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1 Introduction 
From 2004 to 2016, it took twelve years to Airbus to grow the yearly production of its Single Aisle family 
aircraft (A319, A320 and A321) by 233 units, from 234 to 477 [7]. The same production increase is now planned 
in only a fourth of that duration. This is representing a fantastic challenge when considering that this aircraft and 
its production system were designed thirty years ago, with a significantly lower pressure on the development 
costs and return on investment. The path to achieve this target is then very narrow: modifying the existing 
production system is very expensive and modifying the design of aircraft critical parts submitted to a 
certification process would also be costly and very lengthy. So, the most promising solution is to perform very 
limited, but smart, aircraft architecture modification that have beneficial impacts on the existing, or slightly 
modified production system.  
Current A320 aircraft design is, even today, mostly the result of tools and methodologies of the eighties, with 
limited consideration of the difficulty for an operator to assemble the different components for producing the 
aircraft. For example, many wires, cables and pipes installation activities are done in very narrow places such as 
an avionics bay, where only a single operator at a time can access, constituting then an unavoidable bottleneck. 
This cannot be solved by common production practices (e.g. increasing the number of operators). A limited 
architecture modification consisting in moving some of the pipes or wires in more accessible places may solve 
this bottleneck, and contribute to the reduction the overall manufacturing time of the aircraft. Evaluating the 
impacts of such architectural change, and confirming or not the benefit on the production is currently a lengthy 
process:  the production team in charge of this activity needs as input detailed design that needs several months 
to be done, when starting from the architectural concept like “change the position of pipes”. This is seriously 
compromising the ability to quickly assess pros and cons of architectural solutions and to iterate between 
engineering and manufacturing teams, leading to inability to adapt production rate at the speed required by 
market evolution.  
As presented in [6], we are developing an approach where we consider the architectural design of an aircraft and 
its manufacturing system simultaneously, not anymore in sequence as done originally on the A320. We are 
expecting that this “co-engineering” or “simultaneous engineering” approach will enable us to reduce the lead 
time required to define, evaluate and implement solutions aiming at increasing aircraft production rate. This is 
not a new concept for other industries [1], such as automotive [2] or consumer electronics. In space industry, it 
was notably put in application with what is called Concurrent Design Facility by ESA [11] or Collaborative 
Modelling for Parametric Assessment of Space Systems by NASA [12]. In aeronautics industry, it still remains 
an important challenge: we are dealing with products which have an in-service life exceeding 30 years, 
combining many complicated issues, with a worldwide supply chain, huge in size, produced at relatively small 
quantities (typical rate of 50 units per month for Single aisle aircraft to be compared with rate of more than 
35000 per month for Renault Clio cars [8]), and are submitted to very constraining certification regulations. 
In this paper, we present current outcomes of an Airbus initiative started in 2015, aiming at supporting an 
increase of the production rate of its Single Aisle aircraft models on a specific manufacturing line.  In a first part 
(Sect. 2), the Airbus motivations behind this initiative are explained. In Section 3, we describe our vision about 
the co-engineering approach pursued, as well as its salient features. After an introduction of our use case, we 
explain the process we followed to collect relevant data and to build a suitable data model (Sect. 4). The Section 
5 is dedicated to the prototype we have elaborated on that basis and first results obtained so far. Finally, we 
conclude this paper by bringing up short term and longer perspectives.  
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2 Motivations 
An Aircraft development programme is quite a long journey (around 75 months currently in Airbus) built in 
several sequential phases. Each phase corresponds to a combined target maturity level of the product itself and of 
the industrial system that will manufacture it.  
First, the aircraft architecture is defined and optimised for operational performances (number of passengers, 
range…) taking benefit as far as possible of new technologies (for example using carbon to replace aluminium 
for structure). Then engineers proceed to the detailed design while ensuring certification requirements will be 
met.  It’s only after that the focus is put on manufacturing aspects, addressing questions such as, but not limited 
to:  
- which means are necessary to build this new aircraft, 
- how and in which sequence shall it be assembled, 
- how production shall be (re)organised, to cope with the outputs planned targets   
- how the supply chain shall be adapted 
This also true for the redesign of existing aircraft models, for some manufactured for decades, and needing 
improvements to keep up with competition of brand new models (for example the re-engineered version of 
Airbus A320 with new engines to face Bombardier CS-100), or beefed-up version of existing competitors ones.  
Main drawback is the limited margin left for the industrial system optimisation, as product definition is nearly 
frozen, and is constraining heavily the possible changes to the ways and means of manufacturing it. This shows 
that the early phases are very critical as most of the key decisions made are fixing the product performances and 
the constraints on the industrial systems.  
Another motivation is to address aircraft market new dynamics, largely influenced by new type of customers: 
Low Cost Companies, Middle-East and Asian majors and Leasing companies. With these new entrants, aircraft 
orders can be of unprecedented size, putting pressure on aircraft manufacturers to deliver more and faster. There 
is an intense competition from traditional players, but also from new comers, offering new or improved products, 
promising equal or better operational performances at very competitive price. 
Market, in some cases, can also force moderation of the production on some models. Thus robustness to its 
evolutions (up or down) is now a must, and should be addressed up-front by relevant development practices, as 
early as possible.  
In this paper, we will introduce an industrial case study that we will use to: 
- regain proper understanding of the rationales behind the architectural and design decisions of a product and 

industrial system designed 30 years ago (poorly documented, with nearly no relevant information in digital 
format), necessary for proposing sound and effective improvements; 

- have the ability to test the approach on the full life cycle of the product and industrial systems (from 
architecture to operations) on a real and mature design in serial production; 

- experiment new development approaches, with realistic constraints (predefined programme cost envelop, 
increasing environment complexity, e.g. involvement of new partners, broadening airlines diversity, world-
wide industrial footprint, accelerating pace of new technologies). 

3 Co- Engineering 
One of the key enabler to increase our development efficiency is to secure early, i.e. in architecture phase, that 
key programme objectives will be met at the end of the development. This requires to deeply re-visit initial 
Concurrent Engineering practices developed by Airbus in the last decades [13]. At the time of initial attempt in 
the middle of the 90’s and implemented on the A340-600 programme, the amount of partners was very limited, 
most of the activities were done internally and organised around the two main pillars: engineering on one side 
and manufacturing on the other side. Following concurrent engineering attempts on A380, A400M and A350 
applied the same pattern. 
The interface between these 2 pillars was built on a customer / supplier relationship model, both working in 
parallel: on one side the engineering team was delivering an aircraft architecture concept, on the other side a 
manufacturing team was converting a given concept into reality. The major drawback of this approach was the 
allocation of most of the constraints on the industrial system, all the margins being “taken” during the design 
phase. This left no real possibility to tackle overall programme optimisation (considering altogether aircraft and 
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industrial system performances), despite real gain in programme duration, and quicker transition from 
development phase to serial phase. 

 

 
Figure 1 : Aircraft and Industrial System life cycles – synchronization scheme 

 

Figure 1 is illustrating how the co-engineering approach we are proposing is changing the traditional sequence 
“(re)design the product then (re)design the industrial system”, by considering simultaneously both at the same 
time and at the same level of maturity. Each (aircraft and its industrial system) is following a similar life cycle: 
starting from architecture definition, design, production, operation, with a “meeting point” corresponding to the 
“production” phase of the product and to the “operation” phase of the industrial system.  
The most critical phase under responsibility of the aircraft manufacturer to discover mistakes or failure is the 
aircraft “production” phase (or “operation” phase of the Industrial system): very often it is too late or very costly 
to correct architectural or design issues at this stage. That is why it is of outmost importance to analyse them, 
find the root causes and capitalize these lessons learnt for a future programme, to ensure they will be taken into 
account in due time, in the relevant phase. This is represented in the figure 1 by the arrows coming from the 
aircraft “production” phase and pointing to the earlier phases of both aircraft and industrial system.   Today (“as-
is” situation), both life cycles are out of synchronisation (early architecting of industrial system starting with 
aircraft design phase). With the new approach (to-be situation) both product and industrial system architectures 
are defined simultaneously, the product design being also put in the industrial system configuration, with a 
common goal to achieve a global optimum.  
We expect major enhancements by reinforcing the interactions between the disciplines contributing to the 
definition of the product architecture and the ones contributing to the definition of the industrial architecture. 
With multiple iteration loops during the early phases of development, both the product architecture and the 
industrial architecture can progress towards a better maturity and a real global optimisation, with an earlier 
allocation of “constraints” to the product and to the industrial system. Using parametric modelling and the 
Model-Based Systems Engineering (MBSE) methods and tools, as exemplified in [3] on Logistics aspects, the 
“Global Architect” of the aircraft product and industrial system considered as a whole will be able to predict not 
only the product performances but also the industrial system ones, as well as the business repercussions.  
This “global” architecture phase will address a wider scope and will be concluded with a more robust dossier, 
allowing the global architect to better secure the convergence to the programme targets in the following design 
and manufacturing phases. 
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Figure 2 : Co-engineering - global picture 

 

As a consequence of this new way of working, the Architects community will need to evolve and develop new 
competences and skills. The Aircraft Architects, in charge of the aircraft architecture, and the Industrial 
Architects, in charge of the industrial system architecture, will both have to increase knowledge of their 
counterpart, in order to jointly perform the trade-offs between the two domains. They will have to act as a single 
“Global Architect”. Figure 2 is illustrating how we have been putting in practice this co-engineering approach 
with our use case. An architecture team, composed of Aircraft and Industrial Architects, using models of the 
product and industrial system, performs a global analysis of the product and its industrial system, considered as a 
whole, while taking into account all applicable requirements, constraints and objectives, to derive optimisation 
scheme and targets. Outcomes of the optimization are used to define modifications of the industrial system, and 
are captured in its associated model. New production hot spots and bottleneck are then addressed by improving 
the product architecture, which is reflected in the product model. In Figure 2, the product improvement 
represented consists in relocating wires and pipes from a place in the nose fuselage which is not easily accessible 
by more than one operator in production as very narrow, to a place enabling concurrent work of several operators 
at the same time.          
As we were “learning by doing”, we partially implemented this approach but not in the order presented above. In 
fact, we started by an analysis of the existing situation in production. The principle is to identify the bottleneck in 
the production, on the basis of critical path analysis. Then, we co-designed product modifications between 
Aircraft Architects and Industrial Architects, thus ensuring from this early stage the achievability of the 
production rate target. When product modifications are identified, their impacts are directly assessed by using a 
model of the production line. This model enables to quickly: 
- assess the production workload reduction;  
- propose an optimised sequence of the operations on the production line; 
- highlight the new bottlenecks on which the architects have to work; 
- iterate with new improvements proposals. 
The co-engineering of the product and its industrial system modifications has been achieved thanks to 
collaborative sessions between the Architects organised in a virtual reality environment. 

Industrial model 

Global Optimization of 
Aircraft and Industrial 
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Industrial system 
model evolutions 

Aircraft architecture 
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higher Industrial System 
performance 

Aircraft model 
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4 Our case study 

4.1 A320 Forward sections 

 
Figure 3 :  Single Aisle Nose Fuselage 

To define and experiment our co-design approach, we used the Nose Fuselage of the Airbus Single Aisle aircraft 
family, common to models A319, A318, A320 and A321 (see illustration in Figure 3). The sections, i.e. the 
major structural components of the Nose Fuselage are delivered to the Saint-Nazaire plant, where their structural 
assembly (in “Polaris” building) is performed before their equipment with the different systems: insulation, air 
conditioning, hydraulics, electrical installations (harnesses, racks), cockpit (in COMETE building, see 
illustration in Figure 4). 
 

 
Figure 4 : COMETE production line 

In this use case, we focused on the equipping phase of the Nose Fuselage, performed on the COMETE 
production line. The COMETE production line is organised in 14 stations operating on a “pulse-line” mode. At a 
fixed interval of time called “TAKT”, the Nose Fuselage being worked on at a station is moved to the following 
station with the necessary tooling. All manufacturing operations planned at a given station must be completed 
before the work at the next station starts. Default to achieve this will create additional burden at later stage of the 
production, and would seriously endanger the ability to reach the target production rate.  
The most challenging constraint in the nose section is the strong partitioning of the section into zones which are 
not accessible one from another. This issue is linked to the size of the aircraft and the huge space that must be 
protected to accommodate the nose landing gear in the fuselage (when in retracted position). Also, the aircraft is 
offering an important forward cargo space to suit airlines need, limiting the remaining space to install all the 
systems. In addition, the A320 system technologies developed in the 80’s are requesting more space than the 
new generation, each aircraft system necessitating a dedicated computer and wirings. This results in an important 
amount of physical parts to be installed in restrictive areas. These small zones are limiting the number of 
operators to perform the installation tasks, thus creating bottlenecks during production. One of our assumptions 
has been to keep the current technologies to ensure the consistency within the aircraft fleet of the airlines and 
avoid new certification. 
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The objective of this use-case is to increase the rate of the production line while keeping the same number of 
stations or less. At the beginning of the study, the current rate was 50 units per month (it is now 54) and the 
objective is to reach rates of 63 and above. 

4.2 Data retrieval and modelling 
For this study, we analysed many sources of information (engineering and manufacturing data bases, blue 
collars, industrial architects and available documentation) and identified the following data for our approach (see 
Figure 5):  
- a production planning in the form of an MS Project file, in particular a PERT diagram providing the 

sequence of the Routings;  
- the Standard Operating Instructions (SOI) associated to the Routings, in the form of pdf documents, 

describing the step by step manufacturing tasks, and for each the zone in which it should be performed, the 
parts to be installed and the number of operators required; 

- the list of all the parts to be installed in a spreadsheet file, station per station, obtained from the 
manufacturing engineering data base; 

- a 3D digital mock-up mostly rebuilt with an aircraft laser scan. 
We then established a first data model by identifying the most relevant concepts and providing relations between 
data, and set up a database to store the data. In a following step, we analysed all the routings and SOI, to extract 
from each the relevant information that we have entered (manually) in our database. Nearly 500 routings have 
been analysed in this way (corresponding to 2500 elementary tasks). 

 

 
Figure 5 : Data retrieval 

 
To model the production system in a meaningful manner for our study, we identified the following main 
concepts: 
- Standard Operating Instruction (SOI): document associated to a routing describing the operations to be 

performed, the parts to be installed, the location in the aircraft section where the work should be done; 
- Parts: physical elements handled by production operators and to be assembled; 

Page 6 



- Task: atomic task to be performed by the production operator, and listed in the Standard Operating 
Instruction (SOI); 

- “Intervalle de Production” (IP): time interval, corresponding to the time required to complete the work 
allocated to a specific station. By extension, it also corresponds to the physical station where the section is 
being assembled, including associated jigs and tools; 

- Station: physical station where the section is being assembled, including associated jigs and tools; 
- Pulse Line: list of several successive physical stations in which the different assembly steps are performed. 

A pulse line is producing assembled section at fixed interval of time (TAKT); 
- Zone: predefined location in the aircraft. Some zones have limited capacity and constrain the maximum 

number of operators; 
- Journeyman: operator performing the production tasks; 
- Qualification: feature used to identify which specific trainings a journeyman must have followed in order 

to perform specific tasks.  
To complete the model, we added sequencing information to the SOI: each one has information related to 
precedence, corresponding to technical constraints of diverse nature. Precedence of SOI s1 is a SOI s2 that must 
be finished before starting s1. The precedence information is mainly coming from the analysis of the production 
planning PERT diagram, which was elaborated and reviewed with operators from the production line.  
A simplified view of our model is given in figure 6, and is described in more details in [6]. 

 
Figure 6 : Simplified model 

This data model is a first step toward the elaboration of a more abstract architecture framework, that we intend to 
apply to other Airbus products / industrial systems (actually in production or development, or future projects), 
and that will provide the relevant viewpoints to address the static/dynamic dimensions, the design domains 
dimension and the abstract level dimension. Contrary to generic frameworks as proposed in [4] and [5], the one 
we are building will specifically address aeronautic industry.  

5 A first prototype 
We now introduce the first prototype developed for guiding the “Global Architect” towards design solutions 
supporting production rates increase. This prototype takes as input instances of the data model defined in the 
previous section. An instance can correspond either to an actual manufacturing scenario currently handled on the 
production line for the A320 forward section, or to a virtual production scenario corresponding to a new design 
proposed by the “Global Architect”. In both cases, the prototype considers the features of the routings and 
operations to realize, and also a reference line balancing (the so-called “as is” line balancing).  
 
The prototype can deliver several outputs depending on the running mode chosen. In the basic running mode, the 
prototype tries to reproduce the “as is” line balancing. During this process, it is able to automatically detect 
potential anomalies in the input data and to give a feedback to the user for pointing on issues in terms of 
digitalization of the manufacturing process. This occurs for example when input data contain a cycle in the set of 
precedence constraints among routings. Such anomaly detections were used to consolidate the input data through 
several iterations with manufacturing specialists. In case no anomaly is detected, visualization tools included in 

Page 7 



the prototype enable to quickly identifying the set of operations which are the most critical, that is the bottleneck 
of the manufacturing process. To do this, these visualization tools offer the possibility to easily navigate in the 
balancing process through a set of filters (filter by working area on the aircraft, by production interval, by 
required skills...). See Figure 7 for an illustration. Precedence constraints between routings and between 
operations are also explicitly depicted. The visualization tools also enable to point at other inconsistencies such 
as a chain of operations which should be realized on a single production interval according to the reference line 
balancing, but whose cumulated duration is longer than the time spent in a production interval. This again led to 
iterations with manufacturing to get a consistent view of the actual manufacturing process. 
 
In the so-called “repair” mode, the prototype considers the reference line balancing and tries to follow it as much 
as possible while postponing operations when they do not fit into their reference production interval. The 
feasible schedule returned and displayed in the interface uses more production intervals than in the theoretically 
infeasible reference line balancing, which is not the goal for production rate increase. This is why another 
technique is used: it consists in moving forward operations and routings when possible. This occurs when an 
operation realized on a particular working area in a given production interval can be realized in the previous 
production interval where there is some place left in this area. 
 
In the “local optimization” mode, the prototype uses local search techniques performing successive 
modifications of the reference line balancing until reaching a balancing which fits in the required number of 
production intervals given a particular production rate. Modifications realized can consist in swapping the 
realization order of two routings in a given area, in changing the production interval associated with a given 
routing... All modifications performed are returned to the user for further inspection, and the new line balancing 
obtained can be explored through the same visualization and navigation tools as before. More elaborate 
techniques such as metaheuristics are also available for escaping locally optimal solutions during local search.  
 
Last, in the “free optimization” mode, all line balancing updates are allowed, including those that spread 
operations of a single routing over several production intervals. This can lead to solutions which are not feasible 
operationally speaking because they are too far from the existing manufacturing process, however they still 
deliver an upper bound on the minimum theoretical lead time required to perform all assembly operations in the 
nose section. Again, the “Global Architect” can inspect the solution produced to feed his thoughts on how to 
split the routings in order to improve the production rate.  
 
 
 
 
 
 
 
 

 

 

 

 

Figure 7: Tool-chain prototype (left) and a visualization of operations together with flexibility (right) 

 
To produce all these outputs, the prototype defined is based upon operations research and scheduling techniques 
available in the InCELL optimization library [9]. More specifically, the prototype uses a formal model of all 
operations to be realized, a formal model of all working areas to consider in the nose section, and a formal model 
of all manufacturing constraints to be satisfied. Such a formal model involves a set of tasks (the operations of 
routings) that have a given duration, a set of resources (the working areas and the production intervals) available 
for realizing these tasks, a description of how tasks consume resources (how much place reserved for an 
operation in a particular zone), and a description of all required precedence constraints. These are all quite 
standard features from a scheduling point of view, for which a framework such as the Resource Constrained 
Project Scheduling Problem (RCPSP [12]) could be used. However, to produce acceptable solutions, one 
difficulty was to deal with the decomposition of routings into operations, with the requirement of not 
interleaving operations of distinct routings in order to avoid spreading some strongly related tasks performed by 
the same operator(s). Such a hierarchical aspect (routings decomposed into operations) is not so common in 
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scheduling and new techniques were developed in the InCELL optimization tool to tackle this point. Also, as 
usual with practical applications, some specific cases were also considered, for instance the case of routings 
whose operations can be and even should be interleaved to improve the manufacturing process. 
 
Algorithmically speaking, in order to determine the best local updates to perform on a given line balancing, the 
prototype extensively uses the functionality of InCELL which allows to quickly determine the set of operations 
whose temporal flexibility is as low as possible (the more constrained operations in the process), and to move 
these operations and their associated routings where the temporal flexibility is maximal, to progressively 
converge towards a shorter schedule. These techniques were capable to efficiently solve problems involving 
more than several hundreds of routings.  
 
In the current state, the prototype defined is already used by the “Global Architect” to try and find new design 
opportunities and to quickly evaluate their impact on the manufacturing process. The next steps are to provide 
further visualization tools to give a better understanding of the working areas which are the more constrained, to 
explain the modifications performed during the optimization loop, and to have an interactive mode where the 
“Global Architect” could accept or reject updates automatically proposed by the tool. Whereas earliest 
experiments where performed on a rate 50 scenario, current experiments are now realized on rate 54 scenarios, 
paving the way for successive improvements until rate 63 and above.  

6 Conclusions and perspective 
The current prototype demonstrated its added value on product and industrial system optimisation based on 
modifications with limited impacts. We demonstrated the capability to further increase the production rate from 
rate 50 and to quickly anticipate the added value of product changes far before knowing detail design. Further 
short term improvements are foreseen to increase its accuracy through integration of additional know-how on 
manufacturing aspects. To do so, we could rely on tools, as it is done in [15], to automatically check properties 
on the model and find the best possible configuration according to a set of constraints.  
The intention is also to address more challenging opportunities. One of them is the switch to a “modular” 
approach, bringing an improvement in assembly time by reducing the number of parts. .  
Another topic is the study of what would be an “excellent” factory, enabling to address global architectural 
optimisation at a higher level of abstraction of both the product and its industrial system. This would bring more 
robustness to the architecture phase and improve the transition to design phase.  
And, as we have done with the Industrial System in this paper, we are also foreseeing to extend the scope of our 
co-engineering approach to the “Support System”, i.e. the system put in place to support proper operation of the 
aircraft during its operation in airline. Such Support System, as addressed in [14], encompasses aspects such as 
maintenance, training, technical publications, supply support, packaging, handling, storage, transportation, 
facilities. This will require to model new type of interactions to be worked out by a drastically modified 
prototype. 
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