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Abstract—Design of safety critical systems currently faces an
increasing complexity of layout and requires a full traceability
of product development. The Model-Based Systems Engineering
(MBSE) allows reducing complexity, while supporting the
product design by a suitable framework and an effective
methodology. It drives designer to define the so-called Digital
Twin of product. Nevertheless, the conceptual stage of design
might still suffer an arbitrariness, being linked to operator, and
the effectiveness of modelling activity might be affected by
system complexity. Arbitrariness can be avoided by automating
the requirements elicitation, by resorting, for instance, to the
NASA’s FRET (Formal Requirement Elicitation Tool) and
structuring the requirement analysis. System complexity can be
decomposed by resorting to two levels of modelling, namely the
‘sizing model’ for preliminary trade-off and definition of system
layout, and the ‘dynamic system model’ to investigate deeper its
performance. Those approaches are applied to design of a
landing gear of a commercial aircraft, by analysing those critical
issues in implementing the MBSE and demonstrating the
effectiveness of proposed approaches.

Keywords—Model-Based Systems Engineering, Requirement
analysis, Functional modeling, Physical modeling, Industrial tool
chain

I. INTRODUCTION

Complexity and cost of safety critical systems, in many
industrial applications, are rising up and require a holistic
approach to design [1]. The “Model-Based Systems
Engineering” (MBSE) provides a standard [2] as effective
methodology [3], suitable to trace customer needs and
requirements to product development [4]. It includes some
engineering methods, a specific model of process for product
lifecycle development [5], and can resort to several
commercial software. Moreover, as it proceeds with a
functional and numerical modeling of system, respectively,
some dedicated languages, as the SysML (System Modeling
Language) [6,7], allow representing the functional model by
digital records, thus assuring a complete digitalization of the
whole product development [8]. Nevertheless, the MBSE
implementation was required to overcome some practical
issues. Interoperability of software tools [9], being conceived
for different goals, from requirements elicitation, through
functional modeling, to numerical simulation, has been
assured by the Functional Modeling Unit (FMU) and
Interfaces (FMI) for co-simulation [10] as well as by some
new software, as the Dassault Systémes “No Magic Cameo
Systems Modeler” [11], aiming at including in just one
platform the whole toolchain to improve interoperability. An
effective orchestration [12] of tools is even required, and some
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solutions were provided, for instance, by the Ansys
ModelCenter [13] and Dakota software [14].

Apparently, industrial designer can now proceed easily
through the system development, by resorting to those tools.
Nevertheless, some issues are still unsolved [15]. A deeper
integration between product development and sustainability is
still matter of investigation [16]. Setting-up of a secure tool
chain, to be exploited by all the operators, even within
consortia, as well as within systems of systems is key [17].
Particularly, a residual arbitrariness of the functional
modeling is still suffered, especially in the requirements
elicitation, as it depends upon the operator. It could be
mitigated by introducing a driving framework, with a detailed
list of steps, as well as by resorting to a disciplined and
automated elicitation, based upon specific rules, as described
by the NASA’s FRET (Formal Requirement Elicitation Tool)
[18-20]. This allows then transferring to machine language
content, to be embedded into numerical models. Moreover,
modeling activity must simultaneously support the trade-off
analysis and the whole system definition, but models
conceived for those separated purposes are quite different.
Particularly, building a digital twin within that technical
domain [21], providing high fidelity by definition, is possible
only through a detailed numerical modelling activity, which
needs a very precisely defined architecture, being assessible
only if a suitable preliminary sizing action has been performed
[22]. Therefore, conceiving two levels of modeling as namely
the ‘sizing’ and ‘dynamic or development’ ones could help in
distinguishing the depth of information and make fit-to-
purpose the approach.

In this paper, the example of the product development of a
landing gear of commercial aircraft is exploited to represent
some critical issues faced by industrial operators in design, to
introduce a structured requirement — functional — logical —
physical sequence of analyses for product development, to
apply the FRET to requirement elicitation, and then show the
structured modeling approach based on sizing and
development models of the system of interest.

II. A REFINED MODEL OF PRODUCT LIFECYCLE
DEVELOPMENT

The MBSE has already consolidated a reference model of
the process of product lifecycle development, specifically
applied to industrial product requiring material processing and
assembling, which can be sketched by resorting, for instance,
to the ‘V-diagram’ [23], being specifically adopted by
standards [24], as shown in Fig.1 [16]. Each “V’ covers a
specific step of life, as development, service and end of life.
As is known, each element of the “V’ defines a sequence of



activities from top to bottom (yellow arrows) and bottom to
top (green), but at each step designer takes care of following
steps, being remarked by the horizontal red arrows. The
process is recursive, as it applies first to the whole system,
then to subsystems and components, as it reaches the details
of design synthesis. Moreover, key actions are associated in
Fig.1 to each element, to explore contents of the design
activity. Along the development, designer performs the design
of product, and then sets up the manufacturing activity,
including prototyping and testing. Life includes training of
operators, and then monitoring, prognosis, diagnosis and
maintenance in system operation [25]. Decommissioning is
based upon several actions, mainly disassembling to refurbish
and remanufacture product, and then a reconfiguration, which
resorts to reuse of components and recycling of materials.
That last activity feeds flow in circularity, as components and
materials are exploited to produce new systems, in a sort of

closed loop.
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Fig. . Multiple ‘V’ diagram exploited to describe the circular product
lifecycle development and main contents of the design activity.

Acronym ‘RFLP’ in Fig.1 states for ‘Requirement,
Functional, Logical and Physical’ analyses. They are
performed in sequence, according to the MBSE, and assure
the traceability of requirements, as customer needs are first
converted into some technical requirements, and then each
requirement is allocated to one or more function, to be
allocated in series to logical and physical (real) components,
respectively. That allocation assures correspondence between
requirements and design synthesis. Design must fulfil all
requirements, as confirmed by the verification of
requirements, and then product is validated, i.e. it must satisfy
all customer needs.

A. Structuring the RFLP process and conversion into
machine language within the product development

In that process, activities associated to each item are never
obvious. A first source of arbitrariness linked to operator is
found by companies in the requirements elicitation. To drive
that action, it is known that requirements are classified not
only into functional, operational and architectural, being
somehow standard by methodology [4], but even in more
articulated classes, as shown in Table 1, for the aeronautic
product. Some are very general, although they are conceived
for transportation systems and flight. Other ones are
expressively distinguished within the technical domain of
product, and very often are defined by each manufacturer.
This classification surely drives the requirements elicitation,
but cannot be easily automated yet, nor looks free of
arbitrariness, i.e. description and interdependency strongly
belong the operator performing this task. Furthermore, some

software tools help in collecting and digitalizing requirements,
as the IBM® Engineering Requirements Management
DOORS [26,27], or even to check their consistency in terms
of syntax and attributes, as the RAT-AUTHORING Tool by
REUSE® Comp. [28], but elicitation is up to the operator.

TABLE 1. EXAMPLE OF REQUIREMENTS CLASSIFICATION APPLIED IN
THE AERONAUTICAL ENGINEERING
Requirements classes
Standard General Dnmat.n
depending
Functional POllCIeS. and Performance
regulations
Cost and
Operational scheduling Usability
constraints
Architectural Phy51gal Interface
constraints
Design constraints Modes and
states
Adaptability
Environmental
conditions
Logistics
Dispatchability

Requirements are verified to be specific, measurable,
achievable, and relevant [29,30]. Nevertheless, the degrees of
freedom left to operator are still too many for an easy
automation of this task, as they are expressed through a text.
Therefore, a deeper structuring of the elicitation step is herein
proposed by resorting to the space engineering experience, as
deployed by the NASA within the FRET language. To
understand its role, it be remarked that it is in between the
natural language of textual document and the mathematical
expressions. Its benefits are a higher level of grammar rules
and a deeper semantic level than natural language, which
make human readability harder, but more conditioned and
suitable for at least a preliminary level of automation, as it
becomes interpretable to machine [31]. The FRET is based on
a specific sentence building approach, including following
elements:

* Scope specifies the mode or phase of system operation, in
which requirement is relevant

* Conditions are identified to be true to have the
requirement applicable

* Component specifies the (sub)system, which must fulfil
the requirement

*  ‘Shall’ is the verbal statement, imposing that requirement
must be fulfilled

* Timing specifies the time at which the requirement must
be fulfilled

* Responses define the actual conditions to be found, in
correspondence of which requirement that must be
satisfied.

An example of implementation is provided in Fig.2. The
usual textual approach based on natural language (on left) is
compared to the elicitation described by sentences structured
according to the FRET language (middle), which feed then the
FMU embedded into physical modelling (right). Each
requirement identifies first the subsystem involved, that must
satisfy the condition expressed, even according to standards as
the EASA CS-25 [32]. Immediately after the specific time for



requirement fulfilment is defined. Finally, the condition to be
found for fulfilment is described. In the LG-5.1.1, a specific

additional input condition is indicated, in orange, since the
wheels of landing gear are locked.

TEXTUAL ERET MACHINE-INTERPRETABLE .FMU. MODEL-COMPATIBLE
REQUIREMENTS REQUIREMENTS REQUIREMENTS
(G- IThe aircraft shall come to a The Aircraft shall always LG-
stop in 1000 meters of runway > satisfy x_land <= 1000.0 | tm—u
When landing, the discs of the The Brikeashiglii
\G-2 braking system shall never > | » Brakes shall always 3 LG-
reach a temperature higher satisfy T_brake < 400.0 'tmy
than 400 °C
[The aircraft shall decelerate > The Aircraft shall always N LG-
LG-3 with a mean value not lower satisfy a_land_mean >= 1.8 tqu
than 1.8 m/s2
IThe load applied on the The Main_Wheel shall always LG-
LG-4  [individual tires shall never VsfyEland wheal <Ti TQL L tm_y
lexceed the tire rated load salisly’r_land_wheel < lire_
[When the wheels lock the anti- e Anti_Skid LG-
LG-5.1.1 [5kid system shall reduce > shall within 2.0 seconds e f_m_u
braking pressure within 2 satisfy F_brake_act = 0.0
seconds - = i

Fig. 2. Implementation of the FRET language in case of the landing gear.

A main benefit of that structuring technique is that
conversion of textual requirements into a machine language
looks easier, and then it can be exploited by a digital model to
monitor system operation and warn the user, when thresholds
are reached. Embedding into FMU makes even safe and
closed content [33]. This transformation can be performed by
means of the Lustre® tool, being a synchronous data-flow
language [34]. This language allows associating each textual
requirement, being already transformed into a machine
language expression, to the physical model of subsystem, and
check can be run directly by the numerical model, as the FRET
can generate the requirement monitoring action simply as a
Simulink block [35]. This approach allows setting-up a driven
elicitation of requirement, more formalised and standard to
company, almost independent upon the specific user involved.
Requirement is even imported and embedded inside the
numerical model for a faster and automatic verification,
according to the process described in Fig.3.
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Fig. 3. Implementation of the FRET language in case of the landing gear.
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Particularly, the Lustre® tool instructs a Simulink block,
within the physical model of subsystem, when it is sufficiently
simple and resorts only to that tool. However, standards for
interoperability between simulation tools, as the Functional
Mock-Up Interface (FMI) allow connecting multiple dynamic
models, deployed in several tools, which might use different
and mutually incompatible solvers. Those elements are
encapsulated into black-box Functional Mock-Up Units
(FMU), to be imported into an FMI-compliant simulation. The
content of the FMU cannot be accessed, but inputs and outputs
are managed by the simulator.

In case of the landing gear, for instance, the simplest
model mass-spring-damper with one degree of freedom can be
conceived as a Simulink block, to create the FMU, which
receives the aircraft longitudinal speed Vieng and calculates
vertical displacement, Xyert, Speed, Vver, and acceleration, ayer,

as a closed block, to be easily embedded into another
simulation environment (Fig.4) [36].
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Fig. 4. Example of FMU for cosimulation of 1-DOF model of the landing
gear shock absorber.
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Fig. 5.Evolution of the MBSE-RFLP sequence of analyses into the RATM
sequence.

B. Structuring the numerical modeling to include

requirements and make the trade-off analysis

The central physical modeling activity described in Fig.3
needs itself to be suitably organized, to allow a consistent
activity of design, a precise trade-off analysis between
technological solutions and even collaborating different units
of the same company or consortium. If a specific classification
of requirements, fit-to-purpose for the technical domain as for
instance the aeronautical one, and their structuring by FRET
allow driving more precisely the operator, it is true that even
numerical modeling might suffer an inherent complexity
linked to the depth of numerical model. This issue can be
mitigated by subdividing physical modeling into a preliminary
initialization of system architecture, being supported by sizing
models, and then a deeper building of high-fidelity digital



twins, in the simulation of systems dynamics. A simpler
approach can support the definition of the system architecture
and once that it has been defined, the deep modeling activity
can be completed within a more detailed one, by resorting to
a defined set of (sub)models, being topologically identified.

First at all the sequence of analyses driven by the MBSE
from requirements to design synthesis can be better split into
steps as in Fig.5, i.e. by distinguishing the definition of system
layout and of related models per each element (T), after logical
analysis, from the physical product modelling (M), being
including the Digital Twins. According to that approach, the
designer is driven through a process which looks more
detailed, and somehow standardized, as shown in Fig.6.
Particularly, advanced analyses are performed through the
dynamic models aiming at investigating the system behavior
and performance.

GEOMETRY 1
ADVANCED
ANALYSIS
BEHAVIOURAL
ANALYSIS
REQUIREMENT
VERIFICATION

¥

1

Fig. 6. Evolution of the MBSE design approach when sizing and behavioral
models are distinguished.

C. Sizing models

In case of the aircraft landing gear, the sizing modeling is
based on a preliminary design activity concerning the system
components, as detailed in the flow chart of Fig.7.

The manufacturer practice within the technical domain
suggests the initialization of some typical parameters [37], and
then some preliminary rules allow sizing all the main
elements. In the landing gear, for instance, the diameter of the
wheel rim is found by the Sforza’s formula [38] as:

Y
2.20468) 4 (in] 0

Dyim =14 (Fmain,vert
where Fiuqinver 18 the action applied upon the landing gear, and
g the gravitational constant. That parameter allows selecting
several other dimensions by catalogue, and determining the
contact patch on ground, pressure and properties of tyres, as
stiffness. Similarly, a minimum thermal mass in braking
System, Mprakeeq 1s defined considering the energy developed
in landing, Egna :

Eland
Cb (Tb,des - Tenv)

where Cj is the specific heat capacity of brake material, 75 des
is the design brake temperature, to be reached at the end of
braking action, and 7., is the temperature of environment in

2)

Mprake,eq =

operation. In this case, that parameter defines the reference
mass required, while a specific procedure described by Bailey
[39] allows defining all the geometric parameters of the brake
housing and rotor, and consequently the braking torque
applied.

SIZING START
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A
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- Subsystems design coefficients

- Tire outer diameter

- Tire width

- Wheel and tire masses and inertias
- Tire rated load

- Tire elastic stiffness

- Brake rotors inner and outer diameters
- Brake stators inner and outer diameters
- Braking discs mass
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- Piston area

- Shock damping coefficient
- Shock elastic stiffness

A
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EXECUTION
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Fig. 7. Sizing modeling for the landing gear of commercial aircraft.

A sizing model supports even the design of the shock
absorber, as a first approximation of the maximum stroke
required is predicted as [40]:

. _ ViZors . 1 —LF; — LFiNtire
shock Zg tire —(1 — LFa - LFtnshock)

where V.. is vertical speed, S is the tire deflection at rest,
LF, is the aircraft load factor (lift-to-weight ratio), LF; is the
is the landing gear loading factor, 7 and Msock are the tire
and shock absorber efficiencies, respectively. Piston area,
volumes of chambers, damping and stiff coefficients are then
derived.

A3)

D. Dynamic/development models for behaviour prediction

Once that the overall geometry of landing gear has been
found, a detailed model of its dynamic behavior can be set up,
to investigate its performance. This physical model is
developed into a dynamic simulator as the Simulink®. In
terms of architecture of blocks it looks like in Fig.8.

According to proposed approach, that kind of structure for
modelling allows organizing the overall product development
and requirement traceability and verification as shown in
Fig.9. Particularly, the product development includes a
preliminary elicitation of requirements in textual mode, based
upon customer needs, resorting to classes (1). FRET allows
transforming those requirements into some organized standard
sentences, easily translated into machine language and
embedded within numerical models (2). Models are developed
at sizing and then development stages respectively,
interoperated between software and orchestrated, through the
FMU (3). Verification is based on some checks, being
organized in model blocks, directly monitoring the
requirements fulfilment (4).
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Fig. 8. Overview upon the functional and numerical models of the landing gear of commercial aircraft.
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Fig. 9. Dynamic model for the landing gear of commercial aircraft.
III.  INDUSTRIAL IMPLEMENTATION AND PRELIMINARY
RESULTS

The above-mentioned approach has been preliminarily
implemented and validated, at the industrial partner, to be
finalized to improve and consolidate the use of MBSE, in the
aircraft engineering and design. It can be noticed that building
a dedicated platform for operators, to be easily accessible and
available on internal cloud to industrial partners has been a
key target and highly motivated this study. Although the
platform is still under development, the approach was tested
at several levels [41]. Particularly, the elicitation of
requirements has been organized as above described and
numerical models developed to embed those requirements and
to perform the verification. At current step, a key performance
indicator of the implementation of that approach consists in
testing the requirements verification activity through the

models and comparing to previous and even more standard
organization of the system development. Some outcomes have
been detected.

A. Outcomes of implementation

A first useful benefit consists in the immediate
visualization of the requirement verification path followed,
within the software tool, which looks like in Fig.10.

outtire_load_check

Vertical Dynamics_scope1

Tires rated value

Vertical Dynamics_Main_WheelSpec

Fig. 10. Example of requirement verification path set-up within the system
models.

Second, for each requirement, monitoring is always active
within the model, i.e. the corresponding Boolean value
(TRUE=1 or FALSE=0) is plotted and visualized, together
with measured parameters (Fig.11).

T T T T T T T T T
x
3]
21
o
f=
@
£
e
iS5 o
ot 53 :
g et
<3
I L I L n L . L I
0 5 10 15 20 25 30 35 40 45 50
T T T T T T T T T
500 |- 1
o)
CLAQ0 = - —
]
g 300 o
é 200 1
S 100 Brake temperature | |
Ly == == | G-2 requirement
0 L ! L 1

30 35 40 45 50
Time [s]

Fig. 11. Example of requirement verification applied to brake temperature
of landing gear with Boolean value displayed.



A third interesting feature is that monitoring the
verification of requirement drives the user in windowing some
signals to explore better some transitional effects, which might
be otherwise underestimated. In case of requirement LG-4 of
Fig.2, for instance, being related to tire rated load, the
simulation highlights the aircraft touchdown, by a reaction
force on tires so large that limit of tire rated load
(manufacturer’s definition of the nominal maximum load
applicable to tire), as defined by requirement. For given set-
up, verification could switch to FALSE during that time, as in
Fig.11. Particularly, the numerical simulation just puts in
evidence the concentration of load, being quite typical for that
specific time of operation. Designer could underestimate that
condition in terms the rate of load, without monitoring the
verification index, as in Fig.11 is done. The energy absorption
is out of range and thus that tire dimensioning is incompatible

0.3

0.2 05 06 0.7 0.8 0.9 1
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with requirement, as the Boolean value of verification
suggests, therefore the overloading is critical in that sense,
although it could be considered typical.

Further consideration can be applied to requirement LG-
5.1.1. It defines the time to release the brake, when braking
the landing gear wheel. It must be done within 1 s, for
instance, since the wheel looks locked. To investigate
fulfilment of this requirement in classical approach a time-
consuming numerical computation should be performed,
being based on data extraction and analysis, and requires
checking the entire simulation to identify when locking of
occurs. In this case, that check is automatically and
continuously performed, therefore locking effect is easily
detected and the operator is immediately warned about that
(Fig.13).
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Fig. 12. Example of verification highlighting ‘False’ during touchdown of the aircraft and monitoring of force upon landing gear tires.
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Fig. 13. Example of prediction of longitudinal wheel slip coefficient and
brake actuation force during landing, to verify the LG-5.1.1 requirement.

B. Cost of implementation

The simulation performance has been even investigated.
That approach increases the number of FMU to be
implemented as separated modules, including a lower number
of data. This structure may affect the time required to perform
the simulation. In Fig.14 the simulation time is investigated
for several computational cases. Three main parameters are
depicted, i.e. the number of FMUs exploited for the landing

gear model, that for the system requirements and the
communication step between FMUs, i.e. the time required to
exchange data between FMUs. As that communication step is
required to be smaller, simulation time increases
exponentially. However, the time to perform the simulation
itself is never the main cause of that increasing, while time to
save results is more critical. This is due to fact that tool saves
results using a print interval equal to the communication step.
Therefore, the number of data points for a shorter step is
higher. A key parameter is even the number of FMUs used to
handle requirements. A test was done, to investigate its role.
Particularly, the model has been run without requirements
embedded, with all requirements packaged into a single FMU
and then in five separate FMUs. It was expected that
simulation time could increase for higher number of FMU s,
but it is worth noticing the scale of that increasing. Moreover,
it could be applied the separation of FMUs even for the
physical model in addition to requirements. As it can be
appreciated in Fig.14, when the simulation time significantly
increases, when all the five system elements (aircraft
dynamics, braking system, braking system control, wheel
assembly, shock absorber) are separately handled (right side
of plot) with respect to case in which they are all embedded
into just one FMU (left side). It can be appreciated that time
increasing is not proportional to number of FMUs used, thus
leaving room to define a suitable strategy to combine
modularity of units and computational performance.
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model FMUs.

IV. CONCLUSION

The paper investigates some practical issues found by
companies in implementing the MBSE approach to system
design and some beneficial effects of strategies currently
applied to overcome those. The technical domain involved is
the aircraft design, considering the specific case of landing
gear. A more detailed path in implementing the product
lifecycle development has been applied, by resorting to a
preliminary sizing modelling and then a deeper dynamic
modelling of subsystems, i.e. by distinguishing architecture,
models’ topology and system details. Nevertheless, the main
target explored is the automatic verification of requirements.
That action required resorting not only to a suitable syntax in
elicitation, but even to a structured formalism, applying the
NASA FRET approach. It could be then interpreted and
translated into a machine language to build up some blocks to
check quantitatively the requirements fulfilment. Therefore,
the standard Functional Mock-Up Units (FMU) and Interfaces
(FMI) which assure the interoperability between functional
and numerical models are even more exploited to embed
requirements metrics and verification conditions inside the
physical model to be simulated. The proposed approach looks
effective, easily implementable and assures interoperability
and easy orchestration by the operator, whose arbitrariness in
modelling is practically nulled. Some strategies to optimise
the time consuming is simulation are required, although the
complexity of systems is even more effectively decomposed
in modules. Next step is finalizing the design of an industrial
software platform supporting the whole product lifecycle
development, and implementing the approaches herein
preliminarily tested.
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