html
http://airccse.org/csit/V11N11.html
https://doi.org/10.5121/csit.2021.111101
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The definition of model-based systems engineering is defined as follows in the references. 

“Model-based systems engineering (MBSE) is the formalized application of modelling to support 

system requirements, design, analysis, verification and validation activities beginning in the 

conceptual design phase and continuing throughout development and later life cycle phases.” [3] 

Considering these reference definitions, within the scope of this case study, the definition of 

model-based systems engineering is made as follows. 

 

“Model-based systems engineering is an approach to successfully realize systems driven by a 

model, with a consistent set of views that reflect multiple perspectives of the system.” 

 

The traditional systems engineering definition has been made to the systems engineering 

activities carried out before the model-based systems engineering approach. Traditional systems 

engineering has three main problems, such as being inadequate in defining complex systems, 

communication between stakeholders, and common language and interpretation among different 

design teams. In the case study, model-based systems engineering processes are applied and as a 

result, main problems are eliminated. Model-based systems engineering approach has multiple 

advantages over traditional systems engineering. 

 

 Automatic generation of most of system documents by using the developed models. 

 Since the models can be measured, it is easy to control and manage in complex systems. 

 Consistency for all information in the system architecture thanks to the models. 

 Ensuring traceability in the life cycle stages of the system with using SysML for 

modelling and maintaining tool integration. 

 Easier to access information since a certain systematic is applied while the model is 

being established. 

 More understandable communication establishment thanks to the representation of 

requirements as a model and the use of a common language for this model. 

 Improving communication as a result of the establishment of common terminology and 

concepts between all stakeholders and design teams of a system. 

 

It is important for companies that model-based systems engineering benefits are directly related 

to cost, time or resource savings. Adapting the model-based systems engineering approach to 

reflect the company's working principles is the most critical point for the efficiency of this 

process. 

 

2. DESIGN METHOD 
 

In the INCOSE System Engineering Handbook document that there are 6 different methods of 

model-based systems engineering. [1] These methods are INCOSE Object-Oriented Systems 

Engineering Method (OOSEM), IBM Rational Telelogic Harmony-SE, IBM Rational Unified 

Process for Systems Engineering (RUP-SE), Vitech MBSE Methodology, JPL State Analysis 

(SA) and Dori Object – Process Methodology (OPM). 

 

The methods that mentioned above have been examined and a suitable method has been 

determined for the flight control system. The method created is shown in Figure 1. 
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Figure 1. Model-Based Systems Engineering (MBSE) process 

 

Model-based System Engineering processes; requirements analysis, system functional analysis, 

system architecture design and detailed system architecture design. Requirement and system 

architecture management are required throughout MBSE processes. By this means, process 

traceability and an iterative design are provided. The method followed from the customer 

requirements that are the input of the MBSE process to the system requirements and the system 

architecture that are the outputs of the process are shown in Figure 2. 

 

 
 

Figure 2. Model-Based Systems Engineering (MBSE) process with input and outputs [4] 
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In the case study of helicopter automatic flight control system, Model-based System Engineering 

process was carried out with reference to the ARP4754A document and the relevant sections of 

the DO-178C / 331 standard document listed below. 

 

 ARP-4754A Section 4.5 Allocation of System Requirements to Items 

 ARP-4754A Section 5.3 Requirements Capture 

 ARP-4754A Section 5.4 Requirements Validation 

 DO-178C/DO-331 Section 2.1 System Requirements Allocation to Software 

 DO-178C Table A-2 Software Development Process 

 DO-178C Table A-3 Verification of Outputs of Software Requirement Process 

 

3. DESIGN 
 
Helicopter automatic flight control system architecture design was realized by using SysML with 

the Model-based systems engineering approach. The design process was carried out in 

accordance with the method described above. 

 

3.1. Requirement Management 
 

Requirement management is an iterative process that continues throughout model-based systems 

engineering processes of the case study. Requirement management covers the following 

processes: 

 

 Definition of requirements 

 Validation of requirements 

 Traceability and verification of requirements 

 Transfer and synchronization of requirements. 

 

In the requirement management, managing the requirements with a single software ensures that 

each stage is carried out more efficiently. In this case study, DOORS software was selected for 

requirement management processes. The relationship between the requirements in the DOORS 

and the model elements in the system architecture which is modelled with SysML was created by 

using IBM Rational Rhapsody. 

 

3.1.1. Definition of Requirements 

 

Within the scope of the case study three set of requirements were created by using DOORS: 

 

 Contractual requirements that defining the behaviours that are targeted to occur in the 

system and received from costumer. 

 System requirements that defining all functions and properties of system. 

 Software requirements that taken as reference when designing flight control computer 

and implementing the software. 

 

Requirement sets are defined in a hierarchy as in Figure 3. Thus, the levels at which the 

requirements are created, and which standards are used as the source when deriving the 

requirement sets are shown in Figure 3. 
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Figure 3. Requirement hierarchy 

 

Unique ID assignment is made to each requirement in the requirement set. In addition, attributes 

that define requirements specifically are created for requirement sets. Object type means of 

complies (MoC) and requirement source / reference attributes were defined for system 

requirements. 

 

 Object type refers to type of the requirements according to its content. The created object 

types are Information, Heading, Design Guideline, Structural Requirements and 

Functional Requirements. 

 Means of compliance (MoC), expresses with which method to validate the requirements. 

The created MoC are Compliance Statement, Design Review, Calculation/Analysis, 

Safety Assessment, Laboratory Tests, Ground Tests, Flight Tests, Design 

Inspection/Audit, Simulation and Equipment Qualification. 

 Object Reference refers to the source of the created requirements. The created object 

references are Engineering Judgment, Contractual Requirements and Standards. 

 

An example of the ID and attributes defined in the requirements is as in Figure 4. 
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Figure 4. Requirements in DOORS with attribute columns 

 

3.1.2. Validation of Requirements 

 

It indicates that the requirements are complete and correct. Validation process is usually done 

using a checklist of requirements. Requirements are updated by considering the missing and 

inaccurate statements resulting from the checklist and analysis. 

 
Table 1. Example of requirement validation checks [7] 

 

No Correctness Checklist 

1 Is it identifiable as a requirement? 

2 Is the requirement redundant? 

3 Does the requirement conflict with others? 

4 Is it physically possible to meet the requirements? 

5 Is the requirement set better suited to be combined into a 

single requirement? 

 

3.1.3. Validation of Requirements 

 

Traceability in requirements defines the whole life process of requirements. The life process of 

requirements starts from where its history and source are based and continues to new 

requirements that will be created throughout the development period. The requirement set with 

more general expressions is defined as the highest level, and the requirement set with all the 

details to design a system is defined as the lowest level. Traceability between requirements 

occurs when a lower level requirement meets a higher-level requirement. In this case study, 

traceability has been provided between the lowest level software requirement set and the highest-

level customer requirement set with the connections. Traceability of the requirements is very 

important for verifying the requirements. Verification of requirements are defined as 

demonstrating that the system is designed correctly according to customer requirements as a 

result of implementation of the requirements. The requirement validation process begins after the 

design is finished and checks that the design has been made in accordance with the requirements. 
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There are several methods (MoC) for requirement verification. Some of the requirement 

validation methods are shown in Table 2. 

 
Table 2. Means of compliances 

 

MoC 

Code 

MoC 

Description 

Associated Compliance 

Documents 

Definition 

MoC 1 Design  

Review 

Descriptions 

Drawings 

Compliance is proven by the design 

review minutes, system description 

documents, drawings, etc. 

MoC 2 Calculation 

and Analysis 

Substantiation reports Compliance is proven by an analysis 

activity and report, such as static and 

fatigue strength analysis, load 

analysis, platform performance 

analysis, off-line simulation 

modelling analysis etc 

MoC 3 Safety 

Assessment 

Safety analysis Compliance is proven by reference 

to the safety documentation defined 

in Safety Program Plan. 

MoC 4 Laboratory 

tests 

Test programs 

Test reports 

 

Compliance is proven by tests done 

on i.e. a specific rig test, subsystem 

bench test or system integration test 

activity 

 

Before the verification of the requirements, test scenarios are created according the requirements. 

The models developed at the design stage are tested to verify the requirements. If the system 

features in requirements are satisfied completely in the test results, requirements are considered 

verified. 

 

3.1.4. Transfer and Synchronization of Requirements 

 

By transfer and synchronization between the IBM Rational Rhapsody that is created models of 

requirements and "DOORS" that is managed of the requirements were provided to continuous 

integration between requirements and models. As shown in Figure 5, integration is provided by 

using IBM Rational Rhapsody Gateway add on. 

 

 
 

Figure 5. Requirements and model connection in IBM Rational Rhapsody Gateway 

 

3.2. System Architecture Management 
 

System architecture management is carried out with SysML which is a visual / graphic based 

architectural modelling language used in systems engineering applications. SysML has a 

grammar and vocabulary just like any of the natural languages we speak in this World (ex. 

English, Japanese etc.) [5]. Models are created to develop system architectures with SysML. 
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SysML models are examined under three main titles structural, behavioural and requirement. 

Various diagrams are used to create SysML models. SysML diagrams are shown in Figure 6. 

 

 
 

Figure 6. SysML taxonomy 

 

The structural expression of a model answers the question: What is the system? Structural models 

are used to 

 

 define the system, 

 define system components, 

 define system features,  

 define system constraints, 

 define the system model organization, 

 determine their behaviour,  

 define the relationships between system elements. 

 

The behavioural expression of a model answers the question: How is the system behaves? 

Behavioural models are used to 

 

 define the behaviour of the system, 

 define use case of the system, 

 define functions of system, 

 define activities of system, 

 define sequence of behaviour, 

 define operations within the system elements. 

 

Within the context of the case study, a hierarchy was created using SysML that contains the 

packages related to the its contents. The hierarchy shown in Figure 7 is the model organization of 

the system and was created using packages. 
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Figure 7. Case study model organization 

 

System architecture management is provided by this model organization. Model organization was 

created with 6 different packages: 

 

 The "Analysis" package consists of behavioural models and requirement analysis 

including Use Case Diagrams, Activity Diagrams, Sequence Diagrams. 

 The "Architecture" package consists of structural models containing Block Definition 

Diagrams, Internal Block Diagrams and Package Diagrams. 

 The “GatewayProjectFiles” package, consists of IBM Rational Rhapsody Gateway 

project files that provide communication between DOORS software used in requirement 

management and IBM Rational Rhapsody software where the system architecture is 

realized, and which contain various relationships between each other. 

 The “HelicopterModelLibrary” package is a library containing the model elements, 

relationships, units and sub-packages used in the study. 

 The "PredefinedTypes" package consists of models containing stereotypes representing 

the features to be used in the case study. It is defined automatically when the SysML 

project is created. 

 The "Requirements" package includes models of requirements created within the scope 

of the case study and requirements found in the DOORS software. 

 

3.3. Model-Based Systems Engineering Processes 
 

Model-based systems Engineering (MBSE) is an approach used to reveal the needs that involve 

different perspectives of stakeholders, which one of the problems of systems engineering, and to 

analyse these requirements with models and make them more detailed and understandable. Thus, 

in complex systems like a helicopter, the entire process from customer requirements to system 

requirements and system architecture can be explained with this approach. In this process, 

requirements analysis, functional analysis, system architecture design and detailed system 

architecture design phases are carried out respectively. 
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3.3.1. Requirement Analysis 

 

The requirements analysis process is the first phase of the model-based systems engineering 

process. The input of the requirements analysis process is the customer requirements, and the 

output is the use case models of the system. The requirements analysis process includes the 

design steps listed below: 

 

 Examining customer requirements and determining required behaviours (use case) 

 Derivation of preliminary system requirements for the use case determined with 

reference to customer requirements and standards 

 Linking the derived system requirements to customer requirements. 

 

Models are used when expressing targeted behaviours (use case) in the model-based systems 

engineering process. In SysML, the use case that is created with using phrases and actors of the 

system are expressed with the Use Case Diagram. After classification of customer requirements, 

use cases and actors are built in use case diagrams shown in Figure 8 to link the related 

requirements. It is intended to cover all customer requirements during the use case definition 

process. In addition to the actors and system boundary have been defined. 

 

 
 

Figure 8. Use Case Diagram example from case study 

 

After creating the success and establishing connections, preliminary system requirements started 

to be produced. The system requirements derived for “stabilized helicopter” use case and the 

“refine” connection between use case and system requirements in the Use Case Diagrams are 

linked as shown in Figure 9. Thus, system requirements have been created for the relevant use 

case. 
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Figure 9. Use Case Diagram example with refine dependency 

 

3.3.2. System Functional Analysis 

 

The functional analysis process is the second phase of the Model-based System Engineering 

process. Functional analysis is defined as a systematic process for defining and associating the 

functions that a system must perform in order to be successful. The functional analysis process is 

carried out for the following steps. 

 

 To define all the functions that the system must fulfil to meet the requirements in a 

graphical model. 

 Allocation of detail requirements created as a result of detailing system requirements 

 Defining sub-functions required for each function by making functional decomposition 

 Explain what to do and how to do it before implementing the requirements. 

 

The steps in the functional analysis process are shown in the Figure 10. [6] 
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Figure 10. Functional analysis process 

 

In the functional analysis process, which is one of the model-based systems engineering 

processes, the definition of the model content is determined by the use case. The creation of the 

detailed use case functional flow is provided by Activity Diagrams. While creating activity 

diagrams, actions are determined firstly, and control flow is obtained by taking into account the 

order of realization of these actions. 

 

In the process of defining the scenarios of the use case, it is determined how a system can 

perform its use cases and whether there are any conflicts or conflicts between the lower level 

functions (actions) while performing these behaviours. 

 

In the process of defining functional interfaces, the basic interactions between the system and the 

environment and the interconnections of the behaviours of the system components are defined. 

The inputs containing the data received from the outside of the actions and the outputs containing 

the data given out are determined. 

 

Activity Diagrams created for the realization of the use cases that are desired to be in the system 

during the verification and validation of the use case model are verified by animations. 

 

In the process of ensuring traceability, which is the final stage of functional analysis, it is shown 

that all requirements are covered by connecting requirements with Use case diagram components. 

The connection relationship is provided by “satisfy”. 

 

The Activity Diagram shows the dynamic aspects of a system and the action-to-action control 

flow. It defines the basic interactions between the system and the environment, or the 

interconnections of the behaviour of the components. An Activity Diagram allows you to 

accurately transfer the most complex behavioural goals by creating different scenarios with 

various types of action. The "SAS" Activity Diagram created for the "stabilized helicopter" use 

case is as shown in Figure 11 with the data flow. 
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Figure 11. Activity Diagram example from case study 

 

As a result of the creation of Activity Diagrams, the big picture of the behaviour of the helicopter 

automatic flight control system is revealed. The output of the functional analysis process is 

considered to be the creation of the functional architecture of the system and its definition of the 

functionality of the system. According to the ARP4754A document, the output of this process is 

defined as the determination of the scenarios and actions required for the realization of the use 

case of the system and the resulting functional requirements.[7] 

 

Functional requirements define the functional infrastructure of the system, specify what the 

system will do in detail, express the necessary characteristics of the system and the constraints in 

the system solution. By obtaining functional requirements, the system requirements resulting 

from the requirement analysis are revised. Some of the functional requirements that are the output 

of the functional analysis process are as shown in Figure 12. 

 

 
 

Figure 12. Functional requirements example from case study on DOORS 
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3.3.3. System Architecture Design 

 

The system architecture design process is the third phase of the Model-based systems engineering 

process. System architecture is defined as the conceptual model that defines the structure, 

behaviour and formality of the system.[8] In the system architecture design process, functional 

requirements are classified, a structural model component specific to each class is created, and 

functions are allocated to structural model components. Structural architectural and structural 

requirements obtain as a result of this process. While performing the system architecture design 

process in the case study, the path as follows: 

 

 Defining basic system functions 

 Classification of functions and creation of functional architecture 

 Creation of structural components from functional architecture 

 Allocation of system level operations to structural model components as shown in Figure  

 Creation of structural architecture 

 Obtaining structural requirements 

 

The system architecture design process focuses on the development of a structural architecture 

that can perform the necessary functions within the limits of the estimated performance 

constraints. Structural models created in the system architecture design process, 

 

 show which parts of the system will consist, 

 show what the relationships between the parts will be, 

 define the details / features of the internal structure of the parts, 

 create the structural architecture of the system in a hierarchically. 

 

Block Definition Diagram and Internal Block Diagram are created with SysML to define a 

structural architecture. In this case study, the structural architecture of the system was created 

hierarchically with different Block Definition Diagrams. Within the scope of this article, the 

design of the “SAS” system architecture was handled step by step by taking the "Stabilized 

helicopter" use case and the "SAS Activity Diagram" created during the functional analysis 

process. 

 

 
 

Figure 13. Block and action allocation table 
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Figure 14. SAS Block definition diagram 

 

It provides a visual representation to manage architectural system complexity and create a 

communication and coordination mechanism between components. The output of the system 

architecture process is conceptual models that define the structure, behaviour and formality of the 

system. These models are designed with Block Definition Diagrams. As a result of the creation of 

Block Definition Diagrams, the structural architecture and structural requirements of the 

helicopter automatic flight control system were revealed. With the obtain of structural 

requirements, the system requirements that obtained as a result of the needs analysis were 

revised. 

 

Some of the structural requirements that are the output of the system architecture design process 

are as shown in Figure 15. 

 

 
 

Figure 15. Structural requirements example from case study on DOORS 

 



16   Computer Science & Information Technology (CS & IT) 

3.3.4. Detailed System Architecture Design 

 

The final stage of the process of Model-based systems engineering is the detailing of the system 

architecture. The detailing of the system architecture aims to explain in which order the structural 

architectural components of the system operate in accordance with the scenarios and to show the 

communication between the components. The system architecture developed using SysML is 

detailed with Sequence Diagrams. The process of obtaining Sequence Diagram in SysML is as 

shown in Figure 16. [9] 

 

 
 

Figure 16. Process of the obtaining Sequence Diagram 

 

When creating Sequence Diagram, a scenario is selected firstly from Activity diagram. The 

blocks in which the actions that are active in the selected scenario are allocated are added to the 

Sequence Diagram as a "lifeline" model component. Communication between the "Lifeline" 

model components is provided by messages. The detailing process of the system architecture was 

carried out in all the Activity Diagrams that the output of the system functional analysis in the 

case study. As an example of the system architecture detailing process, the helicopter automatic 

flight control subsystem “SAS” is detailed with the Sequence Diagram as shown in Figure 17. 

 

 
 

Figure 17. Sequence Diagram example from case study 
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During the system detailing process, the messages transmitted between the blocks in Sequence 

Diagrams are examined and the interfaces of the subsystems are created. The interfaces are 

shown in Internal Block Diagrams in SysML. The interface has been defined for all blocks 

created in the system. The helicopter and AFCS system interface to be used in the design is 

shown in Figure 18. 

 

 
 

Figure 18. Internal Block Diagram example from case study 

 

Interface blocks of helicopter automatic flight control system is shown Figure 19. 

 

 
 

Figure 19. Interface block of AFCS case study 
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4. CONCLUSION  
 

The model-based systems engineering process covers the requirements and system architecture 

stages of model-based design processes. Accordingly, requirements management, system 

architecture management and model-based systems engineering design processes have been 

developed. 

 

Within the scope of the requirements management study, the requirements were defined in the 

DOORS software, a checklist was created for the validation of the requirements, the requirement 

was traceable, the requirement validation methods were defined, and the transfer methods were 

developed to use the requirements in different software. 

 

Within the scope of the system architecture management study, the model organization for the 

helicopter automatic flight control system was realized in IBM Rational Rhapsody software with 

using SysML. 

 

The following were found in the model-based systems engineering design processes. 

 

 As a first stage the requirement analysis study, use case were revealed by reference to the 

customer requirements and the requirements were associated with the use cases. 

 As a second stage the system functional analysis study, functional requirements of the 

system were revealed by developing functional architecture and functional models. 

 Within the scope of the system architecture design study, structural requirements of the 

system were revealed by developing structural architecture and structural models. 

 Within the scope of the detailed system architecture design study, the system's operating 

scenarios and system interfaces have been created. 

 
With the model-based systems engineering approach and application of this study, a solution was 

found to the main problems of traditional system engineering. Model-based systems engineering 

approach is more systematic than traditional systems engineering but requires more preparation 

before implementation. As a result, a case study has shown that it is a more efficient design 

process for management and traceability. 

 

5. FUTURE WORKS & LIMITATION 
 

Similar to the work done in this article in the future, it can be applied in all aircraft design 

processes. More detailed testing and verification can be done using an advanced simulation 

infrastructure program. Traceability can be achieved by providing integration between programs 

where designs in different disciplines are realized and systems engineering designs. 

 

As a limitation of the study, according to the methodology applied in this study, the requirements 

and system architecture stages of the model-based design stages are carried out for the automatic 

flight control system. 
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