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ABSTRACT The Arrival MANager (AMAN) system plays a crucial role in managing aircraft arrivals, optimizing landing sequences,
and preventing congestion at airports. It aims to minimize delays and enhance airspace utilization. Safety breaches in the
AMAN system can disrupt air traffic and compromise airport operations. To address these concerns, we model the AMAN
system using Capella, a tool for Model-Based System Engineering (MBSE). Capella allows us to create two key models:
Operational Analysis (OA) and System Analysis (SA). The OA captures the external environment and user needs, while the
SA defines the internal system architecture to meet those needs. These models are interconnected to ensure the system’s
architecture aligns with its operational requirements. Next, we apply a Model-to-Model transformation to generate the Event-B
model from the Capella input, formalizing the system’s specifications. This enables the verification of safety and correctness.
We use model-checking for formal verification, validating safety properties and ensuring the system’s compliance with expected
behaviors. The effectiveness of this approach is demonstrated through a realistic case study which is the AMAN system.
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the overall integrity of the system representation. Validation
1. Introduction and verification become paramount, with designers tasked with
confirming that their models accurately mirror real-world sys-
tems and meet specified requirements. Navigating uncertainties
and unforeseen events further complicates the modeling process,
requiring designers to devise strategies to handle unpredictable
factors influencing system behavior. Interdisciplinary collab-
oration adds an additional layer of complexity, necessitating
effective communication and understanding across diverse do-
mains [29], [30]. Model maintenance over the long term poses a
persistent challenge, demanding continuous updates and adapta-
tions to ensure the model’s relevance as the system evolves. The
availability and integration of suitable modeling tools, along
with considerations for human factors such as cognitive load,
further contribute to the complexity designers face in this en-
deavor. The main objective of the MBSE process is to replace
document-centric specifications with a single, authoritative, and
JOT reference format: executable system model that reduces ambiguity and facilitates
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In our ever-evolving world, the complexity of systems has es-
calated, surpassing the efficacy of traditional document-driven
engineering practices. The intricate nature of modern systems
poses a formidable challenge for designers relying on outdated
modeling approaches. The fundamental challenge lies in en-
capsulating the interconnectedness of numerous components
within the system and predicting emergent behaviors, a task that
is inherently complex. Achieving an appropriate balance be-
tween granularity and abstraction requires careful consideration,
as designers must capture system details without introducing
excessive complexity. The dynamic nature of complex systems
introduces a constant need for change management. Designers
must ensure that their models remain adaptable to evolving re-
quirements, accommodating alterations without compromising
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ing a structured methodology and tooling to achieve this goal.
Capella’s unique strength lies in its ability to articulate complex
systems across multiple abstraction levels, providing a struc-
tured and comprehensive framework for representation. The
tool facilitates the creation of models that strike a harmonious
balance between detail and abstraction, addressing the chal-
lenge of system complexity. Also, Capella’s dynamic modeling
capabilities empower designers to manage changes effectively,
ensuring that models remain adaptable to evolving requirements.
In the specific context of modeling with Capella for this paper,
we would like to point out that we will focus on the two ini-
tial levels of Capella/Arcadia, namely the Operational Analysis
(OA) and the System Analysis (SA). Following model con-
struction, the next critical step is formal validation to eliminate
ambiguities, identify inconsistencies, and ensure alignment with
stakeholder needs, as in our previous work [14] and [15]. Here,
the formal language Event-B proves advantageous, offering flex-
ibility for refinement and convenient state definition through
variables and invariant maintenance, irrespective of variable val-
ues. Verification outcomes may necessitate adjustments to meet
evolving requirements. The main contribution of this paper is
the automatic transformation of Capella models into Event-B
models, with a complete mapping between the elements of both
frameworks. To demonstrate the effectiveness of this approach,
we apply it to a real-world case study — the Arrival MAN-
ager (AMAN) system [45]. This validation helps assess the
transformation’s ability to detect safety breaches in the Capella
models of the AMAN system. However, the transformation
process requires Capella users to adhere to specific syntax rules
during the modeling phase to ensure correctness and error-free
generation of Event-B models. This transformation enables the
verification of Capella models using model-checking, a crucial
step in establishing a reliable development process and miti-
gating execution problems. Our approach provides a robust
foundation for ensuring correctness, safety, and functional accu-
racy in MBSE, integrating formal methods [11] into the process
without requiring extensive formal methods knowledge. The
remaining sections of this paper are structured as follows. Sec-
tion 2 presents the key concepts, including Capella/Arcadia as
a Model-Based Engineering practice and the Event-B formal
method. Section 3 provides a review of relevant research in the
field. Section 4 outlines the case study employed to experiment
with our approach. Section 5 details our transformation ap-
proach, encompassing four distinct steps. Experimental results
are discussed in section 6. In section 7, we discuss previous
approaches applied to the same case study, comparing these
methods with our proposed approach. The paper concludes in
section 8, summarizing the findings and wrapping up the overall
discussion.

2. Background

This section provides an introduction to the primary fundamen-
tals employed in our proposal, specifically focusing on Capella
and Event-B.
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2.1. A Brief Guide to Arcadia and Capella

Capella [48] is an open-source MBSE tool that supports the
design, analysis, and verification of complex systems. It was
developed by Thales and is built on the Eclipse [17] platform,
making it highly extensible and adaptable for various indus-
trial applications. Capella is closely aligned with the Arcadia
methodology, which stands for "Architecture Analysis and De-
sign Integrated Approach". This methodology is at the core of
Capella, guiding the entire process of system development.

2.1.1. Arcadia Methodology Arcadia [48] provides a struc-
tured approach to systems engineering, focusing on a clear
separation of concerns throughout the development process.
The methodology is divided into several key phases as shown in
Figure 1.
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Figure 1 Summary of ARCADIA levels
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Operational Analysis (OA): This phase addresses the system’s
external environment and stakeholders. It identifies operational
needs, defines the operational scenarios the system must support,
and ensures that all external factors are considered. The goal is
to understand the problem space before diving into the system’s
design.

System Analysis (SA): Once the operational context is clear,
the System Analysis phase defines the system’s architecture in
response to the operational needs. This phase involves detail-
ing the system’s functions, components, and their interactions,
ensuring that the system can meet the identified operational
scenarios.

Logical Architecture (LA): In this phase, the system architec-
ture is further refined into a logical view, where the system’s
functions are decomposed and allocated to logical components.
This step ensures that the system’s design is coherent and feasi-
ble, preparing for the physical implementation.

Physical Architecture (PA): The Physical Architecture phase
translates the logical architecture into a physical model, where
the actual hardware and software components are identified,
and their interactions are defined. This phase bridges the gap
between the conceptual design and the physical implementation.
Requirements Engineering: Throughout these phases,
requirements engineering is an ongoing activity, ensuring
that all design decisions are traceable back to the original
operational needs.

Table | summarizes the elements of OA and SA in Capella,
with descriptions for each element:



Model Element

Analysis Level

Description

Operational Entity

Entity

Operational Analysis

Represents an entity (e.g., a person, organization, or machine) interacting
with the system. Defines what needs to be performed by this entity

Operational Actor
% Op_Actor

Operational Analysis

Represents external stakeholders or users of the system. Actors can
interact with operational entities and activities to fulfill operational goals

Operational Role

® Role

Operational Analysis

Defines a function or behavior that an operational entity or actor performs.
It helps describe responsibilities in the context of operational activities

Operational Activity

Fu:) Operational_Activity

Operational Analysis

Represents a specific action or process performed within the system to
achieve a goal. Operational activities are typically linked to operational
entities, actors or roles

Operational
Interaction

| D% Operational_Interaction |
| '

Operational Analysis

Represents the interaction between operational activities, describing how
the entities, actors or roles communicate or exchange information to
achieve system functionality

Operational Capability

Operational & System
Analysis

Describes the high-level operational functions or capabilities required
by the system. They are usually abstract and represent what the system
must achieve

Operational Scenario | Operational Analysis Describes a sequence of interactions between operational entities and
actors to achieve a particular goal or function. It is used for operational
validation

System Actor System Analysis Represents external elements (e.g., human users, external systems) in-
£8System_Actor teracting with the system but not part of the system itself. They provide
input to and receive output from the system
System Function System Analysis Represents a set of actions or processes that the system performs to fulfill
) its requirements. Functions are hierarchical and can decompose into
(L sub-functions
Functional Exchange | System Analysis Describes data or control flow between system functions. Functional

# Dl Functional Exchang#

exchanges define how system components interact and communicate
with each other

System Mission

®

Operational & System
Analysis

Defines the high-level, overarching goal or objective that a system or
organization is designed to achieve

Functional Chain

System Analysis

Defines a sequence of system functions and their interactions, showing
how the system achieves specific outcomes or behaviors through a series
of interconnected functions. It represents the flow of operations through
the system

Constraint

(9]

Operational & System
Analysis

Represents rules that restrict or guide the behavior of the system. In OA,
constraints are high-level and related to requirements, while in SA, they
become more specific, ensuring components behave correctly and adhere
to safety and performance standards

Table 1 Description of Key Elements in Operational and System Analysis Models
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Figure 2 Operational Analysis Model for the Pedestrian Crossing System

To illustrate the OA elements, we consider a simple Pedes-
trian Crossing System, whose mission is to ensure pedestrians
can safely cross a road under traffic control (see Figure 2).
The primary operational capability of the system is to man-
age pedestrian and vehicle interactions to prevent conflicts.
The OA model identifies the operational entities involved in
this mission—specifically, the Traffic Light Controller and
the Vehicle—along with the operational actor, the Pedestrian.
The operational activities capture the main actions performed
by each actor and entity: the pedestrian steps onto the side-
walk (Stepping_On_Sidewalk), presses the crossing request
button (Pressing_Button), and then crosses the road (Cross-
ing_The_Road). The Traffic Light Controller monitors the
button press and the traffic lights (Monitoring_Lights) and
switches the signals between red (Switching_Lights_Red) and
green (Switching_Lights_Green). Vehicles respond to these sig-
nals by stopping when the light turns red (Stopping_Vehicle)
and moving when it turns green (Moving_Vehicle). These ac-
tivities are connected through operational interactions, such as
Pressing_Request and Sending_Red_Lights_Signal, which de-
scribe the information flow between actors and entities. This
OA model represents a Pedestrian Safe Crossing Scenario. The
scenario begins with the Pedestrian stepping onto the sidewalk
and pressing the crossing request button. The Traffic Light
Controller then monitors the request and the current state of
the lights, sends the signal to switch the lights to red, and en-
sures vehicles stop. Once the road is clear, the pedestrian safely
crosses to the other side.

Figure 3 presents the SA model for the Pedestrian Crossing
System, refined from the OA illustrated in Figure 2. This SA
model provides a refined system-level view describing what the
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Traffic Light Control System must do to satisfy the same OA
mission mentioned earlier. In this transition, several elements
from OA are preserved and reused, such as the Pedestrian, Vehi-
cle, and Traffic Light Controller. The SA model introduces
new internal system actors and allocates specific functions,
such as the Crossing Request Button and the Pedestrian/Ve-
hicle Traffic Lights. The Pedestrian preserves his old activities
such as stepping onto the sidewalk (Stepping_On_Sidewalk),
pressing the button (Pressing_Button), and crossing the road
(Crossing_The_Road). The Crossing Request Button senses
the physical press (Sensing_Physical_Press), generates a digital
signal (Sending_Digital_Signal), and sends the request to the
controller (Sending_Request_To_Controller). The Traffic Light
Controller monitors the button input and system timers (Monitor-
ing_Lights, Monitoring_System_Timers), and sends commands
to switch lights between green (Switching_Lights_Green), red
(Switching_Lights_Red), walk (Switching_Walk_Light), and
not-walk (Switching_Not_Walk_Light). The Vehicle Traffic
Lights respond by illuminating red or green lights ({lluminat-
ing_Red_Light, llluminating_Green_Light), while the Pedes-
trian Traffic Lights display walk or not-walk indications (/l/lumi-
nating_Walk_Light, llluminating_Not_Walk_Light). Vehicles
accordingly stop (Stopping_Vehicle) when the red light is active
and move (Moving_Vehicle) when it turns green. The Pedestrian
Safe Crossing Scenario defined in the OA is also represented
at the SA level as a functional chain. This chain captures the
sequence of functions that must be executed—from the but-
ton press to the activation of the red light for vehicles and the
walk signal for pedestrians. A safety constraint ensures that
the pedestrian “Walk” signal and the vehicle “Green” light are
never active simultaneously.



Figure 3 System Analysis Model for the Pedestrian Crossing System

2.1.2. Capella Tool: Capella [48] supports the Arcadia
methodology by providing a graphical modeling environment
where engineers can create, visualize, and analyze system mod-
els across the different phases of Arcadia. The tool offers several
features to facilitate the design process:

Rich Modeling Environment: Capella allows for the cre-
ation of detailed models that represent the system’s operational
context, architecture, and requirements. These models are vi-
sually intuitive, making it easier for engineers to communicate
design decisions.

Traceability: One of the key strengths of Capella is its ability
to maintain traceability between different model elements. For
example, requirements defined in the OA phase can be traced
through to the PA phase, ensuring consistency and alignment
throughout the design process.

Simulation and Analysis: Capella includes various tools for
simulating and analyzing models, helping engineers to validate
their designs against operational scenarios and requirements.
Capella also supports behavioral simulation through extensions
such as Cap2SL [43], which enables the transformation of func-

tional and state machine models into Simulink [50] for dynamic
execution and verification. In addition to that, Capella’s view-
point mechanism allows domain-specific analyses, including
safety, performance, and trade-off assessments, making it a
comprehensive platform for system design validation [28].

Collaboration: Capella supports collaboration among teams,
allowing multiple users to work on the same model simulta-
neously. This is crucial for large projects involving different
engineering disciplines.

It is crucial to recognize that Arcadia functions as a versatile
modeling framework rather than a rigid methodology. It pro-
vides a wide range of modeling concepts and diagrams that can
be adapted to meet specific project requirements. Its rich set of
concepts can be extended; for instance, projects can integrate
SysML artifacts like sequence or state diagrams by applying
specific methodological guidelines.

2.2. Event-B Formal Method

The Event-B method [1] is a state-based formal method for
system-level modeling and analysis. It provides a mathemat-
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