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Abstract

The configuration and equipment of an aircraft cabin has a significant impact on the passenger’s flight experience. To meet
the needs of passengers and improve the flight experience, airlines repeatedly demand customised adaptations to the cabin
design. The implementation of these changes requires a high degree of flexibility in production and can lead to difficulties
in setting up a fixed final assembly line. In addition, unforeseen events and changes in the OEMs’ supply chain require a
rapid response in aircraft production to be able to deliver on time. Digitalisation in product development and production
planning makes it possible to overcome these challenges and makes an important contribution to flexibility, time and cost
efficiency. This paper presents a digital approach to modelling and flexible planning of assembly processes of the cabin. To
this end, aircraft design data is automatically linked to the assembly system to react quickly to design changes in the assembly
planning process. The integration is realised in a system architecture model depicted with the systems modelling language
(SysML). The architecture model follows the formal process description defined in VDI3682. A planning algorithm then
uses the production architecture parameters to optimise the assembly processes, e.g. in terms of time. The approach presented
is demonstrated using the example of scheduling the pre-assembly processes of the "crown module". The latter includes all
structural and functional components above the window panels, such as overhead bins, electrics and air conditioning. The
results show how changes in aircraft and cabin design or in the production plant and resources can be flexibly evaluated.
This allows conceptual changes to be evaluated and traded before the cabin design is frozen and transferred to real produc-
tion. These advantages contribute to the time and cost optimisation of aircraft production. This work thus makes a valuable
contribution to the further development of digital solutions in aircraft production.
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1 Introduction

Aircraft development is a complex and dynamic envi-
ronment, from the design phase to industrialisation and
production. For each aircraft, engineers in different
domains need to manage the high variation of require-
ments, resources, materials and tools [1]. It is estimated
that over 30% of the total cost of an aircraft is incurred
during production, with 80% of these costs being deter-
mined during the concept design phase, where engineers
have more freedom in their design decisions [2]. Today,
aircraft design and production planning are still seen as
two separate engineering competencies, characterised by
highly interdependent tasks with a clear division of labour
and application of specific models, methods and tools [3].
This separation makes it difficult to rapidly evaluate the
integration of new technologies such as hydrogen systems
or fuel cells in early development phases. Especially in
the aircraft cabin, a high degree of flexibility, modularity
and reconfigurability are necessary due to the individual
requirements of the airlines. To meet these requirements,
the manufacturing industry must be able to adapt its pro-
cesses to the selected products and bring them to market
at minimum cost and in the shortest possible time, taking
into account quality and flexibility [4].

Currently, the assembly processes in the cabin are
firmly defined and predominantly manual. This means that
workers are unable to react to sudden changes [4, 5]. Digi-
talisation creates the opportunity to integrate the dynamic
factors in a digital environment to link aircraft produc-
tion with design and optimise it across disciplines. The
so called digital thread that links design and production
will become the core element of the factory of the future
[6]. For these reasons, researchers at the German Aero-
space Centre (DLR) are developing methods to establish
digital continuity throughout the entire product life cycle
and accelerate the development of sustainable aviation.
These methods aim to link conceptual aircraft design with
production planning and manufacturing systems to plan,
evaluate and optimise the assembly and production of new
or customised aircraft and cabin configurations. In this
way, they provide feedback from production to design and
enable cost-efficient design optimisation at an early stage.
In addition, the optimal utilisation of available resources
such as robots and workers for the required assembly or
installation processes can be planned, simulated and tested
in a flexible way through the use of production models.

In this context, this work presents an approach that
utilises various digital methods and technologies to sup-
port the semantic linking of cabin design with production
planning. The approach combines knowledge-based tools
for creating a cabin design with Model-based Systems
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Engineering (MBSE) methods. As a result, information
is semantically linked and the assembly processes are for-
mally described. This work provides a solid foundation
for the semantic, model-based integration of product and
production development, contributing to DLR’s ongoing
efforts to advance digital and sustainable aviation.

2 State of the art and methodological
requirements

As there is no series production in cabin assembly, it is
difficult to optimise assembly in advance through physi-
cal prototypes or pre-soeries production [7]. In addition,
customer-specific requirements for individual and custom-
isable cabin designs require a high degree of flexibility in
cabin production and assembly. A common definition of
the cabin architecture and production network should be
used to anticipate customer changes and ensure their trace-
ability throughout the product development process [8]. In
the aviation industry, the design and production planning
of a cabin product are currently carried out separately: the
design engineers first create a design before the production
engineers create the production plan and provide feedback
on possible changes to facilitate the assembly process. The
design engineers then redesign the product to fulfil these
requirements in an iterative process. This cycle is repeated
until a competitive design is achieved [9]. This makes it dif-
ficult to provide the required flexibility between cabin design
and production and alternative approaches to flexible design
and planning are required.

In [10] a method was developed that uses ontologies of
product and production system for automated process plan-
ning of cabin assembly. The ontology was implemented in a
scheduling algorithm that agilely and automatically resched-
ules the cabin assembly processes and reduces additional
expert effort. The system architecture is integrated into the
ontology with the algorithm, which requires ontology exper-
tise from the system architect. In addition, the cabin design
is not automatically linked to the ontology. Similarly, in [11]
a common cabin metamodel with the underlying ontologies
was developed to describe the product and assembly process
planning. Relationships between model elements of differ-
ent domains and life phases is the main advantage of the
metamodel as it enables traceability and error checking. In
addition, the metamodel provides the ability to establish a
common data source, which is an important factor when data
changes rapidly, as in the early stages of cabin co-design.
However, the instantiation of the metamodel is primarily
used for the description of processes with linked products
and resources and not for automated assembly planning and
optimised allocation of processes to resources. Another
method in [12] supports the integration of new cabin
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concepts into the cabin. The use of detailed Computer Aided
Design (CAD) data prevents the computation of conceptual
planning using the parametric relationship between design
and assembly. Finally, [13] presents a Conceptual Design for
Assembly (CDfA) methodology for the cabin architecture
concept of a commercial aircraft. Although critical points
of the design during assembly are identified, these results
are not integrated into the planning of optimised assembly
under consideration of the design adjustments.

The recognised deficiencies in the methods presented
are to be expanded by an approach to assembly planning
for flexible cabin architectures. The requirements for this
approach are defined as follows:

e R1: Conceptual cabin design and assembly should be
linked parametrically

e R2: The link should lead to automated assembly planning
for flexible cabin architectures.

e R3: Individual cabin product designs should be automati-
cally evaluated from an assembly perspective.

¢ R4: Efficient allocation of assembly processes to avail-
able resources should be based on process requirements
and resource capabilities.

Therefore, a knowledge- and model-based methodology is
developed in this work to fulfil the requirements and is pre-
sented in the following section.

3 Methodology for model-based assembly
planning of aircraft cabins

To achieve the goal of flexible and responsive production
planning, a model-based methodology that semantically
links cabin design with assembly planning was developed.
Digital technologies, semantic guidelines and knowledge-
based tools are used for this purpose. The most important
methodological steps and the technical tools used for this
are presented in Fig. 1.

Fig. 1 Methodology for model-
based assembly planning of the JSON
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The methodology distinguishes between knowledge-
based cabin design, product-process-resource system archi-
tecture and knowledge-based assembly process planning.
The required flexibility in assembly planning is achieved
through data consistency and semantic linking between these
artefacts. The artefacts mentioned are explained in the fol-
lowing sections.

3.1 Knowledge-based cabin design

The first step is to generate a cabin design from a set of
requirements and provide the associated information for
assembly planning. The Fuselage Geometry Assembler
(FUGA) tool developed by DLR is used to generate a design
parametrically. FUGA was developed using a parametric,
knowledge-based methodology to track the effects of the
design in all phases of the design and at the same time imple-
ment changes quickly and rule-based. It enables a consistent
and parametric design of the fuselage and cabin. In this way,
FUGA is integrated into the overall workflow and combines
preliminary design and process planning.

FUGA uses the Common Parametric Aircraft Configura-
tion Schema (CPACS) as the central model for the input
and output data structure, which contains the product data
[14-16]. The CPACS dataset contains a preliminary air-
craft design based on the Top Level Aircraft Requirements
(TLAR). This creates the initial boundaries for the subse-
quent design, which is performed with FUGA. The CPACS
dataset does not contain any information about the cabin
interior. To enable a customised cabin layout, some addi-
tional design parameters can be entered in a JSON dataset
(e.g. the passenger arrangement or the specific placement
of cabin monuments) [16]. This set of inputs is then used
as the basis for the subsequent design step. There, FUGA
follows a Knowledge-based Engineering (KBE) approach
to generate a finished design from a consistent parametric
basis, into which additional data (e.g. the cabin interior) is
incorporated. The resulting cabin design is finally structured
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in CPACS format. A more detailed description of the meth-
odology behind FUGA is given in [16].

3.2 System architecture for products, processes
and resources

The methodology follows the MBSE approach to conceptu-
ally map the system architecture and apply it as a basis for
production planning. Given the complexity of the produc-
tion planning task, MBSE can provide a suitable framework
for decomposing and analysing the interactions of abstract
artefacts, enabling a systemic and holistic approach to meet-
ing the numerous requirements. MBSE provides numerous
tools, methods and guidelines that support the specification,
analysis and development of complex systems whilst ensur-
ing the consistency and traceability of modelling artefacts
in the MBSE context [17, 18]. The System Modelling Lan-
guage (SysML) [19] supports the modelling activities and
is used in this work. The first step is to define a metamodel
that provides a taxonomy for modelling. When defining the
taxonomy, it is important to refer to existing standards and
guidelines that support the representation of essential con-
cepts and relationships in a particular domain. Therefore,
the created metamodel references the formalised process
description for Product Process Resource (PPR) as specified
in the VDI guideline 3682 [20]. The latter provides visual
representations to enable a comprehensive model of the
functional view of the Cyber-Physical Production System
(CPPS) in the initial planning phase [21]. This knowledge
representation can be used to describe how products, pro-
cesses and resources interact to achieve the defined produc-
tion functions and objectives. An overview of the metamodel
depicted in SysML is shown in Fig. 2.

These concepts are modelled using block definition dia-
grams (bdd) and SysML relationships. The decomposition
relationship can be used to represent the concept of a process
consisting of an undefined number of parts of type Pro-
cessOperator. This is intended to represent the concept of
assembly processes that have inputs and outputs of types
Product, Energy and Information. Each of these elements is
represented by a block with specific attributes. To model the
relationship between these blocks, reference properties are
used that are typed by the related elements, e.g. to show that
aresource is assigned to a process operator. The system con-
text of a superordinate process can also be specified with the
reference of type SystemBorder. Attributes that are relevant
for the process analysis are specified as block value proper-
ties. Further specifications, such as the distinction between
different types of resources or products, are modelled using
generalisation relationships.

The described metamodel with the PPR concepts can be
used in the definition of the cabin system architecture and
linked to cabin-specific architecture blocks via generalisa-
tion relationships. An important part of the architecture is
the definition of restrictive relationships between the assem-
bly and the design. To do this, abstract requirements are
first defined and linked to logical conditions in the form of
constraints elements, which in turn are linked to the PPR
components. The data of a specific configuration are read
from the CPACS data set and used to instantiate the cabin
architecture in the SysML model. The defined constraints
help to restrict the instantiation and automatically apply it
to the required framework conditions. As a result, linked
instance data on the cabin products, the available assembly
resources and the corresponding processes are available in
the architecture model.

Fig.2 Overview of the tax- bdd [Package] VDI3682] FormalPr

onomy definition as SysML
metamodel related to formal
process description guideline
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In the current implementation of data linking between the
PPR architecture and the knowledge-based assembly process
planning, no extensive data management system has been
developed yet. Currently, architecture results are saved on a
local server in a JSON file, which is accessed by the knowl-
edge-based software for further processing. The JSON file
is created automatically in the SysML Tool (Cameo Systems
Modeler)! by querying information from the model elements
using their corresponding types as defined in the VDI 3682
taxonomy description (see Fig. 2). Once the planning activi-
ties are completed, a new file following the same schema
is created and stored in the same repository. This new file
includes additional information but retains the previous
data and can be accessed for further architecting activities.
For sophisticated data storage and exchange within com-
pany IT infrastructures, a proper data management system
is needed to enable effective data versioning, access, and
documentation.

3.3 Knowledge-based assembly process planning

The exchange of PPR instance data is based on a consist-
ent, standardised, validatable and traceable data structure
described using a JavaScript Object Notation (JSON)
schema. JSON is a compact data format in an easy-to-read
text form for exchanging data between applications. A JSON
schema is a standard that provides a format for what JSON
data are required for a particular application and how to
interact with it [23]. The schema corresponds to the formal
process description of VDI 3682 and enables assembly pro-
cess planning algorithm to read PPR information from the
JSON data set. These are the processes to be executed, avail-
able resources, resource capabilities, product availability,
product position and expected process duration. Additional
information required for planning the assembly processes
can be automatically interpreted from this data using an
inference engine. For example, processes are associated with
resources based on capabilities or the process dependencies
and product structure can be interpreted.

The information read or inferred from the architecture
represents the knowledge base used by the planning algo-
rithm. The task is to flexibly sequence the assembly pro-
cesses for a specific configuration of cabin components
and available resources and to optimally allocate them to
the resources. Several approaches for planning machine
orders can be found in the literature. In [24], for example,
an approach for planning orders for a single machine with

! Cameo Systems Modeler is a collaborative Model-Based Systems
Engineering (MBSE) environment, which provides tools to define,
track, and visualise all aspects of systems in a standard-compliant
SysML models and diagrams. [22]

maintenance activities is presented in which a genetic algo-
rithm solves the planning activities. Disadvantages of this
algorithm are its computational intensity and that there is
no guarantee for a global optimum, which complicates the
planning and validation of complex assembly tasks. Authors
in [25] present an integrated approach to work scheduling
and assembly sequence planning for discrete manufactur-
ing, which can be used to optimise the machining sequence
of parts and the assembly sequence simultaneously. These
are suitable for the planning task but are characterised by
complexity and limited applicability for different assembly
scenarios.

Due to its simple structure, good traceability and inter-
pretability, a decision tree algorithm was used in this work.
This algorithm uses a tree-like flowchart that starts with a
root node and continues with leaves. The branches are gener-
ated as the result of a feature-based split. The conditions for
splitting the node are if-else statements, and a split action
can be defined if the statement is true or false. In real appli-
cations, the data sets have a large number of features, which
leads to a large number of splits. These larger trees require a
lot of computing power to compute and have high accuracy
on the training data and poor accuracy on the test data. This
is called overfitting, and to avoid this, a pruning procedure
is needed, in which nodes with low importance are removed
during the growth of the tree [26].

The approach presented in this work utilises the decision
tree algorithm developed and validated by the authors in
[10]. No systematic changes have been made to the algo-
rithm itself; it has only been adjusted to fit the parameters
of the presented use cases. This algorithm is grounded in
methods found in the literature [27]. In this work, the plau-
sibility of the results generated by the algorithm is evaluated
through an analysis of the implemented use cases and the
resulting assembly process sequence. The primary focus of
this study is not on developing or assessing the algorithm
itself. Instead, it is used as a tool for process planning and
scheduling, with the emphasis on integrating it into the over-
all methodology. This includes linking it to knowledge-based
modules, system architecture, and cabin design. Therefore,
this research does not provide a comprehensive validation
and assessment of the decision tree algorithm.

The decision tree provides the assembly process sequence
and corresponding assignment to the available resources as
output. This information is specified in the JSON data set
and made available for further usage, such as process simula-
tion or resource control.

@ Springer
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4 Application results in the context of cabin
assembly

4.1 Application case: Pre-assembly of the crown
module

In this Section, a use case is presented to assess the meth-
odology presented above and its practical applications.
The application used in this work is based on the pre-
assembly process of the so-called "crown module" (see
Fig. 3a), which is currently a research focus in the instal-
lation of aircraft cabins to decouple the cabin from the
airframe. The crown module comprises the ceiling area of
the aircraft, the Overhead Storage Compartment (OHSC)
and a variety of customised components from cabin sys-
tems including electrical supply, cabin communication,
air conditioning and oxygen supply. Due to the complex-
ity and variety of these components, the individual posi-
tioning and assembly of each component is a time-con-
suming process. Moreover, there are numerous interfaces
between them and the primary structures, which further
increases the complexity. By developing a pre-assembled
module that integrates the cabin components and can be
installed in the aircraft in a single assembly step, it is pos-
sible to decouple the cabin from the airframe. The pur-
pose of this decoupling is to segregate the standardised
‘make-to-stock’ airframe production from the customised
‘¢ assembly-to-order’ cabin assembly process. The plan-
ning of the pre-assembly is realised for the pre-assembly
station within the DLR laboratory (see Fig. 3b). Available
resources that are included in the use case are an industrial
robot UR10e from Universal Robots [28],an APAS cobot
from Bosch [29], workers and a pneumatic crown module
Jjig.

As part of this application, two use cases are defined
that serve as a proof of concept (PoC) for the requirements
of the methodology. In the first use case, the flexibility of
assembly planning for configurable cabin architectures and
for the modular use of resources is verified. The assem-
bly for the cabin architecture and resource availability

Fig.3 Set-up for the applica-
tion case

(a) Crown module [30]
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is evaluated based on the assembly time. In the second
use case, the assembly planning methodology for flexible
architectures of the products to be assembled is verified.
The implementation and corresponding results for the two
use cases are presented in the following sections.

4.2 Configurability of the cabin and resource
architecture

As already mentioned, the early investigation of novel,
sustainable technologies in the aircraft is of great interest.
Therefore, two different aircraft configurations with hydro-
gen tanks were investigated in this first case. During the
conceptual phase, it is important to not only analyse the
design, but also evaluate the impact of the tank integration
on the cabin assembly. As already explained in Sect. 3, the
cabin design parameters for a selected preliminary design
and specific cabin requirements are generated by FUGA.
The two cabin designs are shown in Fig. 4.

The first configuration with larger tanks leads to a short-
ening of the cabin area compared to the second configura-
tion. As a result, the positions of the door areas and the
number of frames vary, which affects the architecture of
the crown module. The design parameters for the respec-
tive cabin configuration in CPACS format are linked to the
system architecture using value properties in the parametric
diagram (see Fig. 5).

The CPACS nodes with the information regarding the
door positions and distance between frames are parsed for
this purpose. In the SysML model, constraints are defined to
fulfil the assembly requirements, which calculates assembly
parameters such as the number and positions of the crown
module sequences to be pre-assembled from the design
information. Two architecture instances are automatically
generated for the respective configuration. The availability
of resources can also be set for each instance. The tables in
Fig. 6 and 7 show the two selected resource configurations.

In the next step, the PPR architecture information avail-
able in the SysML model is exported as a JSON data set
formatted according to the already defined schema (see
Sect. 3) and used by the algorithm to plan the crown module

(b) Pre-assembly station of the DLR
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Fig.4 Results of the cabin
design for two hydrogen con-
figurations generated by FUGA

Fig.5 Parametric diagram for
linking the system architecture
with the cabin design param-
eters in CPACS

Fig.6 Resource configuration
with a worker and a UR10 robot
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F'g' 7 Resource configuration # Name [Pl resource : Resource type : String capability : String
with a worker, a UR10 robot = Hurman 1- Human
and an APAS robot 1 = resourcelList .
‘El UR10_1 : Human |
2 = Human_1 Human pick_and_place
3 =] UR10_1 UR_10 fastening_with_bolt_and_nut
APAS fixing_in_position
4 = APAS_1 gf P .
fastening_with_bolt_and_nut
Fig. 8 Results of the assembly
Pre-assembly Flow Chart (in time units)

process planning for the two

hydrogen configurations using Jime stepst 180

two resource variants

Human

UR10

Configuration 1
(with 2 ressourcen)

Timesteps | 1

Human

UR10
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(with 3 ressourcen)
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Time steps 1
Human
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Timesteps | 1

Human
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(with 3 ressourcen)

APAS

Legend

pre-assembly. The algorithm provides the process sequence,
pre-assembly time and the allocation of processes to the
available resources. These results for the centre cabin sec-
tion are shown in Fig. 8. The assembly time is represented
in time units and the assembly processes carried out by the
respective resource are shown.

The computing time required for the decision tree algo-
rithm to generate assembly sequences has increased sig-
nificantly (by 20%) after adding one available resource.
The allocation of assembly processes to the APAS robot
made it possible to parallelise these processes and reduce
the assembly time for both configurations. Therefore 5
time units have been reduced for the first cabin configura-
tion and 7 time units for the second one. Moreover, the
second configuration includes two more sequences due
to the larger areas between the cabin doors. This leads
to an increase in assembly time because of the required
additional processes. Interestingly, the first configuration

@ Springer
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without the APAS robot requires a comparable assembly
time (20 time units) to the second configuration with the
APAS available (19 time units). Thus, the negative impact
of the cabin architecture on the assembly time can be offset
by modifying the resource configuration.

The results also show the dependencies between the
assembly processes and the restrictions imposed by the
resource capabilities. In all configurations, the fasten-
ing processes (fastening) of the respective crown module
sequence only start after they have been picked up and
placed (pick and place). The idle processes result due to
the fact that the respective resource does not have the nec-
essary capability to perform a certain process. For exam-
ple, in the first configuration without the APAS robot, the
worker cannot assist with the fastening processes in par-
allel with the UR10 robot because the required capability
has not been assigned to it (see Fig. 6).



Model-based assembly process planning for flexible aircraft cabin architectures

4.3 Configurability of the product architecture

In the second application case, the architecture influence of
the product to be assembled, in this case the crown mod-
ule, on the assembly process is analysed. With the proposed
approach, changes in the product architecture can be intro-
duced directly in the SysML model and lead to new con-
straints and dependencies for assembly process planning.

In addition, modularisation concepts of the product can be
analysed and evaluated with regard to assembly properties.

To model the crown module architecture, its hierarchical
structure is first mapped using a block definition diagram
(bdd). Figs. 9 and 10 depict two different crown module
structures in their respective bdd.

The modularisation concept can be implemented using
composition relationships. Each module is modelled as a

Fig.9 block definition diagram

bdd [Block] Crow nModule [ Crow nModule ]J

with first crown module struc-
ture

«block»
CrownModule

seq |1..*

«block»

CrownModuleSequence

assembly 1 assembly2.
«block» «block»
assembly11 assembly22
HCE1 VIE1 HE1 HIE1 HCE2 VIE2
| «block» { | «block» ‘ «block» ’ «block» | «block» | «block»
HCE1 VIE1 HE1 HIE1 HCE2 VIE2

Fig. 10 block definition

bdd [Block] Crow nModule [ Crow nModule1 ])

diagram with second crown
module structure

«block»
CrownModule

seq | 1..*

«block»
CrownModuleSequence

assembly4 HCE2
«block» «block»
assembly4 HCE2
assenbly?»l assemnyZl
«block» «block»
assembly3 assembly2

assembly 1 HCE1 HIE1 VIE2

«block» «block» «block» «block»

assembly1 HCE1 HIE1 VIE2
HE1 VIE1
«block» «block»

HE1 VIE1
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sub-assembly block (assembly) that groups the module com-
ponents. These can only be assembled with other external
components after module assembly. This results in assembly
restrictions from the product architecture. In addition to the
hierarchical structure, the interfaces between components
and modules are defined in the infernal block diagram (ibd).
By connecting the interfaces with connectors, assembly rela-
tions between the module components can be specified.

The planning algorithm is executed for the two crown
module architectures presented in Figs. 9 and 10. In this
case, two human workers are available with both the capa-
bility to pick and place and to attach. The results are shown
in Fig. 11.

The SysML elements for describing the two architec-
ture variants, such as composition relationships or inter-
face specifications, are used to generate the formal process
description of the assembly processes. They define input
and output products for the respective processes, which
are interpreted by the planning algorithm as constraints in
the next step. This constraint restricts which components
must be assembled before others and thus leads to different
assembly scenarios. The results show that, despite the same
crown module components to be assembled and using the
same resources, different assembly times result. The first
crown module variant has a flat hierarchy with two compact
modules. This enables parallel assembly of the two modules
and subsequent assembly of the two pre-assembled mod-
ules. In contrast, the steeper hierarchy leads to more com-
plex dependencies and more assembly interfaces. The higher
number of modules to be pre-assembled increases the assem-
bly time, as the assembly can only take place sequentially
due to the restrictions and the second worker is therefore not
assigned to any process for 12 time units.

These results show the impact of the product architecture
on the assembly time. In this case, only the modularisation is
evaluated as an architecting mechanism. Other architecture

Fig. 11 Results of the assembly

variation aspects such as different component properties or
interfacing technologies can have a significant influence on
assembly and need to be evaluated in future research.

5 Benefits and limitations

The application of the methodology based on the crown
module use case allows for the requirements defined in
Sect. 2 to be verified. The integration of the design parame-
ters from the knowledge-based design into the PPR architec-
ture makes it possible to visualise the interactions between
the cabin configuration, the product architecture and the
resulting assembly planning. The use of constraints to link
the design parameters in CPACS with the assembly pro-
cesses in a consistent PPR architecture enables to take into
account the production requirements for integrated cabin
configurations. This fulfils requirement (R1) and allows
different cabin configurations and product architectures to
be evaluated from an assembly perspective as early as the
conceptual phase.

The automated export of the instantiated architecture in a
standardised, formal description format provides the seman-
tic relations in the PPR architecture for algorithmic assem-
bly planning. The selected JSON format has the advantage
of simple serialisation and reading of the information from
the consistent and validatable data set. This information
includes not only PPR parameters and attributes such as pro-
cess duration and product positions, but also dependencies
and restrictions for assembly planning. These were shown,
for example, by the individual product modularisation. The
semantic relations enable the automation of assembly plan-
ning for the individual products and thus the requirements
(R2 and R3) could be verified.

Furthermore, the decision tree algorithm enables
defined boundary conditions to be taken into account when
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sequencing the assembly processes. The boundary condi-
tions are interpreted in the algorithm by the inference engine
and thus additional information can be formalised that is rel-
evant for assembly process planning. A query is performed
in the nodes according to the capabilities and availability of
the resources and thus leads to an efficient allocation and
process assignment for the resources. This means that both
the process sequencing and the resource allocation can be
planned to suit the cabin architecture and thus fulfil the last
requirement (R4).

However, the application also shows limitations of the
presented methodology. When modelling the PPR architec-
ture, simplifications and assumptions were made when defin-
ing certain parameters. The required processes were speci-
fied directly and were not methodically derived from the
product architecture. Similarly, important parameters such
as process duration and resource capabilities are defined by
assumptions. These should be defined by real hardware data
or validatable simulation models, taking model uncertainty
into account. In addition, although the information contained
in the PPR architecture can be formalised in JSON format,
data modelling with the format can be limited for more com-
plex architecture models and for the concept extension. The
schema definition must be constantly adapted and more com-
plex logical relations cannot be formalised with the format.
In addition, the execution of the planning algorithm resulted
in a significant increase in calculation time with an increase
in the complexity of the PPR architecture. This can be a
clear limitation for the planning of assembly for more com-
plex cabin products and systems as well as for an extension
of the resource model. Lastly, the planning was only carried
out for one indicator, in this case the assembly time. As a
rule, the planning and optimisation of the design should be
implemented multifactorially for multidisciplinary indica-
tors (e.g. material flow or energy consumption). The recog-
nised limitations and disadvantages are to be considered in
further research by extending and adapting the methodology
presented.

6 Summary and outlook

The demand from airlines for customised and adaptable
cabin designs requires a high degree of flexibility in assem-
bly planning. To ensure that the corresponding processes can
be flexibly adapted to changes in cabin architecture, cabin
design and assembly must be closely integrated. As part of
this work, a model-based methodology was developed that
semantically links conceptual cabin design parameters with
assembly planning artefacts.

To this end, design parameters were integrated to instan-
tiate a SysML-based PPR system architecture. A JSON-
schema was developed to structure and formalise the system

architecture in accordance with the formal process descrip-
tion given in VDI3682. A decision tree algorithm was also
developed for efficient cabin assembly planning. This algo-
rithm uses existing PPR information as well as knowledge-
based interpretable relations and constraints. The methodol-
ogy was applied and verified using the pre-assembly of the
crown module. Two use cases for the configurability of the
architecture of the cabin, the resources and the product to be
assembled were implemented.

The results showed that the methodology enables auto-
mated planning and evaluation of different cabin con-
figurations from an assembly perspective. The concept of
modularisation of the product architecture was used to dem-
onstrate the flexibility and assessability of assembly plan-
ning for different product variants. It was also verified that
knowledge-based assembly planning enables efficient allo-
cation of processes to available resources based on process
requirements and resource capabilities. Limitations were
found in the formalisation of more complex and extensible
PPR architectures with the developed JSON-schema. High
computation times of the algorithm were also recognised for
more complex PPR datasets. In future research, these limita-
tions are to be eliminated through extendable formalisation
concepts. An optimisation approach is also to be integrated
into the methodology to take more complex PPR architec-
tures into account and optimise them according to several
indicators.
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