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Abstract. The design of an aircraft manufacturing system depends
highly on the design of the aircraft itself. In this work, we propose an
approach based on conceptual modelling and optimization methods that
allows to take into account the impact of an aircraft design on its assem-
bly line design. We start by eliciting early requirements in a real indus-
trial use case context. Using Goal Oriented Requirements Engineering,
we highlight the dependencies between the systems as well as the key
elements that must be optimized to obtain an optimal global system.
Then, based on a conceptual model and operational research, we present
the tool that we have developed to support the development of an op-
timal overall system. We analyse the experiments realized on different
aircraft designs, and we identify and summarize the lessons learned from
this experience.

Keywords: requirements - optimization - co-design - aeronautics - in-
dustry 4.0.

1 Introduction

In industry, there are systems that are designed in an asynchronous way and that
are dependent on each other. Such systems can be found, for example, in the
context of software development and operations, where operational environment
system is based on software design. In the embedded systems context, hardware
and software designs can also sometimes be out of synchronization but depend
on each other. If hardware is decided first, choices made on it strongly impact
software (e.g. because of memory limitations).

In this paper, we focus on another example of such systems, namely an air-
craft and its manufacturing system. Indeed, aircraft development is not only
limited to the elaboration of an aircraft design, but also includes means to build
it. For each new aircraft family, a dedicated industrial system must be devel-
oped. Even if it is built upon existing means like basic plants, new assembly
lines (along with new tools, robots, etc.) must be developed to cope with the
specificity of each new aircraft family and with production objectives (e.g. num-
ber of aircraft to produce, rate). An aircraft and its manufacturing system are
strongly linked to each other. Every time the design of the first changes, it may
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be necessary to redesign the latter. In addition, it is impossible to design the
manufacturing system until certain aircraft design choices are made. Lastly, the
performance of the manufacturing system highly depends on the aircraft design.

For designing these two systems, it is essential to anticipate as soon as pos-
sible the impacts of aircraft design choices on its manufacturing system. For
instance, it could be possible that a manufacturing requirement such as reach
a production rate of 50 aircraft per month is not satisfied because of the air-
craft specifications (e.g. the chosen material which requires a complex process
for drilling and junctioning). In this example, the aircraft design must be mod-
ified, which is quite heavy. In fact, it requires to make new high-level changes
(e.g. material choice), cascade them and then assess if this new design is consis-
tent with the manufacturing requirement. Being able to assess, even partially,
the impact of the aircraft design on the manufacturing goals would allow earlier
trade-offs in case of conflict and thus a more satisfactory overall specification.
It would also prevent high costs due to late design modifications. A good design
for the two systems is more a matter of global optimum than of the separate
optimization of each of them.

In this paper, we introduce an approach that combines proven modelling
techniques and optimization methods to support the design of the aircraft and
its manufacturing systems. The aim of this approach is to provide methods and
tools for taking into account, from the early design phases, the manufacturing
performance in the design of the aircraft.

This paper is organized as follows: in Section [2] we describe our industrial
case study. Section [3| and [4] are respectively dedicated to goals elicitation and to
overall optimization and provide details about the application on the case study.
Then, we discuss lessons learned in Section [5] Section [6] is dedicated to related
work and we conclude in Section

2 Industrial Case Study

In this section, we detail the main features of the industrial case study we have
worked on. The design of the aircraft has an impact on many aspects of man-
ufacturing : the workplace ergonomics, the space available to perform assembly
operations, the need for very specific tools and machines, the means of transport-
ing the aircraft components according to their size, etc. Moreover, the way the
aircraft is broken down into parts can induce more or less assembly operations.
For instance, installing several light parts could be easier than a large heavy
one. However, it could require much more connection operations. Therefore, the
objective of reaching a high industrial efficiency is also linked to the aircraft
design choices.

Our industrial study framework deals with the design and manufacture of a
specific component: the structure of the aircraft’s fuselage, namely the airframe,
and its assembly line. The fuselage is designed to provide spaces for the crew,
passengers and cargo and to withstand the aerodynamic forces. It is also the link
between the wings, the tail and the nose. The airframe is composed of a keel
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beam, circular frames, linear spars and skin panels which must be assembled. An
assembly line is a sequence of workstations that corresponds to all the assembly
stages of a product. In the aeronautics industry, assembly lines can be found at
both Boeing [I8] and Airbus [16/25].

In this case study, we have worked with two aircraft architects, who design
the fuselage, and one assembly architect, who designs assembly lines. All three of
them have been working for a major aircraft manufacturer for many years. The
aircraft architects are specialised in architectural design, i.e. making choices and
designing the elements and systems of the aircraft without going into details.
For instance, they do not consider the number or the position of each bolt.
The assembly architect works on the assembly line organisation and the new
assembly tools definition. In this project, he was in charge of the design of a
new assembly line for the airframe production. An important point is that the
two aircraft architects work in a different department and on a different site
from the assembly architect. This is a real silo situation. This project was an
opportunity to have a more integrated vision and to take into account the impact
of the product on the production. Through five half-day working sessions over
a period of three months, we supported the architects to clarify the goals, the
constraints and what was not in the scope of this case study. To this end, we
proposed a Goal-Oriented Requirements Engineering (GORE) model and briefly
trained architects in this approach. Then, for three months, at the frequency of a
meeting every week with the architects, we worked on the problem formalisation
and on the design of the tool presented in the following sections. The architects
provided us with all the information regarding the assembly operations related
to the different aircraft designs and the assembly methods and tools. From our
side, we helped them to clarify their objectives and we provided them with a
tool to evaluate the impacts of the product on the production.

In our use case, the problem was to design an aircraft fuselage as manufac-
turable as possible, i.e. as easy and as fast as possible to assemble and with a
not too expensive factory. More precisely, architects want to be able to evaluate
aircraft design solutions at early stages of the design process and, to do this,
assess them with respect to the industrial performance of their corresponding
assembly lines. Note that the concept of industrial performance was not clearly
defined at the beginning of our study.

In the two following sections, we describe how we tackled this problem. Start-
ing from requirements elicitation, we explain the relevant metrics we have iden-
tified to measure the assembly line performances. Then, we present a tool that
allows to perform numerical comparison of two fuselage airframe designs.

3 Identify Goals and Objectives

The first step of our work was to understand the dependencies between the
aircraft and its manufacturing system and specifically how the design choices
impact assembly line performance. Expressing such dependencies is not an easy
task, as aircraft design and manufacturing design are two different domains.
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In this section, we show how GORE modelling techniques allow to elicit and
understand the goals of each system and their dependencies.

3.1 Model the Goal Oriented Requirements

GORE approaches focus on finely characterizing the interactions among goals
of the system and interactions among goals and some other elements. These
elements can be internal or external to this system, like actors or resources
[I706]. Most of GORE frameworks identify two types of goals, namely goals and
soft goals. Soft goals are objectives for which no clear-cut criteria indicating
whether they are fulfilled can be expressed [22[T3]. Such a distinction is used in
frameworks such as Non-Functional Requirements (NFR) [21J6] or ¢* [30[7]. In
our context, this distinction is crucial. It allows us to distinguish between what
is a non-negotiable constraint and what is flexible. Therefore, we consider that
a goal is a constraint, a non-negotiable mandatory objective that a system must
satisfy. In reverse, a soft goal is a possible trade-off point, its satisfaction being
negotiable. It represents an element of negotiation between the aircraft and the
manufacturing systems.

As expressed earlier, the manufacturing system design depends on the aircraft
design. Because the designs of these systems are asynchronous, this dependency
is a strong one, i.e. the manufacturing system cannot exist without the aircraft.
This corresponds to the i* notion of vulnerability of the manufacturing system.
This vulnerability is materialised through dependency relationships. In i*, the
dependency relation is composed of three elements. The first two elements can
be goals or tasks and belong to two different actors and the third is the depen-
dence object (the dependum). It is a unidirectional relationship that indicates
a dependency of one actor on another. For instance, the choice of a robot (the
depender) depends on the assembly operation to be performed (the dependum),
and this operation is defined during the aircraft design (the dependee). Because
the dependency relationship is at the heart of i* framework, we chose ¢* for the
modelling of our use case goals.

3.2 Application

In our case study, aircraft and assembly architects were not familiar with GORE
approaches. None of the goals, soft goals, tasks and dependencies were clearly
identified. It took many iterations with the three architects to elicit them and
to reach the exploitable goals model given in Figure

In this goals model, the task Design the fuselage airframe is the main activity
of the Aircraft Architect. This task is the mean to satisfy the main goal The
fuselage airframe design is defined and it is decomposed into three goals that
qualify the task: Spaces for the crew, passengers and cargo are provided, The
aerodynamic forces are withstood and Mastered materials are used.

For the design of the assembly line, the Assembly Architect main task is to
Design the assembly line of the fuselage airframe, answering the main goal The
fuselage airframe can be built. This main task is decomposed into three sub-tasks:
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Fig. 1. i* Strategic Rationale model for the design of the fuselage airframe and its
assembly line (Model in ¢* 1.0)

Do the balancing of the assembly operations which corresponds to the scheduling
of the assembly operations based on the Assembly PERT (Program Evaluation
and Review Technique); Choose the resources corresponds to the choice of the
resources to perform the assembly depending on the Assembly principles and
the Assembly PERT; and Set the number of stations corresponds to the choice
of the number of stations composing the assembly line.

Assembly PERT and Assembly principles are information produced by the
Aircraft Architect. The Assembly PERT describes the precedence relationship
among assembly operations and their duration. The Assembly principles describe
how to join the skin panels together and how to fix all the elements together (for
instance with joints, fasteners or welding).

In addition, the Assembly Architect has three soft goals that altogether rep-
resent the industrial performance of the manufacturing system. Have a good rate
indicates that the factory must produce as many aircraft as possible. This soft
goal is limited by the investments that are made to build the factory, which is
expressed by the second soft goal Have a minimal investment. The third soft
goal, Have a good lead time, asserts that the duration to build a single aircraft
must be acceptable. They are soft goals because their acceptance is subject to
interpretation.

Usually in ¢*, tasks impact soft goals. There are various impact types: make,
help, hurt or break. For trade-offs, tasks can be refined into aircraft design al-
ternatives and assembly line design alternatives. Each alternative impacts goals
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positively or negatively. From there, many works use these links and propose
propagation rules to evaluate the alternatives [I1I3]. In our case, and this is a
key consideration, assessing these impacts within the model is impossible: re-
lationships among tasks and soft goals are not monotonic. For example, let us
consider the task Choose the resources. On the one hand, choosing cutting edge
technology resources can help the goal Have a good lead time, but might hurt
Have a minimal investment. On the other hand, choosing cheaper resources that
are less efficient can help to Have a minimal investment but may hurt the goal
Have a good lead time. Moreover, refining the different alternatives does not give
us more information. It is not obvious that having 6 stations allows to have a
better rate than with 5. Even regarding the investment, stations number is not
the only cost factor, there are also the tools and machines.

Therefore, due to the combinatory explosion, we are faced with the impos-
sibility of expressing all the alternatives and to manually assess their impacts
on goals. So, we choose to model the contribution links to the soft goals as un-
known and, unlike other works, to perform trade-offs assessment not in i*, but
by using automatic calculus outside of the model. We even go further: besides
assessment, we automatically find the best assembly line alternatives for a given
aircraft design. To do this, we need to elicit all elements and their relationships
that are involved in the satisfaction of the soft goals.

Note that the obtained model looks rather simple. In fact, our problem is
to take into account the manufacturing performance for an airframe design.
So we do not need to consider all goals involved in the airframe design or in
the industrial system design but only the relevant ones. Moreover, we focus on
early design phases. Therefore, a refined version of goals is pointless as they
would result in the alternatives described previously. Finally, it took several
collaborative working sessions to converge towards the goal model presented
here. This highlights that all the elements (goals and soft goals, associated tasks
and dependencies) were not clear at the beginning of the study.

4 Support the Optimal Overall System Design

In this section, we first present several considerations that we had to take into
account in our approach. Then, we describe the methods and tools developed
to support the development of an optimal overall system. They are based on a
conceptual model and operational research optimization methods.

4.1 Support the Design of an Optimal Solution

Our aim is to support the design of the global system composed by the aircraft
fuselage and the assembly line. To do this, it is necessary to have an impact
assessment of the fuselage airframe design choices on the assembly line. In order
to be useful, this assessment should satisfy four properties. Firstly, the method
used to perform the assessment should be clear and accepted by the teams
involved in the project development. Secondly, the time required to perform the
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assessment should be short, in order to allow the teams to quickly have feedback
on the current project development when they need one. Thirdly, it should not
be subjective, i.e. its value should be the same regardless of who performs it.
In order to be objective, metrics can be used along with documentation on
how the metrics are computed. That way, anyone can reproduce the assessment
and should obtain the same value. Finally, this assessment should not require
additional work. An intuitive way to meet these four properties is to automatize
the assessment.

Of course, assessing the impact of the airframe design on the assembly line is
not new. Today, this activity is carried out by experts judgment. However, this
expert judgment is quite arbitrary, slightly unclear and difficult to reproduce. It
does not fit regarding our expectations. In addition, in our context, assessment
comes to solve a highly combinatorial problem whose optimal solution is hardly
findable by humans. To overcome these limitations, we propose an assessment
based on automated calculus that can support experts in their design decision-
making. The criteria and metrics used for this assessment correspond to the soft
goals that have been described in the previous section. As these soft goals have
been validated by the architects, this eases the assessment acceptation by the
teams.

To formally define and to automatize the assessment, it is necessary to model
the elements targeted by these criteria and also the elements that interact with
them. The idea here is not to fully model the two systems, but only the parts
that are relevant for expressing the problem. Modelling is playing a substantial
role in engineering today, as it allows to manage complexity, formalize or run
automatic reasoning on it. In our case, we have chosen a conceptual modelling
expressed in SysML, as it allows the representation of elements, their properties
or attributes, and their relationships.

4.2 Application: Conceptual Model

Applied to our case study, the conceptual model in Figure [2| uses the SysML
formalism to describe the main elements composing an aircraft section for the
product side and the main elements composing an assembly line for the manu-
facturing side.

On the product side, the main element is the Aircraft Section (the fuselage in
our application). It is composed of several Airframe Components. An Airframe
Component can be an Airframe part, i.e. a unitary element made in a unique
material, or an Airframe Assembly, i.e. a composition of Airframe Components
in a tree structure.

On the manufacturing side, the main element is an Assembly Line. An As-
sembly Line is composed of Resources, which represent infrastructures, machines
or tooling. Resources are associated to a Resource Type that represents the
type of resource used (e.g. drilling robots). An Assembly Line is also com-
posed of Stations. A Station represents a physical space in the factory used
to perform several Scheduled Operations. Each Scheduled Operation has a start
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Fig. 2. SysML model for the design of an aircraft section and its assembly line

date and uses a set of Resources. The duration spent on each station of an as-
sembly line is called the takt-time and is the same for all the stations. So, a
shorter takt-time means a higher rate. Note that the takt-time, the lead time
and the number of stations are mathematically related by the following formula:
lead time = number stations * takt-time.

In the middle of Figure [2] there are elements associated with dependencies
between the product side and the manufacturing side identified in the 7* model.
The Assembly PERT is represented by two elements. The first element is the
Operation. It has a duration and a link on itself to represent the precedence
relation. The Assembly PERT is also linked to the Zone. Zone corresponds to
a physical zone of the aircraft section where the Operation is performed. Each
Zone has specific constraints with regards to working conditions that are not
detailed here for readability. Each Operation can require Resource Type to be
performed. It is linked to a Scheduled Operation. Finally, on the product side,
each Operation is also linked to an Airframe Component, which is the element
addressed by the Operation.

The Assembly Principles identified in Figure [I] is also present in Figure
Each couple of Airframe Components can have one or many Assembly Principles
if they are meant to be assembled together. An Assembly Principle is the mean
by which Airframe Components are connected together. For example, it can
be by drilling and using bolts or by welding, etc. In addition, each Assembly
Principle requires specific Resource Types for the assembling.

Several elements are circled in black. We call them calculated elements. They
correspond to the tasks outputs identified in the goal model presented in Sec-
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tion [Bl The instantiation of these calculated elements is therefore the result of
an assembly architect’s design task. More precisely, the task Do the balancing
of the assembly operations corresponds to the instantiation of the class Sched-
uled Operation and to the choice of a takt-time for the Assembly line. The task
Choose the resources corresponds to the choice of the number of Resources of
each type in the Assembly Line (multiplicity value of the link between Assembly
Line and Resource) and to the choice of resources for performing Scheduled Op-
erations. Finally, the task Set the number of stations corresponds to the number
of stations in the Assembly Line (multiplicity value of the link between Assembly
Line and Station).

4.3 Application: Assembly Line Design Optimization Tool

In order to evaluate the impact of the aircraft design on the manufacturing
soft goals and to support assembly line design, we have developed an Assembly
Line Design Optimization tool (ALDOQO) that computes the best assembly line
associated with this design. ALDO is based on the conceptual model defined
previously: its inputs are instances of all the elements of the conceptual model,
except the calculated elements that are its outputs.

Practically speaking, the tool explores assembly line alternatives. These al-
ternatives correspond to the tasks Choose the resources and Set the number of
stations and therefore have an impact on the soft goals. Then, the objective
of ALDO is to minimize the takt-time, which contributes to the goals Have a
good rate and Have a good lead time. In fact, as the number of stations is fixed
in the explored alternatives, minimizing the takt-time also minimizes the lead
time. Based on this objective, ALDO creates a Scheduled Operation along with
its start date for each Operation of the PERT. This corresponds to the task Do
the balancing of the assembly operations.

The optimization problem solved by ALDO consists in scheduling operations
according to several types of constraints. The first set of constraints addresses
the operation precedence relation. The second deals with the fact that at most
one technician can work in a zone at each time and that some zones can be
blocked when performing some operations (e.g. for security reasons). The last
set of constraints focuses on the number of available resources and the fact that
some pairs of resources cannot be both installed in the same station. Concerning
the objective, the tool minimizes the maximum use duration of each resource,
which is an approximation of the takt-time. Following classical approaches such
as [20] or [5], such a problem can be encoded in Constraint Programming. In our
case, ALDO uses CP Optimizer 20.1.

We have run experiments with ALDO on benchmarks that represent two
aircraft designs along with their PERT. They are composed of 150 operations
on average. We consider 5 types of resources in the assembly line, mainly drilling
robots and arm robots. There are approximately 20 working zones. We use two
parameters to define assembly line alternatives: the number of stations and the
number of resources for each resource type.
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Number of 1 robot of each type one additional drilling robot
stations Design 1 [ Design 2 Design 1 [ Design 2
4 9h54 9h51 9h54 9h08
5 8h53 9h07 8h09 7h30
6 6h50 9h07 6h47 6h21
7 5h51 9h07 5h51 5h30
8 5h30 9h07 5h30 5h30

Table 1. Takt-time obtained for a number of stations and for some available resources.

In Table|[l] we present a representative set of results. The number of stations
varies between 4 and 8 and we compare only two resource alternatives: in the
first column there is exactly one robot of each type and in the second column
there is one additional drilling robot. Note that the one robot of each type
alternative helps more the soft goal Have a minimal investment than the one
with the additional robot. The tool was given 2 minutes for each alternative,
which allowed to get solutions close to optimal ones. The lead time for each
alternative can be computed by multiplying the number of stations with the
takt-time value.

Within the one robot of each type alternative, Design 1 has a smaller takt-
time than Design 2 with a number of stations between 5 and 8 (which corresponds
to a higher rate), while Design 2 is better only for 4 stations. The takt-time
stops being improved after 8 stations for Design 1 and 5 stations for Design 2.
It is because it is not possible to schedule in a shorter amount of time some
activities that use a specific resource that must belong to a unique station.
To overcome this, the assembly architect proposed a new alternative with one
additional drilling robot. With this new robot, Design 2 has a strictly better
takt-time for all the station numbers except for the 8 stations one in which both
designs have the same value.

As a result of these experiments, we allowed architects to compare designs
and to propose quickly the best possible assembly line alternatives. It should be
noted that we do not obtain one best solution but a Pareto front of takt-time,
lead time, number of stations and resources. Choosing among these aircraft
designs and assembly line alternatives would require a trade-off among assembly
line soft goals based on business knowledge. This is clearly outside the scope of
this study.

5 Lessons learned

As stated in the introduction, our aim is to take into account the performance
of the manufacturing system in the design of the aircraft. The models and tools
presented in this paper clearly provide insight on the impact of certain aircraft
design choices on the manufacturing system. It is important to note that the
architects did not know GORE approaches at the beginning of the study. The
i* framework allowed us to elicit the key elements of assembly line design and
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to understand their interactions with airframe design. The resulting goal model,
although simple, ensures that we did not miss any relevant elements and that
their dependencies were correct. The architects considered this contribution very
valuable and this opinion was shared by an expert from the company’s digital
transformation department to whom they showed this work. In addition, our
automatic tool allows users to automatically compute optimized assembly line
alternatives which would be extremely challenging to be created manually. It also
shows that some alternatives appear more promising than others. The aircraft
and assembly architects were very enthusiastic about the results found and the
ability to measure the impact of aircraft design choices on the assembly line in
a very short time. However, a limit of our approach is that it does not trace nor
clearly identify the root decision in the aircraft design that has an impact on
each soft goal on the manufacturing system side.

We can also observe that our interlocutors were not able to choose only one
satisfactory scenario among the ones generated by the tool, but to identify some
suitable alternatives. Indeed, at this stage, it was not possible for them to decide
which costs should be reduced in priority, among the ones generated by the
number of robots, by the number of stations, by the lead time or by the rate.
However, our results allowed them to brainstorm and discuss these points in the
early stages of the design, which they had never been able to do before.

Regarding the two different aircraft designs in our case study, we can note
that they are equivalent in terms of aircraft architect’s goals. Of course the
two structure designs are not equivalent in terms of configuration and layouts,
and even less identical, but they both satisfy the goals considered in the early
aircraft design phase. There is therefore no trade-off between the goals associated
with the aircraft design and the ones associated with the assembly line design.
Practically speaking, this absence of a trade-off possibility is due to the absence
of soft goals on the aircraft design side. Future work should introduce trade-offs
between aircraft and manufacturing goals, such as reduce the aircraft weight and
reduce the assembly time.

However, by giving the aircraft architects the possibility to compare different
designs in terms of industrial performance and by allowing the assembly archi-
tect to measure the impact of choices such as the number of robots, we have laid
the first steps of a methodology and tools for co-design. Historically, co-design,
or concurrent engineering, aims at the early detection of potential problems be-
tween design and manufacturing [28]. Nowadays, co-design encompasses a much
larger issue. It ensures that all stakeholders, not only design and manufactur-
ing engineering, but also supply chain, maintenance, environmental impact or
recycling, cooperate in the early design phases [19].

If we take a step back and look closer at the methodology we followed, we
identify two steps. In a first step, we model the objectives of each system and
their dependencies. These dependencies represent the point in the design activity
where decisions can be made to find optimal solutions for both systems. Note
that we are independent of the used GORE approach. As long as the dependen-
cies among systems design can be represented, their rationale are detailed and
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their soft goals are elicited, we are confident that any GORE language can be
used. In addition, even though we did not explore this direction, specification
of links along requirements and interactions with them is not specific to GORE
modelling. Similar modelling problems are studied in systems engineering ap-
proaches like, for instance, SysML.

In a second step, we focused on assessment and optimization. Using concep-
tual model, we provided a clear view of relationships among the drivers and a
structure for the data. By drivers, we mean the constraints and the decision vari-
ables that affect the satisfaction of the objectives of interests. Once the problem
is structured, we use automatic calculation to find optimal solutions with respect
to criteria derived from the goal model.

Thus, we can observe that we couple here two different ways of modelling in
order to support the assessment and optimization of solutions for our problem.
Both models are complementary, bringing their own benefits at different steps
of the approach.

6 Related Work

The approach presented in this paper is related to many research topics, going
from the optimal design of a product and its production system to the use of
multi-modelling approaches. In this section, we give a non-exhaustive view of
related work.

6.1 Optimal design of a product and its production system

Many works exist in the aeronautical industry which aims at improving the
manufacturing system performance. For example, at Airbus, [16] focuses on im-
proving the existing production line relying on a collective exploratory approach.
Another example at Boeing focuses on optimizing the production flow and pro-
cesses, relying on modeling and simulation analysis [I8]. However, few works
focus on the optimal global design, even though concurrent engineering is a
common practice in aeronautic corporations such as Airbus [I]. In recent works,
Donelli et al. describes a value-driven model-based approach to assess a solution
trade space for the aircraft design, manufacturing and supply chain [9]. Their
main objective is to support decision makers in the early stages of aircraft devel-
opment by coupling these different domains. Even though our objectives could
appear similar, they consider a much more abstract design level. For instance,
they model the dependency between the manufacturing and the aircraft with a
single numeric impact factor. Another work studies the links between the factory
and the aircraft [24]. They propose a conceptual model pattern to represent and
apprehend the links between them but unlike us, they do not tackle the problem
of finding an optimal factory. Note that the conceptual model we have used is
compliant with this pattern.

There is a lot of work on concurrent engineering to answer our problem-
atic, but they are not specific to the aeronautic field. For example, it is mainly
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applied in the automotive supply chain where it has been focusing for a long
time on manufacturability issues [I2]. In this approach, collaborative engineer-
ing considers mostly physical parts of a system and aims to design things that
are assembled [31], or have the best assembly sequence [T4]]. Focusing only on
ease of assembly Design for Assembly (DFA) [4] and Design for Manufacturing
(DFM) [20] aim to solve manufacturing problems at the design stage.

Stoffels and Vielhaber study a concurrent engineering approach for a product
and its production system [29]. This approach is based on correlation matrices
between characteristics of both systems. They also define a method in which
solutions of all product functions are evaluated by experts with regards to solu-
tions of all production functions. This human-based evaluation is done on several
dimensions that can be technological, economical, ecological, etc.

Hanafy et al. [I5] try to automatically compute interdependencies between
product features and capabilities of machines for production. The authors use
Bayesian Network on several instances of product and production systems to
capture interdependencies without explicitly expressing them. This approach
relies on the hypothesis that the product features and machine capabilities are
already known whereas this might not be the case when reasoning at goal level.
Moreover, the approach might not scale up to the complexity of an aircraft.

6.2 Trade-off between design choices in other fields

Out of the context of a product and its production system but still related to the
trade-off design choices we are tackling, a method mixes goals, non-functional
requirements, scoring with fuzzy rankings by stakeholders [32]. Based on this
scoring, in a situation of conflicting goals, the authors introduce measurement of
design solution alternative’s influence on two goals satisfaction to help designers
to make the best trade-off decision. This method focuses mainly on two goals
comparisons and may not be sufficient enough to study bigger conflicts.

In another direction, Lightswitch [27] is an approach to define IT systems
early requirements while taking into account the evolution of the enterprise’s
environment. Indeed, environment has an influence on the enterprise goals, and
thus on the IT system ones, which must therefore be adapted over time. The
approach stands on a process to build a model of the relationships between the
enterprise and its environment, analyse and improve the way a company regu-
lates these relationships and lastly specify the IT system goals. This approach
allows to negotiate high-level goals trade-offs for the enterprise and the environ-
ment, but is very informal.

6.3 The relation with systems of systems

One could see similarities between the systems we are describing and Systems
of Systems (SoSs). However we think our systems are much more dependent.
Nevertheless, we can relate to some SoSs Requirements Engineering work. For
instance, Ncube and Lim give perspective and research agenda [23], and they
recommend some research topics very close to our work. The first topic is“Tools
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for SoSs Requirements Trade-Off Decision” where the authors advocate the de-
velopment of techniques and tools to permit efficient trade-off decisions among
a large trade space. The second topic is “Multi-Level Modelling techniques for
SoSs requirements”, where the authors discuss different modelling approaches,
goal modelling included, and prone combination of approaches to take advantage
of different perspectives.

6.4 The use of multi-modelling approaches

Some works advocate the use of multi-modelling techniques for Requirements
Engineering. For instance, Franch et al. study the joint use of * with other
modelling techniques [10]. In this context, they reviewed existing work and iden-
tified different scenarios of use. Our work belongs to a scenario of Model Cou-
pling, where the goal model and other modelling notations coexist without being
merged, in order to gain benefits. Closer to our approach, Alencar et al. go from
an 7* model to a conceptual model in UML [2], but we differ on the final objec-
tives. Indeed, we are dealing with the development of design-dependent systems
and their optimization while they are interested in going from a goal model to a
UML representation for software development. Their work is mainly centred on
the model transformation guidelines.

7 Conclusion and Future Work

In this paper, we have presented methods and tools to support the design of
an aircraft and its manufacturing system in order to take into account the im-
pacts of the former on the latter. We have provided an approach that combines
goal modelling, conceptual modelling and constraint programming in order to
automatically compute optimized solutions applied to the design of an aircraft
fuselage airframe and its assembly line. This approach has been very well re-
ceived by the architects and has allowed them to discuss design alternatives at
an early stage in the design.

Among the future work, we have already identified some of them in the lessons
learned. We have observed that there is no possible trade-off between the goals
impacting the aircraft designs and the ones impacting the assembly line, due
to the absence of soft goals on the aircraft design side in our case study. One
future work could be to introduce them to the problem in order to enable and
explore this kind of trade-off. New case studies will be an opportunity to test
our approach and clarify how it should be used.

The improvement of the optimization tool is also a possible future work.
We could explore the generation of explanations for the values obtained on the
criteria and link them to particular aircraft design decisions, in order to guide
the architects in a better way.

We could also strengthen the approach by investigating in detail the relation-
ship between the two modelling techniques we have used. In this direction, we
could try to establish guidelines to express how to progress from one model type
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to the other. In addition, in a model-based approach perspective, we could ex-
plore the possibility to return the computed solutions in the form of a complete
conceptual model instantiation.

Finally, we could generalize our work to other systems which are designed

in an asynchronous way and are dependent on each other. As we have seen in
Section [1} this kind of systems can be found in other domains and may benefit
from our approach. In this context, we have just started working on a case study
coming from the space industry.
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