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Abstract

Advancing digitalisation, growing passenger needs and constantly changing requirements are urging aircraft
manufacturers to offer new and digital services as well as highly individualised cabin layouts. Thus, increased
co-development and co-customisation along the whole lifecycle are necessary. To address the associated
challenges of data consistency and availability, we propose a holistic metamodel for combining all relevant
product information in one central model. Its application is shown in an example connecting product
development and assembly process planning. Consistent usage of the metamodel can improve the
interconnection along the whole product lifecycle and drive the coordination of all stakeholders.
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1. Introduction

Due to increasing competition in the transportation sector, airlines are forced to offer their customers
competitive prices, higher reliability and greater comfort. To set themselves apart from the
competition, the aircraft cabin of the future will be an even more customised product for the airline
and the passenger than it is today. New digital services for passengers, such as controlling seat
functions or ordering drinks via their smartphone, will contribute to passenger comfort and enable
the generation of additional revenue for airlines [1]. At the same time, requirements for safety,
security, reliability and user-friendliness, especially also for crew members, must always be met. For
product development and production, this trend of individualised cabins and the demand for shorter
lead times is a growing challenge, added onto the existing characteristics of mostly manual
production and assembly with high tolerances and high variety. Product development cycles are
becoming shorter, and the number of product variants and production ramp-ups is increasing [2],[3].

To cope with the increase in costs, time and effort associated with a greater range of product variants
and product functions, not only the product itself but also product development and production need
to be improved. Up to now, product development, production system development and production
are not well connected. Each of the stakeholders and departments uses different software tools, data
formats and means of communication. Working with outdated data and repetition of the same work
in different departments becomes more likely. Errors are discovered only at later stages resulting in
costly re-engineering or rework [4]. Thus, as in other industries, co-development and co-
customisation of aircraft cabins and their production systems need to be enabled.

The most important requirements for effective interdisciplinary co-development and cooperation are
a common system understanding and a single data source. New, consistently model-driven
approaches offer the opportunity to simultaneously optimise product functionality, design and
production [4],[5],[6]. Thus, within the research project VERDIKA (Connected Digital Cabin) a
common cabin metamodel is developed by the Hamburg University of Technology (TUHH). The
overall objective of the project is to significantly advance networking and digitisation throughout the



A Holistic Aircraft Cabin Metamodel as an Approach Towards an Interconnected Digitised Cabin Lifecycle

entire product lifecycle of the aircraft cabin from design, through production and installation, to usage
and operation. Models for the creation, distribution, transfer and use of data and information enable
a detailed overview of these complex relationships during the value creation process.

Existing approaches on (meta-)modelling to cover and support the whole product lifecycle as well as
related work concerning a networked aircraft cabin, development strategies and tools will be briefly
described in the next section. The envisioned holistic cabin metamodel and its modelled realisation
are presented in section 3. An application on a small example and its added value for product
development and assembly process planning are outlined in section 4 and an outlook on further
applications is given in section 5. The paper closes with a summary and an outlook on future steps
and developments in section 6.

2. State of the Art

An approach to manage product development, production and product usage, as well as
corresponding data along its whole lifecycle, is Product Lifecycle Management (PLM). The concept
of PLM to date is realised by proprietary software platforms integrating different discipline-specific
development tools, most of the same vendor, to build development workflows and manage product
data. However, today’s PLM tools mostly support the lifecycle only up to the end of production and
are inflexible and not customisable for different applications. They mostly use structural information
in form of a bill of material as a reference for the used elements, which leads to missing links to other
domains, especially with the increasing development of mechatronic products. With emerging
technologies and concepts such as the Internet of Things and model-driven engineering, the
technical implementation of the PLM concept might be expanded to cover the actual whole product
lifecycle in the form of a Digital Twin and increase the linkage also to behaviour information [6].

In some phases of the product lifecycle, modelling is already commonly used. Especially in the
development phase, sophisticated approaches for model-driven development exist but often lack the
connection to later life phases [7],[8]. This applies in particular to the individual departments with
specialised modelling tools such as CAD systems, FE solvers or offline robot simulation tools.
However, on a higher level, system models aim at describing the whole system (e.g. a product) with
its requirements, architecture, functions and behaviours. A model is thereby defined with the three
characteristics of representation, reduction and pragmatism concerning the modelled object [9]. An
Ontology is a special descriptive model, which uses partial description and under-specification as a
key feature of abstraction. It provides all relevant modelling concepts of terminology and interrelation
and uses a context to differentiate the view onto the model [10].

In the context of Software Engineering, software architectures are modelled and created based on
the Unified Modelling Language (UML), which is defined by the Object Management Group (OMG).
The domain of Systems Engineering also takes advantage of modelling and a shift from the
traditional document-based to a model-based approach can be seen throughout the industry. The
central idea of Model-Based Systems Engineering (MBSE) encompasses a system model that
represents the system specification and serves as a single source of truth by using the Systems
Modelling Language (SysML). The system-level model thereby does not replace discipline-specific
models but aims at connecting the different disciplines and integrating the data used and generated
by discipline-specific tools [5].

In doing so, common methods and processes for developing complex systems such as aircraft must
be followed by the whole development team to enable consistency, traceability and clear data flow.
Commonly used development guidelines include CMMI, SPICE, 1ISO61508 as well as the INCOSE
process guidebook, describing processes and activities in general systems engineering [11]. In
aviation, guidelines for the processes are provided by the SAE ARP-4754 [12]. Herein, the
development process is generally described based on the V-Model and tailored considering the
specific needs of the aviation industry. To enable the handling of the development of complex aircraft
systems, the design phase of the V-Model consists of different development levels. These include
but are not limited to the aircraft level, system level and item level. At each development level,
information for the development, e.g. functions, is refined [12],[13].
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While the SAE ARP-4754 is not specifically linked to model-based systems engineering, the RFLP
(requirements, functional, logical, physical) development framework aims at covering the modelling
steps in any model-based project. It was established to bridge the gap between requirements
engineering and physical system development typically present in the system analysis and system
development phases of mechatronic products, e.g. the descending branch of the V-Model. While
requirements answer the question of why a product is developed, functional models shall define what
is to be developed in accordance with what the system does. The logical structure states how and
by which logical components the functions will be fulfilled and the physical definition represents the
virtual product with its physical product data [14],[15],[16].

The framework is used to enable clear traceability from the requirements to the operational,
functional and component layers of the system, enabling impact analysis and system behaviour
simulation integrating and linking functions with logical components and their physical data. It was
applied in the automotive [16] as well as the aircraft assembly planning [15] sector and applies to all
hierarchical layers of the product. Kleiner et al. [14] implemented an RFLP modelling approach in
Dassault Systémes CATIA and ENOVIA V6 as an integrated commercial software platform enabling
the linkage of requirements, functional, logical and physical model elements including CAD data. In
many industries, however, multiple heterogeneous software tools are used along the development
process, preventing the implementation of the RFLP framework [14],[15],[16],[17].

A generic metamodel can benefit the system understanding and improve the development processes
even in a heterogeneous environment. From a hierarchical point of view, the metamodel is an
abstraction layer above the model. Thus, a metamodel defines the elements and the syntax of the
modelling language. For this definition, the concept of abstraction is commonly used. It is described
in the Meta Object Facility (MOF), which is a standardised meta-metamodel published by the Object
Management Group (OMG) in 1997. The MOF describes a top-down syntax for modelling languages
such as Unified Modeling Language (UML), the Common Warehouse Meta-Model (CWM) or the
Software Process Engineering Meta-Model (SPEM) [18].

With the concept of abstraction, different hierarchical levels of metamodelling are possible.
Especially in low abstraction levels, different metamodels depend on the different fields and specific
application cases. A domain metamodel defines the concepts - classes of elements - relevant from
the application point of view, along with their relationships [19]. An example is the metamodel for
cyber-physical systems by Scheuermann, based on the models of embedded systems, sensor
networks and smart objects. An excerpt of it is shown in Figure 1, defining a cyber-physical system
with a smart object as a leaf node. Each smart environment can contain persons that are part of or
use a smart object. The metamodel allows developers to add new abstractions and new stereotypes
for example wearables, smartphones etc. [20].
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Figure 1 - Metamodel of cyber-physical system [20]

However, in the area of aircraft systems development and usage, no common holistic metamodel for
the modelling of an aircraft cabin along its entire lifecycle exists.

3. Holistic Cabin Metamodel

With the increasing connectivity, product diversity and cost pressure, for effective interdisciplinary
co-development and co-operation, the further connection of the product lifecycle is inevitable [4],[5],
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[6]. Thus, in the research project VERDIKA (connected, digital cabin), an aircraft cabin metamodel
is developed, defining generic elements and their relationships to be used in a cabin model. It
represents the abstract syntax and concepts to create a holistic cabin model with a modelling
language such as SysML, supporting the whole cabin life cycle from development until usage and
MRO. As depicted in Figure 2, the metamodel links the domains of different product life phases so
that the information and data flows can be modelled holistically. In addition, the cabin is represented
as a product itself and modelled with the consideration of service- and communication platforms and
its cyber-security.

Cabin Product
Service and Communication Platform; Cyber-Security

=%
1

Cabin Metamodel

Holistic Representation of
Aircraft Cabin

A

=

Product Development

HoV Customisation Tool
Process Planning
Assembly System

Customisation Tool
Manufacturing Assembly

Maintenance, Repair
and Overhaul

Figure 2 - Overview of the envisaged cabin metamodel concerning the lifecycle phases

The selection of life phases of the cabin shown in Figure 2 represents a simplification of the cabin
life cycle. In the current state of the project, only the first two steps, product development and process
planning are represented in detail. In addition, different services such as the communication platform
are also considered for the cabin including its cyber security. Other life phases can easily be added
in the future due to the top-down approach used for metamodelling. If further data and information
need to be modelled, new specific datatypes and facets generically defined in the metamodel can
simply be added in lower hierarchical levels without affecting the consistency of the already existing
data. The structure of the abstract metamodel is depicted in Figure 3.
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Figure 3 - Description of the cabin metamodel

The envisioned metamodel of the cabin builds around its different product lifecycle phases. As shown
before, the missing interconnections of the life phases are a key driver for inconsistent data and other
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inaccuracies throughout the development process and beyond. Therefore, they are used in the
metamodel as one of the focused aspects. Furthermore, in the description of the metamodel,
different facets of considerations can be added for every product life phase. These facets augment
the general description of the model and hence provide room for extension. Safety and reliability are
examples of facets, which are relevant for the certification of critical systems like aircraft systems.
Because of connecting previously isolated systems in the aircraft cabin, security is also considered
a facet that must be addressed in the development.

For aircraft development processes, the ARP provides levels for the hierarchical classification of the
whole product of an aircraft. The typically used levels are the aircraft level, system level and item
level. For the cabin metamodel, these levels are augmented with the cabin level, to provide the space
for all relevant modelling regarding the cabin. In this representation, the aircraft level is used for
completeness and to provide the system boundary of the cabin. On the system and item levels, the
ATA-Chapters are used for the clustering of all technical equipment of the aircraft into corresponding
groups and subgroups, being of great importance for certification of any civil aircraft and thus
included in the metamodel.

To not only provide a hierarchical differentiation for different aspects of modelling but also a
differentiation between different model elements, the RFLP modelling approach is used. It provides
clusters and differs elements into four groups relating to requirements, functional, logical and
physical aspects. This clustering is especially important in the phase of product development but is
also expanded towards all other life phases.

The cabin metamodel shown in Figure 3 builds the sound foundation for defining elements needed
to enable modelling along the whole aircraft cabin lifecycle. The element datatype serves as an origin
for defining different aspects of the product life phase. Different kinds of data are represented by
different datatypes, which can be classified as elements on a specific level of a product life phase.
The definition of the generic datatype is shown in Figure 4.

Reference Datatype Property
0.* 0.*
‘ET T
| |
Product Component Product Module Assembly Function Weight Handling Points Costs
1.
Assembly Resource Dimension ModuleDriver

Figure 4 - Metamodel of a datatype and inherited datatype elements

The element datatype consists of zero to many properties as well as zero to many references
represented by the composition, respectively. A datatype can further be specified by defining a
unique identifier, a name and a description which enables the detailed characterisation of datatypes
and inherited elements but is intentionally neglected in this simplified representation. Generic
properties that might be used by any datatype can be weight, dimensions, handling points, module
drivers and costs, among others.

One important example of a datatype is the product module. It is derived by inheriting the properties
of a datatype using the generalization relationship. The datatype product module can be defined by
assigning an ID, a name and a description, accordingly. It is specified using different module
properties. In this extract weight, interface, module driver, dimension, variance and costs can be
mentioned. With this selection of properties, it is clear to see, that properties provide not only physical
information like weight or dimension but also product strategical information like module driver, which
are used for different optimisation and development aspects e.g. Life Phase-Modularisation [21].
Properties can also be refined which is not depicted here. An example would be the costs-property,
wherein it can be distinguished between complexity costs, assembly costs, manufacturing costs and
more. As CAD and corresponding models are widely used in product development, linking CAD
models with a product module is necessary to take full advantage of the product model. In the case
of the product module datatype, the reference element is therefore used to enable referencing CAD
5
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models in the cabin model.

Similarly, the assembly resource as another datatype example uses the reference element to
reference robot or PLC programs, CAD data or instruction manuals for tools. Different assembly
resources such as robots, workers, tools, measuring and test equipment all have different properties
such as handling capacity, dimensions and costs. Due to the generic definition and expandability of
the generic datatype properties, relevant properties can be added to and inherited from the
metamodel. However, all assembly resources have at least one skill which is relevant for an
assembly task. The skill is a logical modelling element which is strongly related to the datatype
assembly function as a functional modelling element. Assembly function instances are divided into
different subgroups as defined in [22], namely join, handle, test, adjust and auxiliary operations.
Examples for assembly functions out of the handling-subgroup are store, hold or move, which can
be further split into subfunctions such as turn and position. The position function datatype uses
properties such as the location for the definition of starting point and endpoint of the movement,
speed or time as well as accuracy. The assembly functions and the resources that implement them
are modelled at a generic level as part of the co-design of the product and assembly system, using
the metamodel.

4. Application of the Metamodel on the Example of Assembly Process Planning

The metamodel enables consistent modelling and interlinkage of aspects across all aircraft cabin
lifecycle phases. Since assembly is a major cost factor, particularly in the aircraft cabin, and previous
errors often only become noticeable here [22], a focus in the VERDIKA project is on optimising and
automating assembly process planning. A decisive prerequisite for efficient assembly system
development and process planning is the co-design of product modules and assembly system
resources. When developing variable modules for a modular product system, the associated
requirements for the assembly system must be developed at the same time and linked to the
corresponding product module. This linkage is depicted in a developed ontology shown in Figure 5,
specifying that each module is mounted in the aircraft cabin by realizing different assembly functions.

Product Development Life Phase Assembly / Process Planning Life Phase
Legend
influence
v Requi t
R N Functional equireman
nas " Requirement
T
req%n.ef’ Functional
Assembly
Function .
< Logical
realizes
1
Skill «< Physical
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1 1.7 Assembly
Product Module <€———mounts FesEifEs Datatype
\_ rew‘erencedJ I_
l—has referencedl . ¢ i c‘ontro\s hasﬂ
Weight 4*—prowdes— CAD Model Control Handlujg
Program Capacity Reference

Figure 5 - Assembly process planning ontology

The ontology is built upon the metamodel by connecting the product development and process
planning life phases at the cabin level, defining relations between the different datatypes described
above representing requirement, functional, logical and physical elements. Multiple ontologies can
coexist simultaneously, which makes it possible to describe all relevant processes and life phases
according to the syntax of the metamodel. Thereby, a holistic description of the cabin can be
achieved. The definition of product modules as interchangeable parts of a customer-specific cabin
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configuration leads to an obvious linkage to the assembly process planning life phase through
functional requirements concerning assembly.

In the example of a hatrack, assembly requirements would be to move and position it at the correct
place in the cabin, hold it in place and join it to the periphery by inserting bolts. These requirements
specify certain assembly functions, in this example move, position, hold and insert. Each function
can be realized by at least one assembly resource through its skills as logical elements. The
necessary work instructions or control programs of an assembly resource can be linked to the
instantiated resources in the assembly system model via references, similar to CAD files in the
product development life phase. The generated programs can be simulatively validated and, in
particular, the assembly time can be determined, which can be stored as a property in the model and
reflected to the customer or the product configuration process. The properties of a product module,
which may be also derived from referenced CAD models, have a direct influence on the assembly
requirements and thus on the choice of an assembly resource with its properties. For example,
positioning a hatrack with the property weight of 10 kg cannot be realized by an assembly resource
with the property handling capacity of 5 kg.

Matching product modules requiring assembly functions with assembly resources providing skills is
an elemental part of assembly system configuration. This capability-based allocation of skills of
existing possible resources and the required assembly functions can be captured in an assembly
sequence model. As the central element of the assembly system configuration, the assembly flow
chart links the product modules with their assembly function and the executing and used resources.
An excerpt of an example flow chart is depicted in Figure 6.
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Figure 6 - Excerpt of an example assembly sequence

In the centre are the assembly functions that need to be realised in a sequence from top to bottom.
Visible on the left side, the product modules being mounted are linked to the corresponding assembly
functions. The assembly functions are realized by assembly resources, visible on the right side,
which is connected to the functions via corresponding skills. The example starts with the positioning
of a hatrack module at the correct height in the cabin by an automated handling device, called
Hatrackmover in this case. After positioning, the handling device is required to hold the hatrack in
position until further notice. While the hatrack is held in place, an assembly worker shall insert a bolt
into the hatrack at a certain position. Apart from the connections of product modules, assembly
functions and assembly resources, the example shows the usage of relevant properties of the
multiple used datatypes. These include for example a weight specification of the product modules
which can be matched with the handling capacity of possible assembly resources. Other properties
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such as the time allocated for the assembly functions and the costs of assembly resources, specified
as money per time, can be used to calculate assembly costs which might influence the choice of
product modules in the product configuration process. Furthermore, references to CAD data as well
as to control programs or human-readable work orders are stored in the elements of product modules
and assembly resources, respectively. Further properties specifying the assembly functions can be
directly used for automated configuration of the programs and work instructions.

5. Outlook on Further Applications of the Metamodel

Supporting an economical realisation of a new modular cabin platform and services as well as the
individual cabin hardware configurations, a digital end-to-end customisation process is enabled by
the common metamodel. A cabin product can be modelled from a product development perspective
based on the holistic metamodel to integrate features such as product family and variance
considerations and to reduce Head of Version (HoV) costs. After implementing the metamodel,
different customisation approaches such as a Digital Offer Catalogue (DOC) can be developed
based on it. With the DOC, airlines can configure their cabin HoV and the further production system
customisation process is initiated. For each new unique HoV configuration, the corresponding
product model needs to be analysed to determine necessary changes to the assembly system.
Based upon a model library with digital representations of the available assembly system resources
and their skills, these logical and parametric changes will be implemented in the instantiated
assembly system model. Due to the links and references enabled by the metamodel, a configuration
can not only take place on the top-level logical model, but also on a specific robot or PLC program.
These can then be used for detailed simulations generating information about feasibility and
assembly times, allowing improved design decisions once fed back to the customer and the product
engineers.

With the resulting configured cabin and assembly system models, there are digital representations
of the planned specific cabin and assembly system configurations at the time of assembly. With
regards to the concept of Digital Twins, these are ideal datasets that can be used as so-called Digital
Masters and, thus, be the base for the instantiation of Digital Twins of said specific aircraft and its
assembly system [23]. With its inherent life-phase overarching approach, the cabin metamodel lays
the ground to manage and track a diversity of data (like product models, process models, programs)
and provide the different information to all concerned stakeholders of an aircraft cabin lifecycle. This
information is valuable for the ongoing maintenance and especially retrofit processes, as the
planning of cabin-conversions currently faces uncertainties regarding the actual state of the aircraft
[24]. The exchange of historical and real-time data via a clearly defined format enables other
developers and stakeholders to keep up to date with the product’s current state. With the growing
formalized number of datasets, the Digital Twin, enabled by the cabin metamodel, can then also be
used to apply services like data analytics and machine learning algorithms which can provide
information about historical events and states of various aircraft cabin products for example for
predictive maintenance.

The development of new services is explicitly supported by the metamodel definition in addition to
classical product development and process planning. In the development phase, requirements from
all stakeholders can be acquired, for example, to develop multiple use cases for a future cabin
management system enabling new services for airlines, passengers and crew. To implement the
various services, a network cabin platform architecture model will help to connect all the data sources
and sinks of an aircraft cabin. Through the facets provided in the metamodel, particular focus can be
placed on the safety and security of, among other things, the critical interface to the cabin
management system. A cyber-physical smart system can be developed by integrating sensors and
actuators to record and control processes in the physical world. It connects them to people via
information technology solutions and human-machine interfaces (HMI), for example, passenger
mood adaptive lighting. The used data models can be excessed to view the development progress,
historical events, real-time data operations and predictions for concerned departments. Additionally,
business analytics tools built on machine learning technologies can help to deliver real-time viewing
into business Key Performance Indicators (KPIs) and improve IT and business collaboration. Linking
all the life cycle phases in the context of security in the metamodel also facilitates assessing security
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risks which arise in the assembly or maintenance. Hereby, the security analysis comprises not only
the product but also risks that occur in other life phases of the product and different stakeholders
that are included, e.g. original equipment manufacturers (OEMs).

6. Summary

Against the backdrop of growing competition in the aviation sector and the resulting trends towards
more individualised aircraft cabins, new smart services and automated production, the project
VERDIKA lays the foundation for greater networking in the cabin itself, as well as in the product
lifecycle phases from product development through production to the MRO business. In this paper,
a holistic metamodel for a digitally connected, networked aircraft cabin is proposed which
interconnects stakeholders in various life cycle phases. Every product life phase can be described
with different datatypes representing requirement, functional, logical and physical elements on
different system levels. This enables coherent modelling of all aspects in a multidimensional holistic
model. Special focus is set on the development and implementation of smart services while strongly
considering security requirements, as well as on the interconnection of product development and
assembly process planning. The common cabin metamodel with the underlying ontologies
describing product and assembly process planning, which is the basis for an efficient co-design. The
creation of links between model elements of different domains and life phases is the most important
benefit of the metamodel, enabling traceability and verification and preventing miscommunication
and errors. Furthermore, the metamodel provides the possibility of establishing a common data
source, which is an important factor when data changes rapidly as in the early stages of co-design
and co-customization including domain-specific decisions. With all its benefits this holistic approach
can improve the foundation for the implementation of software platforms for data management or
PLM systems within the whole product lifecycle. It can also be used as a digital master for upcoming
Digital Twin approaches.

Building upon the metamodel, model-based and data-driven technologies offer various methods,
tools and implementation options that make the development and use of complex systems more
manageable. The general approach proposed in this paper is thereby not limited to the aircraft cabin,
but might be expanded to cover the whole aircraft or other complex systems. The generic formulation
of life phases, hierarchy levels, facets, datatypes and element types provide the possibility of generic
application as well as easy extension.
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