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Abstract

The present paper shows the application of the model-based AGILE 4.0 architectural framework currently
being developed within the context of the European Union (EU) - funded AGILE 4.0 research project. This
architectural framework is conceived to guide designers in the definition, modeling, design and optimization of
complex aeronautical systems, by following a Systems Engineering Product Development process. The AGILE
4.0 architectural framework supports different activities for the development of systems, such as requirements
engineering, functional analysis, system architecting and Multidisciplinary Design and Optimization (MDO).
More specifically, the present paper focuses on part of the architectural framework, which is being developed
to address the initial activities of a Systems Engineering process, namely the definition and modelling of system
stakeholders, needs and requirements. The development of this architectural framework is indeed fostered by
all the potential advantages of Model Based Systems Engineering (MBSE) approaches, which in contrast to
traditional document-based approaches might bring to several benefits in the design process, as enhancement
of systems design quality, more complete and clearer development of system requirements and specifications
and improved communications within the design teams. Seven different application cases are addressed in
the paper, demonstrating how the architectural framework and its implementation in a MBSE development
system can be exploited to streamline, accelerate and improve the definition and modeling of complex systems.
Advantages but also some limitations of this model-based approach are identified from the applications and
addressed in the paper.

Keywords: architectural framework, Model Based Systems Engineering, SysML, requirement, complex system

1. Introduction

The design of a new aircraft is a process that is becoming always more complex, especially due to
the development and introduction of new technologies and the continuously increasing demand of
higher performance. The aircraft design process is nowadays characterized by a high number of
designers and a larger quantity of information and data produced. Design data encompass technical
information about the aircraft under design — for instance requirements, specifications, descriptions
and interfaces of the several systems, components and parts of the aircraft — but also organizational
information produced during the design process, as design decisions, life-cycle of the project, roles
and tasks of all the designers involved. Moreover, this huge quantity of data is composed by elements
that are connected together through different kinds of relationship. For example, certain system
requirements might bring to specific design decisions that entail different solutions. This means, that
specific elements of information and data produced and handled in a design project can be impacted
in case changes are applied to other elements. Moreover, all the design data are authored by different
designers belonging to different organizations of the supply chain or different engineering
departments. Therefore, many relationships between the data elements might not be clearly evident,
and hence negatively impacting the traceability among all these elements.

With the aim of minimizing the difficulties related to the handling of a large quantity of data produced
during the design of an aeronautical product, several organizations and research groups have defined
and published architectural frameworks. An architectural framework is defined by the ISO/IEC/IEEE
42010 standard as a set of: “conventions, principles and practices for the description of
architectures established within a specific domain of application and/or community of
stakeholders” [1]. The architecture in this definition is a formal description of a system, where
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a system is a “set of entities and their relationships, whose functionality is greater than the
sum of the individual entities” [2]. In the context of the present paper, an aircraft is a system, since
all its entities, e.g. wings, fuselage, engines and on-board systems, are joined together to make
possible the flight and transport of payload. Hence, an architecture describes the different data
elements of the system. A system architecture can depict for example all the parts that compose the
system, its life-cycle, its operations and many other details. An architectural framework provides the
guidelines for the standard representation of the multiple system architectures.

As mentioned before, several architectural frameworks have been proposed and made available in
literature, e.g. Zachman’s Framework [3], Department of Defense Architectural Framework (DoDAF)
[4], British Ministry of Defence Architecture Framework (MODAF) [5], NATO Architectural Framework
(NAF) [6] and The Open Group Architecture Framework (TOGAF) [7]. Among all of them, the
architectural framework being developed in EU funded research project H2020 AGILE 4.0 [8] is
presented in this paper. The AGILE 4.0 project, led by DLR, expands the ambitions of its predecessor
H2020 AGILE [9] project, and it targets new methods and technologies to improve, streamline and
accelerate the development of complex systems, addressing all the main pillars of the aeronautical
supply-chain: design, production, certification and manufacturing. The AGILE 4.0 architectural
framework is supported by novel Model Based Systems Engineering (MBSE) technologies. Indeed,
traditional aircraft development activities performed along the different stages of a Systems
Engineering Product Development process (e.g. identification of stakeholder needs, determination of
system functions, collection of requirements, verification and validation tasks) are addressed in
numerous documents, which collect the whole quantity of data and information produced. This
traditional document-based approach is negatively impacted by many limitations and disadvantages,
including for example poor traceability, lack of clarity, misunderstandings, and ambiguity. A new
approach based on models instead would improve all the design activities, enhancing the quality of
the process and results, and facilitating the clear and correct communications within the design team
[10]. Due to all these potential advantages, several companies, many of them operating in the
aerospace domain, have already started the transitioning towards innovative models-based
approaches, and therefore MBSE is expected to play an increasing role in the field of Systems
Engineering in the next decades [11]. All these motivations are pushing the AGILE 4.0 project
Consortium to the development of an MBSE architectural framework, which would provide clear
guidelines for the representation of multiple system architectures through models.

The AGILE 4.0 project is still running, since it was started in September 2019 and it will last for three
years. Therefore, the AGILE 4.0 architectural framework is still under development, but it can be
currently employed for the definition and modeling of stakeholders, needs and system requirements.
Moreover, the project Consortium is implementing the architectural framework into a development
system, which includes several technologies that can be used to accelerate and improve the design
and operation of complex aeronautical products. In addition, it is worth noting that a development
system itself can be designed and built by leveraging MBSE approaches, as explained by Ciampa et
al [12]. Therefore, also the AGILE 4.0 development system is being realized by exploiting model-
based approaches and technologies [13]. The present paper aims at proposing some examples of
application of the AGILE 4.0 architectural framework employed through the AGILE 4.0 MSBE
development system. More specifically, this paper shows how the different application cases
addressed in the project are tackled by employing the novel MBSE technologies being developed in
the project. Ultimately, the present paper collects the main feedback provided by several partners
about the novel model-based approach, but also some limitations.

In order to reach the previously stated objectives, this paper is organized as follows. After the
introduction of Section 1, an overview of the AGILE 4.0 architectural framework and its implementation
into the MBSE development system are presented in Section 2. The seven application cases tackled
in the project and addressed in the paper are introduced in Section 3. Section 4 provides a brief
example of definition of stakeholders, needs and requirements, supported by documents, highlight
the limitations and disadvantages of this legacy approach. The most important part of the present
paper is Section 5, where the AGILE 4.0 architectural framework and MSBE development system are
employed to model the seven application cases. This paper ends with Section 6, in which the main
feedback gathered from the different project partners is reported.

2. AGILE 4.0 architectural framework and MBSE development system
The present section aims at providing a short introduction about the architectural framework and
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MBSE development system being addressed in the AGILE 4.0 project. More details are written in [14].

As mentioned in Section 1, the current version of the AGILE 4.0 architectural framework and its
implementation into the MBSE development system guide the definition and modeling of
stakeholders, needs and requirements. A stakeholder is an “individual or organization having a right,
share, claim, or interest in a system or in its possession of characteristics that meet their needs and
expectations” [15]. Given an aircraft as a system, examples of stakeholders encompass: Original
Equipment Manufacturers (OEMS), suppliers, regulation authorities, airlines, flight and ground crews,
passengers, maintainers, and air traffic controllers. All the stakeholders express different wishes,
necessities and desires from the system. In other words, stakeholders have different needs, which
are defined as “informal expressions of something that has to be provided, ensured or avoided by a
system or the development project of this system” [16]. For instance, airlines want to maximize profit,
and passenger would instead demand a comfortable flight. Needs are generally unstructured and
expressed in fuzzy or general, ambiguous terms, and therefore they must be translated into
requirements, which instead should follow precise patterns and rules to assure characteristics as
unambiguity, completeness, feasibility, verifiability and correctness. A requirement is “a statement
which translates or expresses a need and its associated constraints and conditions” [16].

As any architectural framework [17], the one being developed in AGILE 4.0 is composed by ontologies
and viewpoints. An ontology defines all the main concepts of the system architecture and the
relationships between them. A viewpoint instead lists all the conventions for the construction,
interpretation and use of system architectures from the point of view of specific system concerns,
named perspectives. Viewpoints are prescribed to create views for the representation of the
architectures of the system under development from the different perspectives.

Figure 1 shows through a SysML (Systems Modeling Language) Internal Block Diagram the ontology
for the definition of the main concepts previously introduced and their relationships: complex system,
MBSE development system, stakeholders, needs, requirements. Moreover, the ontology includes
other concepts that are explained below, as requirement types, rules and attributes. This ontology
developed within the context of the AGILE 4.0 project is published as open access [18] on the
Community page of the project on the Zenodo website [19], from where it can be freely downloaded
and re-used by any user inside and outside the project Consortium. The available files represent the
meta-models, rendered by OWL (Web Ontology Language), supporting the development of any
complex system in any domain.

ibd [Block] Ontology [AGILE 4.0 meta-model of stakeholders, needs and requirements]/
«ontology concept» «ontology concept» < «ontology concept» I\:;rgoElczige{r:fscipet:nt |
Type Need Stakeholders t P
has express system

+'5 transformed in have an interest on % s

«ontology concept» «unlology concept drives the design of «ontology concept» supports the

—— Requirement » A
Pattern - System development of
follows {expression)
O | A
Y &
|
«ontology concept» < «or;c;log;«r:ﬁ.'r;c;pt» «ontology concept» «ontology concept» «ontology concept» | |
Rules q Attributes Set of requirements System of Interest
has statement

Figure 1 — SysML Internal Block Diagram representing the ontology of the AGILE 4.0 architectural
framework representing the main concepts and their relationships for the definition of system
stakeholders, needs and requirements [14].

One of the key concepts of the ontology is the system. Within the specific context of the present paper,
the system is a complex aeronautical product (e.g. an aircraft), but according to its generic definition,
also the MBSE development system is a system, which aims at supporting the designer in the
development of the system of interest (e.g. through tools and file formats). The development of the
system begins with the identification of the stakeholders, which have an interest on the system during
its life-cycle, and therefore which express various needs. These needs have to be transformed into
requirement (expressions), which drive the design of the system. Requirements are composed by two
main parts: requirement statement, i.e. the text, and a series of attributes required for the optimal
management of requirement. Attributes are recommended and explained in [20], and examples
3
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encompass: author of requirement, identification number, and test cases. Moreover, multiple
requirements can be grouped within same sets of requirements, for instance when dealing with the
same subject. Differently from needs, which are generally incomplete, unclear and ambiguous,
requirement statements have to follow predefined rules that assure quality characteristics as
unambiguity, completeness, verifiability. A long list of rules is prescribed by the International Council
On Systems Engineering (INCOSE) and published in [20]. Finally, requirement statements have to
follow different patterns, i.e. they have to contain mandatory and optional elements including for
instance functions, performance characteristics, durations and conditions. The patterns depend of the
type of the requirements, e.g. functional or performance requirements.

Other than ontologies, an architectural framework is composed by viewpoints. Ten different
viewpoints are part of the AGILE 4.0 architectural framework for the representation of stakeholders,
needs and requirements. All these viewpoints belong to the requirement perspective, but each one of
them focuses on specific aspects of the system. The SysML Package Diagram [21] depicted in Figure
2 collects all the ten viewpoints.

pkg [Package] Viewpoints [Requirements perspective Viewpoints] ;

«perspective»
Requirements Perspective

«viewpoint»

Stakeholders
hierarchy

«viewpoint»
Needs list

«viewpoint»
Requirement sets

«viewpoint»
Requirements list

«viewpoint»
Requirement pattern

«viewpointy
Glossary

«viewpoints
Requirement
verification

«viewpoint»
Means of compliance

«viewpoint»
Test cases

«viewpoint»
Traceability

Figure 2 — Viewpoints of the AGILE 4.0 architectural framework belonging to the requirement
perspective. A SysML Package Diagram is adopted to model the viewpoints [14].

The ten viewpoints of the AGILE 4.0 architectural framework provide the following information:

+ Stakeholders hierarchy: representation of all the stakeholders that have an interest with the
system under design. The hierarchy among stakeholders is shown as well by views compliant with
this viewpoint.

* Needs list: representation of the needs expressed by the different stakeholders. Views compliant
with this viewpoint should show which stakeholders are expressing which needs.

* Requirement sets: list of all the considered sets of requirements. Views compliant with this
viewpoint don’t show any other detail about the requirements belonging to the different sets.

* Requirement lists: collection of requirements, for each of them reporting information as
requirement statement, identification number, requirement type, author and version.

* Requirement pattern: representation of all the pattern elements (e.g. function, performance,
condition) of each requirement statement.

* Glossary: explanation of specific nomenclature that is represented in all the views.

* Requirement verification: representation of means of compliance and test cases used to verify
a specific requirement, i.e. to prove that the system is compliant with what expressed by the
requirement.

+ Means of compliance: list of all the generic means (e.g. “analysis”, “simulation”) employed for
the verification of requirements.

+ Test cases: description of a test case (i.e. a specific means to verify a requirement, for example
a specific software) used to prove the compliancy with a requirement.

+ Traceability: representation of all the “derivation” relationships between needs and requirement
and between multiple requirements.

More details about the ten viewpoints of the AGILE 4.0 architectural framework are reported in [14].

The present paper follows the viewpoints to realize architectural views of the seven AGILE 4.0

application cases. The obtained views are addressed in Section 5. All the views have been

automatically derived through the MBSE development system, which implements all the viewpoint

just explained. The MBSE development system integrates different tools available in literature or

developed the project Consortium. Figure 3 shows the physical architecture of the MBSE
4
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development system, consisting of the integrated tools for the definition and modeling of stakeholders,
needs and requirements. The platform KE-chain! provided by the company KE-works serves as front
end of the MBSE development system and as a process modeler. It is accessed by multiple users to
define data of the system under development, as stakeholders and needs. In addition, it is used for
the elicitation and development of requirements (including the definition of all the requirement
attributes), and connection between needs, derived requirements and originating stakeholders. The
collected data can also be inspected in KE-chain by other users for validation purposes. Moreover,
automation modules are integrated with KE-chain to verify the completeness and consistency of the
model. Once the model is created, it can be exported and visualized in the form of SysML diagrams,
which are automatically built by the tool MBSEIlib, developed by DLR, according to the viewpoints
prescribed by the AGILE 4.0 architectural framework. The views generated with MBSElib are saved
in a Papyrus? project file and can be opened in Papyrus for their inspection and validation.

Input and
validate .
MBSELib
Python script for the
Export o generation of a Papyrus

project (MBSE model
with all views)

h

Stakeholder
needs

KE-chain tables to
Manually | manage stakeholders,
execute needs and requirements

Import

= rpé(aﬁﬂx% ’
== Stakeholders, Needs
Automation modules i 2takenolders, Needs
== S and Requirements

to verify the model
completeness and
consistency

visualization
environment: Papyrus

Validate

Figure 3 — Architecture of the MBSE development system for the definition and modeling of
stakeholders, needs and requirements [14].

3. Introduction to the AGILE 4.0 Application Cases (AC)

Seven different application cases are designed in the AGILE 4.0 project through the AGILE 4.0
architectural framework and the MBSE development system. The application cases are validated by
industrial partners of the project Consortium, and they focus on different scenarios, covering the whole
development life-cycle, including production, certification and upgrade (see Figure 4). A brief
description of the seven application cases is provided in this section.

- [ FOKKER € EMBRAER
o AEROSTRUCTURES
‘d /}. l)r
'§" .»é — ps é
Airframe components & &
flap\HTP 0 Manufacturing Q Supply chain
5 BOMBARDIER < EMBRAER AIRBUS
] 1 wd wd
- v
On-board systems o E‘!j /(
Propulsions e >° Electrification o Maintenance e Certification
‘& LEONARDO BOMBARDIER
] > : >
g - P 4 N L 4
[ > ) o 4 \" ‘. b - L
g jé e 1
Propulsion, cabin, 2 . . -
| avionics, winglet _0 Retrofitting 0 Family concept

Figure 4 — Seven application cases described in the paper addressing different scenarios of the
aircraft development life-cycle.

1 https://ke-chain.com/?lang=en
2 https://www.eclipse.org/papyrus/download.html
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3.1 Application Cases with focus on Production

The production phase of the development life-cycle is the focus of two application cases, referred
respectively as AC1 and AC2. A 90-passenger regional aircraft is taken as reference for both the
cases, but two different aircraft systems are tackled. AC1 specifically addresses the optimization of
trailing edge flaps while taking manufacturing aspects into account. AC2 instead models and analyzes
the production of Horizontal Tail Planes by different industrial supply chains, made of an Original
Equipment Manufacturer but different combinations of suppliers at different tier levels. More
information about AC2 can be found in [22].

3.2 Application Cases with focus on Certification

Three application cases (AC3, AC4 and AC5) focus on certification. The main objective of these
application cases is to include certification aspects during the design process. Novel and innovative
architectures of on-board systems (including propulsion systems) are investigated by the three
application cases. In particular, AC3 aims at identifying and evaluating multiple system architectures
driven by safety constraints while AC4 is focused on the continuous airworthiness, which mainly
defines the maintenance process and aircraft maintainability. Both the application cases are based
on a 19-passenger regional aircraft. AC5 instead addresses part of the certification process of
systems and airframe (e.g. electromagnetic compatibility) of Unmanned Aerial Vehicles (UAVS). More
information about AC5 can be found in [23].

3.3 Application Cases with focus on Upgrade

Upgrade aspects are finally addressed by the last two application cases. The case referred to as AC6
deals with the “retrofitting” of an existing 90-passenger regional jet aircraft, by re-designing and re-
integrating novel and improved versions of engines and on-board system architectures. AC7 instead
tackles the development of a business-jet family compose by three 8-passenger aircraft with different
cabin length and design range.

4. Document-based approach: application and limitations

A document-based approach was initially adopted by the application cases to identify stakeholders,
collect their needs, and develop system requirements. Processes and guidelines required to
accomplish these tasks were presented to the partners involved with the application cases. In
particular, explanations on how to write requirements (see pattern, attributes and rules in Section 2)
were provided, but the partners were asked to collect the information and results in documents. Figure
5 shows an example of requirements collection supported by a document-based approach in AC2.
The document collects some requirements focusing on the aircraft level. The requirement statements
are manually written adhering to the patterns. Different colors are employed to highlight the different
text elements of the statements, for instance red to highlight functions and brown to highlight
performance characteristics. Other than the requirement statements, all the attributes are reported in
different columns, including other requirements or needs originating each requirement (column D).
H ©- = »

AGILE 4.0 - Task6.2 - Document based version.xlsk - Excel Boggero, Luca

2 Tell me what you want to do
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& D Requirement statement Type Parent/Source Means of Compliance

7 04 The aircraft shall entry into service in 20XX* Design (constraint) N_09/N_06 Flight test

a 02 The aircraft shall fly at Mach XX Performance | 16 Aerodynamic analysis

9 06 The aircraft shall have the sale price of maximum XX 5 Suitability N_04/ N_07/N_24/N_35 Costs analysis

10 03 The aircraft shall have technologies with maturity TRL 6% Design (constraint) N_08 OAD analysis

11 13 The aircraft shall take off with the TOFL of maximum 1500 m Performance N_19 OAD analysis

12 14 The aircraft shall have the design range of 3500 km Design (constraint) N_20 0AD analysis

& 07 The sircraft shall have the surface roughness of maximum XX + XX pm Suitability N_10 Aerodynamic analysis

15 08 The aircraft shall land with the LFL of maximum 1400 m * Performance N_19 OAD analysis

16 17 The aircraft shall have the passengers number of maximum S0 Transportability N_43/N_20 OAD analysis

17 20 The aircraft shall have the cabin lenght of 34 m Design (constraint) N_17 0AD analysis

12 32 The aircraft shall have the unit cost of maximum XX 3 = Suitability N_45 Costs analysis

19 33 The aircraft shall have the level noise emission of maximum XX Design (constraint) N11 Noise analysis

20 34 The zircraft shall be easy accessible in case Enviromental N_21/N_22 Inspections

21 36 The aircraft shall be compliant with CS - 25 regulation® Functional N_34/N_aa Flight test

2 37 The aircraft shall have the CO2 emission of maximum XX kg Design (constraint) N_11 Simulation

23 38 The aircraft shall provide a fast break-even® Functional N_01 Costs analysis

H OE M - 1 + 90%

Figure 5 — System requirements collected in a document. Example from AC2.
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The following disadvantages and limitations of this document-based approach were found by the
different application case partners:

* The activity of reporting information in documents is prone to errors. Only manual verification of
the collected information can be done, but this can take a lot of time and effort and it can be
ineffective.

* Traceability between all the collected data and information is negatively impacted by the
document-based approach. This implies difficulties when applying modifications, since it would be
challenging to clearly assess what and how is impacted by design changes.

+ All the elements inside the requirement statements are “pieces of text”, and not “objects” of a
model. Therefore, in a document-based approach these elements can’t be are re-used in other
phases of the development. For instance, performance characteristics expressed in performance
requirements can also be results of MDO processes. If these elements were “objects” instead of
“text”, they could be employed to verify the requirements.

» Itis difficult to adhere to patterns when writing requirement statements in documents. This would
entail errors that would negatively affect the quality of the requirement, and therefore jeopardize
the success of the project.

* The joint effort between multiple people collaborating in the same project would be undermined
by the document-based approach.

« Itis difficult to re-use in a new and different project all the results collected in documents. In case
part of the data and information generated within the context of a project was exploited in a new
study case, a drastic reduction of development effort and time would be achieved.

All these limitations and disadvantages have motivated the project Consortium to adopt a new
approach based on models instead of documents. This new model-based approach is guided by the
AGILE 4.0 architectural framework and supported by the MBSE development system. The most
significant results determined during the development of the seven application cases through a model-
based approach are described in the following section.

5. Model-based approach: application

Other than in documents, the entire design information that is generated and handled in projects can
be more effectively collected in models, thus overcoming all the limitations and disadvantages
previously presented concerning a document-based approach. The present section shows some
examples of models addressing the stakeholders, needs and requirements of the seven AGILE 4.0
application cases.

5.1 Stakeholders and Needs model

The first model proposed in this paper represents system stakeholders and their needs. As reference
example, AC1 is chosen. Since this application case focuses on the design and production of flaps,
three main types of stakeholders are identified, as represented in the SysML Block Definition Diagram
of Figure 6 that has been automatically generated through the MBSE development system. Three
representatives of a supply chain are considered, each one belonging to a different tier level. The top
level of the supply chain is occupied by the OEM, which targets the design production and assembly
of the overall aircraft, except the flaps. The flaps are indeed designed and produced by a Flap
Manufacturer, which belongs to the tier-1 level of the supply chain. In turn, the Flap Manufacturer
outsources to realization of smaller components (e.g. hinges, tracks) to multiple lower level suppliers.
Additional stakeholders are considered in AC1, as Certification Authorities, the Government and
Aircraft Users.

«systemStakeholders
£ stakeholder

\ . \ . \ \
esystemStakeholders «systemStakehalders wsystemStakehalders asystemStakeholders asystemStakeholders asystemStakeholders
§ Flap manufacturer (FM) 3 DEM - Suppliers Tier 2, built to print (T2SUP) & Certification Authorities (CERT) £ Governmen it (GOV) S Aircraft Users (OPS)

Figure 6 — System stakeholders model represented by a SysML Block Definition Diagram. Example
from ACL1 [24].

All the stakeholders express different needs. Some examples of needs collected from the OEM are
7
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modeled and represented in the SysML Requirement Diagram of Figure 7. These needs are
specifically addressing the flap, and they prescribe for instance: flap geometry and dimensions (N-
0011, N-0031), delivery time (N-0012), development costs (N-0013), mass and structural

characteristics (N-0014, N-0016).

1 Meeds 1 OEM Meeds
3
sneeds wneeds wneed» wneed» wneeds
[ Flap shape ] Flap delivery time ] Flap costs [ Flap weight ] Flap delivery
Stakeholder=0EM Stakeholder=0EM Stakeholder=0EM Stakeholder=0EM Stakeholder=0EM
id=N-0011 id=N-0012 id=N-0013 id=N-0014 id=N-0015
text=Flap needs to be of text=Flap needs to text=Flap needs to be text=Flap needs to be as text=Limited number of
a certain shape delivered on time within budget light as possible consessions on flap when
delivered
sneeds sneeds wneeds =needs
(] Flap stiffness [ Flap Type need (] Kinimatics need [ Hinge positions
Stakeholder=0EM Stakeholder=0EM Stakeholder=0EM Stakeholder=0EM
id=N-0016 id=N-0029 id=N-0030 id=N-0031

text=Flap needs to be of

a certain stiffness

text=Flap needs to be of
hinged single slotted

text=The flap needs to
follow a defined
extension path

text=The flap shall

connect to the wing at

type

Figure 7 — Stakeholder needs model represented by a SysML Requirement Diagram. Example from
AC1 [24].

specified hinge positions

5.2 Operational scenarios model

After the collection of stakeholder needs, some of them can be validated through operational
scenarios. “Validation” means to assure that the system resulting from the design will reflect the
stakeholder needs. It is therefore important for the designers to correctly understand the expectations
of all the stakeholders. An operational scenario is indeed a means of communication between the
designers — who are designing the system — and the stakeholders, which are going to operate the
system. The example of operational scenario model proposed below regards AC7, which focuses on
the development of a fleet of business jets. The SysML Sequence Diagram depicting one of the many
operational scenarios of this system is reported in Figure 8. The “system” represented in this scenario
is the fleet of the airplanes composing the aircraft family.

—T, Fleet —i Operator

Fleet has multiple family
members

|
|
|
Operate fleet |
|
|

Family member reaches its
end-of-life

Notify EOL

Scraps the aircraft
=

Identify synergies l:

| Another aircraft needs components replaced ‘

[
Select cannibalization target IJ_I ;
Scrapped aircraft is used for parts
cannibalization, enabled by part commonality

Finish cannibalization

A

Saves money compared t:

o

buying new parts |

- - —

Figure 8 — Operational scenario model represented by a SysML Sequence Diagram. Example from
AC7 [25].
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The model of this scenario describes an operation of aircraft “cannibalization”. After an aircraft of the
family reaches its end-of-life, part of it might still be good and may be used to replace parts on another
aircraft of the same family (so not necessarily of the same exact type). This operation satisfies the
need identified by the operator about the reduction of operating costs. Since components that are still
working can be taken from another aircraft of the same family, there’s not the necessity of purchasing
new items, and therefore maintenance costs can be limited.

5.3 Requirements model: list

Once needs have been collected and validated through operational scenarios, they should be
transformed into system requirements. Figure 9 shows through an automatically generated SysML
Requirement Diagram the model with aircraft requirements developed for the AC5 and dealing with
certification aspects. It can be noted that the model can be created and handled by multiple people,
and therefore different requirements might be generated by different people. In this specific example,
aircraft certification requirements are defined by two partners of the AGILE 4.0 project Consortium:
the DLR and the industrial partner Leonardo (LDO).

As explained before, the present view shows only part of the total information regarding requirements.
Additional information is represented in other views, as explained in the following subsections.

B Requirements
«requirementPluss «requirementPluss arequirementPluss arequirementPluss
& structural Integrity E Lightning protection ] 0BS lightning protection E] OBS lightning testing
Type=Design Type=Design Type=Environmental Type=Performance
Author=DLR Author=DLR Author=LD0O Author=LD0O
Version=0.1 Version=0.1 Version=0.2 Version=0.2
id=R-0004 id=R-0005 id=R-0036 id=R-0037
text=The aircraft shall comply text=The aircraft shall comply with text=The on board systems shall not exhibit text=The on board systems shall be
with EASA CS 23 Subpart C EASA civil regulation C523.1306 safe operation during exposure to indirect tested for conducted susceptibility to
effects of lightning in the lightning lightning induced veltages/currents at
environment defined in EUROCAE ED84 connector pins according to test
method and to the general
[ | requirements of DO-1606 Section 22

«requirementPlus» «requirementPlus» «requirementPlus» “Lightning Induced Transient

& Maneuver load ] Gust load L Flutter constraint Susceptibility”.
Type=Design Type=Design Type=Design
Author=DLR Author=DLR Author=DLR
Version=0.1 Version=0.1 Version=0.1
id=R-0038 id=R-0039 id=R-0040
text=The airframe shall text=The airframe shall withstand the text=The airframe shall be compliant with
withstand the critical static load critical static load due to gust the aeroelastic stability requirements CS
due to maneuver 25.629

Figure 9 — Requirements list model represented by a SysML Requirement Diagram. Example from
AC5 [26].

5.4 Requirements model: patterns

The transition from a document to model-based approach tackled through the AGILE 4.0 architectural
framework regards also the modeling of requirement statements. The solution adopted in the project
is to represent through objects all the main elements (i.e. words) that compose the text of a
requirement. In addition, all these elements together form the patter of the requirement, which is a
pre-defined structure that requirements have to comply with, in order to have good requirement
qualities, such as completeness, correctness, unambiguity and verifiability. The SysML Requirement
Diagrams in Figure 10 show the model of the requirement statement of two different requirements,
instantiating the elements that characterize the two different patterns. More specifically, Figure 10 (a)
represents a functional requirement, whose pattern is composed by two elements: the system — i.e.
the aircraft — and the function, which is “fly safely”. Therefore, the first requirement statement is “the
aircraft shall fly safely”. Analogously, the second requirement represented in Figure 10 (b) is
composed by all the elements characteristic of “Design” requirements, i.e. system (“the aircraft”),
design constraint (“have the sale price”), performance (“of maximum TBD $”) and condition (“in the
market”).
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«requirementPluss «attributes «requirementPlus: wattributes
=P DTt (a) Srs O Text (b)
Type=Functional Text=The aircraft shall fly Type=Design Text=The aircraft shall
Syntax Verification=True . safely Syntax Verification=True - have the sale price of
id=R-0015 id=R-0080 maximum XX § in the
market
e «conditions «performances
«function» g ] g
«systems it
L =] eysem - Text=in the market Value=0.0
O Aircraft ] Aircratt Text=have the sale price
Text=fly safely Unit of Measure=$

Constraint=maximum

Figure 10 — Model of (a) functional and (b) design requirement patterns represented by SysML
Requirement Diagrams. Examples from AC2 [24].

5.5 Requirements model: verification

An important activity of any product development process consists of the verification of requirements,
i.e. to check and prove that the product being designed is compliant with the stated requirements.
Therefore, the requirements model prescribed by the AGILE 4.0 architectural framework should also
be generated to indicate how requirements will be verified. Figure 11 shows the “Requirement
verification” view (depicted through SysML Package Diagrams that have been automatically
generated by the MBSE development system) of two different requirements. The first requirement (a)
is selected from AC3, and it deals with the safety characteristics of an Environmental Control System.
In this case, a specific certification (safety) tool is identified as a test case, which belongs to the Means
of Compliance “high-fidelity analysis”. The second requirement instead is from AC4, addressing the
dispatch reliability of the aircraft under design. A maintenance tool that also belongs to the Means of
Compliance “high-fidelity analysis” is used to verify this requirement.

«testCasePlus» (b)

i Maintenance tool
ID=T-0009

«testCasePlus» (a.)
o Certification (Safety) tool
ID=T-0011

]
«abstraction, Verifys
! I

‘ v
arequirementPlus:
System requirement R6

'
«abstraction, Verify»
|

«requirementPlus=

HEcs requirement ECS20
System Verification
Validation=Valid
MeansOf Compliance=HiFi Analysis
Responsible Stakeholder=null
text=The ECS shall perform the standard mission with a
maximum probability of catastrofic failure per flight hour
of 10*-9, according to the aircraft envelope

Figure 11 — Requirement verification Model (SysML Package Diagrams) showing the test cases for
the verification of requirements of AC3 (a) and AC4 (b) [26].

System Verification

Validation=Valid

MeansOf Compliance=HiFi Analysis
Responsible Stakeholder=null
text=The aircraft shall operate with a
dispatch reliability of 99.5%

5.6 Traceability model

The last view presented in this paper is named “Traceability”, and it shows through SysML
Requirement Diagrams which requirements are derived from which needs or other requirements, and
which are the consequences that might happen in case a requirement is not verified. The traceability
model is very important to evaluate how needs, requirements and consequences are related together.
Therefore, it is also important to have evident which are the sources of the different requirements,
and which impacts these requirements have onto the project in case they are not fulfilled. The example
proposed in this paper is based on AC6, and a portion of its relative traceability view is depicted in
Figure 12. As all the views described in the present paper, also the “Traceability” view has been
automatically generated through the MBSE development system. A key requirement of this
application case states that the aircraft should generate low emissions in any flight condition. This
requirement is derived from more than one need dealing with “green” and clean aviation specified by
different stakeholders. This requirement generates other requirements at aircraft-level, specifically
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prescribing the minimum reductions of polluting emissions (both CO, and NOx) and noise. In case
these requirements weren't fulfilled, the aircraft wouldn’'t be compliant with regulations and wouldn’t
be attractive for passengers and airlines.

uéquirementp\us»
e CO? reduction sconsequences
=l Minimize Emissions Responsible Stakeholder=0EM |«abstraction, deriveCons» W
T | joritv=High @ |le—c-c-cc—_______J = Ihe expected profr
;S;aj;:ha:;;l:r:AIRUNER ‘PJ:]Rn_th}I:\gh < emissions benefit will be
= i VT text=The Aircraft shall exhibit reduced. The aircraft could not
I 2 GOl i «abstraction, De:weReqt» -20% CO2 reduction during/ be compliant with regulations
: after exposure to atmoshere for
: any flight conditions =
! !
| i
I\ : . |
! \ arequirementPlus» |
: : = NOX reduction ;
i «abstraction, DeriveReqt: ! Respensible Stakeholder=0EM !
b ! Priority=High !
i | g |
e I d=R-0022 | wabstraction, deriveCons» |
' «abstraction, DeriveReqts 1 ' text=The Aircraft shall exhibit
! | ! -20%% MOX reduction during/
: : : after exposure to atmosphere
\V L V for typical mission
sneeds srequirementPluss :
= Environment Compliancy ] Environment friendly | «abstraction, DeriveReqts :
Stakeholder=CERTIFICATION Responsible Stakeholder=0EM - mmmmmm s mmmmmm o
AUTHORITIES Priority=Medium
id=N-0018 id=R-0026 .
text=Environmentally friendly text=The Aircraft shall exhibit «abstraction, DeriveReqt:
aircraft low-emissions during/after ‘ﬂ——————————————————————l
exposure to environment for |
any flight cendilions :
| : _ L b «CONSEqUENCEs
: | “"“"r'mezt rtl'l!h Q The expected profit, noise ..
' X a o U;e:h uldmeEM t Text=The expected profit, noise
«abstraction, DeriveReqts [ E!pl]ﬂil © Sakeholder= «abstraction, deriveCons» | benefit will be reduced. The
S Rrehiinh P could be not compliant with
1 id=R-0033 i i the regulation
| text=The Aircraft shall exhibit -6
! db noise reduction during/after
: exposure to atmospheric
: acoustic for certification points
I
v

«CONSEqUENCEs
Q The aircraft could be not a... |
Text=The aircraft could be not

=needs
Q Greener flight
Stakeholder=PASSENGERS
id=N-0023
text=Would like to pay for a
“green” flight

sabstraction, DeriveReqt» a_ttr_actwe for passengers and
e o o o e oo airliners

Figure 12 — Traceability model representing “derivation” relationships between needs, requirements
and consequences, represented by a SysML Requirement Diagram. Example from AC6 [25].

6. Conclusions: advantages and potential improvements of a model-based approach

The present paper focused on the activities performed within the context of the EU-funded H2020
AGILE 4.0 research project dealing with the transition from a traditional document-based approach to
an innovative model-based approach. More specifically, the paper has shown some examples of
application of the AGILE 4.0 architectural framework, and its implementation in the AGILE 4.0 MSBE
development system. The current versions of architectural framework and development system are
employed to identify and model system stakeholders, their needs and system requirements.

Several advantages have been identified from the application of the model-based AGILE 4.0
architectural framework. The proposed framework and the development system indeed exploit
modelling methods and technologies to improve the agility required during the definition phases of
complex systems. In other words, these solutions foster the collaboration among multiple designers
and integrate various automatisms to streamline, improve and accelerate the development of complex
systems.

The most relevant advantage regards the coherence between all the data and information developed
and handled during the design process, since all this data in a model-based approach is represented
by objects connected together (e.g. through “derivation” relationships in the “traceability” view in
Figure 12). In other words, the traceability is improved thanks to a model-based approach, and this
can be helpful in case design changes are made and should be propagated to the rest of the model.

Another important advantage is the complete addressing of all the stakeholder needs, which is one
of the key activities for the success of a product. Thanks to the approach of the AGILE 4.0 architectural
framework, it is evident what every stakeholder wants from the system, and how these stakeholder
needs are translated into system requirements. This information is represented in the “stakeholder”
and “need” models (Section 5.1) and in the “traceability” model (Section 5.6). Moreover, stakeholder
needs can be easily validated through model-based scenarios, which can be more comprehensible
than descriptions reported in documents.
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The AGILE 4.0 architectural framework prescribes also guidelines about the patterns of the different
requirement statement. This is another significant advantage of a model-based approach, because
all the words composing the text of requirements are represented as objects, which can be re-used
in the same model but in different views. For example, the same “function” element of a functional
requirement can be re-used again in the model within the representation of a system functional
architecture.

Other important advantages of the proposed model-based approach are fostered by the MSBE
development system. First, scripts are part of the development system to automatically verify the
correctness of the entire information. This can be possible since the information is represented by
models rather than being collected into documents. Second, the MBSE development system can be
accessed by multiple people with different roles. Therefore, the system model can be collaboratively
generated and handled.

Nevertheless, some limitations of the model-based approach have been encountered, which can
however promote further initiatives of further developments and improvements. The main
disadvantage of this approach is represented by the entry barrier that characterizes any novelty. This
entry barrier is reflected by the modeling language and by the new tools that the designers have to
use. The MBSE development system aims at overcoming this limitation by implementing tools that
automatically create the model (represented in SysML) from the input specified by the users.
However, knowledge should be acquired by the users to correctly interpret the views generated by
the development system. The second main limitation regards the difficulty of managing a high quantity
of generated data. Although the different views can represent part of the information of the system
under development, some resulting diagrams might contain a large quantity of elements, hence
negatively affecting the readability of the model. For instance, thousands of requirements can be
generated during the development of a real complex aeronautical product, and the MBSE supporting
technologies should be able to clearly represent this large quantity of data. However, this limitation
seems still unsolved within the entire MBSE community, and it might negatively hamper the adoption
of a model-based approach.

Finally, it is worth mentioning here some future activities that will extend the scope of the AGILE 4.0
architectural framework. The technologies introduced and applied in this paper focus on the definition
of system stakeholders, needs and requirements, but additional guidelines are under development
within the context of the AGILE 4.0 project to address system architecting activities and for the
verification of requirements through MDO processes.
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