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Abstract

One of the most important aspect within the aircraft design discipline is to be
able to perform rapid and reliable analyses on di�erent aircraft con�gurations.
In this scenario has arisen the AGILE (Aircraft 3rd Generation MDO for In-
novative Collaboration of Heterogeneous Teams of Experts) project. This one
was a successful European project, part of the HORIZON 2020 programme,
which gave a relevant contribution to the state of the art of Multidisciplinary
Design Analysis and Optimization (MDAO) approach in aircraft design. The
project aimed to create an evolution of MDO, promoting a novel approach
based on collaborative remote design and knowledge dissemination among vari-
ous and heterogeneous teams of experts. To achieve this goal, great importance
was attached to massive collaboration among experts, to the development of
technologies to allow remote and distributed design approach between partners
worldwide dislocated and to the development of tool and/or new optimization
methodologies.

The collaboration aspect was strongly faced by the author by setting up a
whole aircraft design and optimization toolchain in terms of data exchanging,
tools integration, work�ow implementation and execution. Furthermore, thanks
to the aircraft design tools and a new optimization technique which couples Nash
game theory and genetich algorithm developed by the author, well-assessed
AGILE technologies and setup of the whole framework, a complete MDAO task
was performed on di�erent disruptive aircraft con�gurations, with a main focus
of the candidate on two innovative regional turboprop architectures.

This work can be divided in two main parts: the �rst is a more descriptive
one, to best clarify the global scenario in which the research was conducted, and
the second moves the focus on the major author's contributions to the AGILE
project.
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Chapter 1

Aircraft design approaches

Introduction

In the past, around the twenties, the aircraft design time was very short since
the market demand and technology about propulsion, structures, aerodynamics
were very limited; there was only one kind of engine characterized by low power
and so low speed. For these reasons it was possible to design and produce a
new aircraft within six months; Anthony Fokker and his sta� produced fourteen
aircraft during a period of eighteen years [1].

Nowadays market requests are focused on increasing speed, range and num-
ber of passengers ensuring, at the same time, high level target of safety match-
ing environmentally friendly solutions. Achieving these goals means to involve
several disciplines and so needs heterogeneous teams of experts in the aircraft
design process aiming to a deep and strong collaboration. This approach leads
to lengthen the preliminary and conceptual design phase time inevitably. The
focal point is that the collaboration among experts in several disciplines is often
considered a simple way of working, but actually is not trivial even consider-
ing barriers like intellectual property, resources protection, licensing, security
polices about data exchanging and so on. These obstacles can change a simple
way of working to a complex one. AGILE European project [2] �ts at that point
aiming to develop an advanced and e�cient MDO multi-site collaboration tech-
niques to reduce convergence time and to face the lack of knowledge on how to
setup analyses and optimization work�ows involving multiple disciplines [3] [4].
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Chapter 1. Aircraft design approaches

1.1 Traditional aircraft design

Until few decades ago the aircraft design has been driven by a traditional ap-
proach explained by varoius important authors like Roskam, Perkins, Reymer,
Torenbeek. In particular Egbert Torenbeek in �Synthesis of subsonic airplane
design� [1] de�nes the aircraft design and says: �'this is not an activity carried
on in remote o�ces by specialists generating designs of any kind that may oc-
cur to their imaginations. There is close interaction between the development
work for a new aircraft type and the other factors which together determine the
growth of and/or changes in aeronautical activities.�
Daniel P. Raymer in [5] �Aircraft Design: A Conceptual Approach� adds: �the
aircraft design is a separate discipline of aeronautical engineering, di�erent from
the analytical disciplines such as aerodynamics, structures, controls, and propul-
sion. An aircraft designer needs to be well versed in these and many other spe-
cialties but will actually spend little time performing such analysis in all but the
smallest companies. Instead, the designer's time is spent doing something called
"design", creating the geometric description of a thing to be built.� Since the
design involves specialists, customers and designers, it is hard to �nd a single
starting point to begin the design process. For these reasons it is better to speak
about the �Design Wheel�, shown in Fig. 1.1, to infuse the idea that design is
an iterative process [5].

Figure 1.1: Aircraft Design Process: The "Design Wheel" [5].

According to all these authors the aircraft design process, also described in
Fig. 1.2, is very articulate and complex but is possible to divide it in three big
phases [5]:

• Conceptual Design
In this phase the basic questions of con�guration arrangement size and
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weight, and performance are answered.
The �rst question is, "Can an a�ordable aircraft be built that meets the
requirements?" If not, the customer may wish to relax the requirements.
Conceptual design is a very �uid process. New ideas and problems emerge
as a design is investigated in ever-increasing detail. Each time the latest
design is analyzed and sized, it must be redrawn to re�ect the new gross
weight, fuel weight, wing size, engine size, and other changes.

Figure 1.2: Aircraft design: three most important phases [5].

The �nal product is a conceptual layout of the aircraft con�guration on
paper or computer screen, to be reviewed by engineers and other designers.

• Preliminary design phase
It can be said to begin when the major changes are over.
The big questions such as whether to use a canard or an aft tail have
been resolved. The con�guration arrangement can be expected to remain
about as shown on current drawings, although minor revisions may occur.
At some point late in preliminary design, even minor changes are stopped
when a decision is made to freeze the con�guration.
During preliminary design phase, the specialists in areas such as struc-
tures, landing gear, and control systems will design and analyse their
portion of the aircraft. Testing is initiated in disciplines such as aerody-
namics, propulsion, structures, and stability and control. A mock-up may
be constructed at this point.
A key activity during preliminary design is "lofting." Lofting is the mathe-
matical modeling of the outside skin of the aircraft with su�cient accuracy
to ensure proper �t between its di�erent parts, even if they are designed
by di�erent designers and possibly fabricated in di�erent locations.
The ultimate objective during preliminary design is to ready the com-
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pany for the detail design stage, also called full-scale development. Thus,
the end of preliminary design usually involves a full-scale development
proposal. In today's environment, this can result in a situation jokingly
referred to as "you-bet-your-company." The possible loss on an overrun
contract or from lack of sales can exceed the net worth of the company!
Preliminary design must establish con�dence that the airplane can be
built on time and at the estimated cost.

• Detail design phase
Assuming a favorable decision for entering full-scale development, the de-
tail design phase begins when the actual pieces to be fabricated are de-
signed. For example, during conceptual and preliminary design the wing
box will be designed and analyzed as a whole. During detail design, that
whole will be broken down into individual ribs, spars, and skins, each of
which must be separately designed and analyzed. Another important part
of detail design is called production design. Specialists determine how the
airplane will be fabricated, starting with the smallest and simplest sub-
assemblies and building up to the �nal assembly process. Production
designers frequently wish to modify the design for ease of manufacture;
that can have a major impact on performance or weight. Compromises
are inevitable, but the design must still meet the original requirements.
During detail design phase, the testing e�ort intensi�es. Actual structure
of the aircraft is fabricated and tested. Control laws for the �ight control
system are tested on an "iron-bird" simulator, a detailed working model of
the actuators and �ight control surfaces. Flight simulators are developed
and �own by both company and customer test-pilots. Detail design ends
with fabrication of the aircraft. Frequently the fabrication begins on part
of the aircraft before the entire detail-design e�ort is completed. Hope-
fully, changes to already-fabricated pieces can be avoided. The further
along a design progresses, the more people are involved. In fact, most of
the engineers who go to work for a major aerospace company will work
during preliminary or detail design phases.

A process like the described one is time consuming and expensive. Moreover,
the steps of the whole process are often carried out by di�erent teams and few,
or even without, communication among them leading to lengthen the time to
evaluate the right requirements and found the right answers. In particular,
around the 80% of the total time is spent for repetitive work rather than for
creative actions. The main goal is to invert or at least modify these percentages
and reduce the time necessary for the entire process. So, it is necessary to
work harder to develop new aircraft design methodologies and approaches. by
encouraging the evolution from the monolithic software to collaborative design.
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1.2 Origin of aircraft design: the monolithic soft-

ware

Since the design of complex system, like aircraft, concerns a lot of disciplines
and so a lot of specialists distributed in various groups, the main need is to
report to a single chief designer or group well versed in all disciplines and in
order to reduce problems related to organization and communication.
When this way of thinking is restricted to simple problems characterized by
approximate analysis the results are satisfying; as the design problems become
more complex the single group or chief designer is unable to monitor the whole
process.

Figure 1.3: Conceptual design: disciplines connections
[7].

This kind of approach,
called Monolithic De-
sign, was used to
carry out the concep-
tual design phase in
the past but nowa-
days is di�cult to
maintain it [7].
The term monolithic
is de�ned as: �some-
thing created in one
piece, resembling a
monolith such as an
obelisk. It mostly sig-
ni�es artifacts with-
out any subcompo-
nents, i.e. a non-
modularized, non-componentized,
non-dismantlable build-
ing block.� [8]
Referring to aircraft design, as shown in Fig. 1.3, several modules are involved
and multiple are the dependencies between them, but making use of the mono-
lithic design it could be not possible to improve or modify and test one single
module without running the whole system.
The main characteristics of monolithic design are [8]:

• Functionality implemented by part of the system cannot be reused without
using the entire system

• Initialization of the system may be tricky or laborious

• Change to the control �ow is impossible

• The only escape from monolithic design is to spend months refactoring
and rewriting the system into independent modules
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These abovementioned features are due to [8]:

• Procrastination of refactoring

• Premature optimization, especially a tendency to performance perfection-
ism or Puritanism

• Not writing for reuse

• Tunnel vision or attachment that limits your vision to one architecture,
one �ow paradigm, one memory management technique, etc

Possible approaches to prevent it are [8]:

• Not immediately think about the code perfect for one environment, since
it will be di�cult to change and tolerate another environment

• Examine the code and eliminate the most part of dependencies

• Take advantage of opportunities to work with a variety of paradigms and
techniques

Thanks to these devices is possible to change from strongly dependent, not
re-usable, time-consuming, possible to run only inside the whole process modules
to a better and faster design approach characterized by mutually interacting
independent modules.
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1.3. Collaborative design

1.3 Collaborative design

As explained in Sec. 1.1 and Sec. 1.2, conceptual and preliminary design phase
are characterized by complex and time-consuming processes, so changing the
way of thinking with respect to monolithic software it is an increasingly crucial
need. In particular, to manage all involved disciplines, characterized by di�er-
ent decisions, analyses, methods and people, the only possibility is to build a
system in which the product is designed thanks to collective e�orts of experts
with di�erent background, moving to a collaborative design approach.
This one is typi�ed by various participants, by each team of experts, capable to
give their contribution facing design issues which concern their domain; in that
way, many ideas and proposal could be submitted and evaluated. In Fig. 1.4 is
shown a typical structure made of several cross-dependencies among the teams
or design sub-spaces.

Figure 1.4: Collaborative design structure [9].

The small black circles represent design issues, the links between these ones
represent design issue inter-dependencies, and the large ovals represent the de-
sign subspace associated with each design participant. It could be useful to
underline that the design of commercial jet means may be millions of com-
ponents and design issues, hundreds to thousands of participants, working on
hundreds of distinct design subspaces, all collaborating to produce a complete
design [9]. To face this amount of work in e�cient and e�ective way, it is funda-
mental to distribute the design tasks to one or more people organized in teams;
each of these ones should create one or more tools related to their own scienti�c
domain such as aerodynamics, structures, costs and so on.
The innovative aspect lies in the possibility that teams with experience in a
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speci�c area can use tools created by other teams to obtain output data us-
able as input data for their own tool. Following this approach, it is possible to
talk about collaborative and distributed design. Collaborative because everyone
within the system can admit to other teams' products; distributed because tasks
and tools creation are assigned to peculiar and di�erent teams.
The last evolution of this way to proceed is the Collaborative Remote Design.
The main improvement is that teams can be geographically located in di�erent
parts of the world, such as Research Center, Universities or Companies, and
can communicate and exchange their own tools, methods or results through a
remote server connection or through a speci�c server thorough which tools are
externally available.
This approach is the base for Multidisciplinary Design Optimization applica-
tions.

Figure 1.5: Collaborative design example [10].
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1.4 MDO

A possible de�nition of MDO is contained in the Preface of the book entitled
"Multidisciplinary Design Optimization: State of the Art" [11]; so : " MDO
may be de�ned as a methodology together with a set of tools for assisting in the
design of complex coupled system, that is, systems whose behavior is governed by
many distinct but interacting physical phenomena. Aircraft, spacecraft, automo-
biles, and engines are examples of such complex systems comprised of mutually
interacting subsystems."
The di�erence between conventional multidisciplinary optimization and the so-
called MDO lies in two main characteristics [11]:

• it doesn't concern the entire design but is a complex of tools and methods
that produce a complicated process that will never be completely auto-
mated.

• The potential change of one or more design variables in the subsystems
will spread throughout the system; in this way the answer to the enduring
question "what if ?" is indisputable and design cycle time is reduced.

Indeed, MDO incorporates various disciplines simultaneously such as aerody-
namics, structural analyses, propulsion, control theory, economics and uses op-
timization methods to solve design problems; the innovative idea is to �nd the
optimum by optimizing each discipline sequentially and exciting the interactions
between teams. So, in this way, the optimum of the simultaneous problem is
superior than the optimum of each team.
This methodology can be used in various design �eld, for instance in Large-
Scale design such as aircraft design that involves many thousands of variables
and hundreds of analyses and disciplines.
There are di�erent levels of MDO in terms of how many disciplines, computer
codes and teams are involved.
As reported in � Multidisciplinary aerospace design optimization: survey of re-
cent developments� [15] paper, it is possible to identify three di�erent classes of
approaches to MDO problems.

1. Few disciplines, two or three, are involved and interact simultaneously
such as aeroelasticity, structures, control system. In these cases, the de-
signers work with a single computer code to reduce the di�culties and
complexity.

2. The second class is characterized by the simplicity of the analysis tools
and the interactions of various disciplines to carry out aircraft conceptual
design phase. For instance, the ACSYNT [16] program.
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3. The third category concerns all programs that aspire to contribute to de-
sign challenges and so complex computer codes and approximation tech-
niques are involved to reduce the computational challenges.

In general the most di�cult part of the whole process is the problem formu-
lation in which the designers have to choose the design variables, such as wing
span or thickness of ribs, constrains, such as the bounds on the validity of the
analysis models, objectives or objective functions, such as �nd the minimum of
a function that represent the aircraft weight, models of the disciplines, such as
regression analysis applied to speci�c parameter.
Obviously to face the optimization of wing or fuselage shape, or in �uid �ow
control �eld or other kind of similar tasks, di�erent optimization methods can
be used:

1. Gradient-based methods

• Adjoint equation

• Newton's method

• Steepest descent

• Conjugate gradient

• Sequential quadratic programming

2. Gradient-free methods

• Hooke-Jeeves pattern search

• Nelder-Mead method

3. Population-based methods

• Genetic Algorithm (GA)

• Memetic algorithm

• Particle Swarm Optimization (PSO)

• Harmony search

4. Other methods

• Random search

• Grid search

• Simulated annealing

• Direct search
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• Response Surface Methodology (RSM)

Di�erent methods can lead to di�erent solutions achieved in a longer or
shorter time and can be suited for speci�c application. For example, GA is a
population-based optimization technique algorithms inspired by the principles
of natural evolution of species through natural selection usually made of two
processes. The �rst one is related to the selection of individual which will start
the next generation and second one is the manipulation of the selected individual
to form the next generation by crossover and mutation techniques. The more is
the individual's adaptation the better is the individual and its chance of being
parent. The process stops when the condition required by the user in terms of
�tness function value is satis�ed [12].

PSO is similar to GA in the initialization phase where the system is initial-
ized by creating a population of random individuals (solutions), but each indi-
vidual is characterized by its own velocity and position in the problem space.
These quantities are changed at each time step according to the previous ex-
perience of each particle until the required criterion related to a certain �tness
function is met [13].PSO is di�erent than GA because it does not make use
of mutation and evolution and keeps the same particles for the entire run but
velocity and position of each one are also in�uenced by the experience of other
particles.

Although both GA and PSO are part of the same optimization category,
GA presents high global searching ability but is characterized by a poor com-
putation e�ciency and poor optimization speed compared to Particle Swarm
optimization technique and the convergence is not guaranteed. On the other
side, PSO presents good advantages in convergence speed, in �nding global op-
timal and has a simplest implementation than GA, but sometimes can converge
prematurely and can be trapped into a local minimal especially with complex
problems [14].

As can be noticed, tackling an optimization problem means conduct a care-
ful analysis of pros and cons of the available methodologies also considering
how many variables are involved and that computational time spent to reach
the convergence is considerable as more as the complexity increases. So, devel-
oping new optimization techniques, being con�dent in choosing the speci�c low
or high-�delity methodology suited for each task and decomposing the whole
process in multiple sub-processes could be the way to signi�cantly reduce the
time spent in performing analysis and optimization design tasks.
Indeed, nowadays the computational routines about each discipline are not exe-
cuted serially but the whole problem is broken down in sub-problems that work
in parallel way as depict in the Fig. 1.6.
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Figure 1.6: Problem decomposition: from serial to parallel iteration [7].

Despite multiple optimization methodologies can be applied to carry out an
optimization task, the same one can be solved by using di�erent architecture or
problem formulation improving the system e�ciency. The organization of the
discipline models and optimization software must be suited with the problem
formulation in order to achieve an optimal design. In particular, as deeply ex-
plained by Martins and Lambe [17], a MDO problem that can take advantage
of pre-existing discipline tools can be performed by means of IDF (Individual
Discipline Feasible), where all the coupling variables (output) are implicit func-
tions of the design variables or MDF (Multidisciplinary Feasible), where more
coupled disciplines are involved and solved in turn reaching the analysis conver-
gence and then the optimization process can start. The two architectures are
represented in Fig. 1.7 and Fig. 1.8 respectively.
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2: 1 input 3: 2919 inputs 4: 78 inputs 4: 19 inputs 4: 67 inputs 5: 82 inputs 5: 9 inputs

1:

engine-design
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7: 2 output
2, 6 → 3:

DOE
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aeroCLmax-analysis
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6: 1 connection
4:
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onBoardSystems-design
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4:

mission-analysis
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5:

stabilityAndControl-assessment

7: 1 outputs
5:
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Figure 1.7: MDO problem formulation: IDF architecture
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0, 7:
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7: 1 outputs 5: 1 connections
4:

mission-analysis
6: 10 connections 6: 10 connections
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6:
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6:

calculateCostsAndEmissions

Figure 1.8: MDO problem formulation: MDF architecture

The abovementioned architecture can be employed both for single and for
multiple optimization problems. The latter case concern situations where a
complex problem can be decomposed in a set of subproblems which can be
optimized separately. In this case it is possible to speak about distributed
MDO architectures [17]. Examples of distributed IDF architecture can be the
Collaborative Optimization (CO) or the Quasiseparable Decomposition (QSD)
methods, while MDO of Independent Subspaces (MDOIS) or the Asymmetric
Subspace Optimization (ASO) are labeled as distributed MDF problem formu-
lations. A concrete application was proposed in [18] where an aircraft MDO
focused on high-�delity aerostructural optimization was performed. In partic-
ular, an aerodynamic shape optimization framework was assembled involving
several disciplines such as aerodynamics, mesh and geometry model creator and
structures and the optimization loop was managed thank to a gradient-based
optimization algorithm in order to make a decision on a new set of hundreds or
thousands design variables. In this case, a complex problem is split in subprob-
lems addressed to tool or algorithms corresponding to a speci�c discipline. In
this scenario a distributed architecture was employed approaching to the com-
plex problem by decomposing it in a set of separate problems which need to
be solved or optimized in order to reach the optimization of the entire complex
problem in a more e�cient way. Another signi�cant way to proceed has been
proposed in [19]. Here, the authors deal with a complex MDAO problem in-
volving a large number of disciplinary tools with thousands of cross-connections
and characterized by a di�erent level of �delity. The main target is formulating
a complex MDAO problem by means of theoretic graph approach starting from
a chain composed by all the disciplines to a chain obtained by keeping only the
disciplines necessary to solve a speci�c design problem. The described procedure
is one of the procedures chosen to provide a possible response to the MDAO
community that is deeply interested in learn how to approach in formalizing
and solving such complex problems.

However, reaching an optimal design means making suited choices in terms
of objective functions, constraints, design and state variables and MDO archi-
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tecture targeting to the most e�cient compromise. Matching this goal is not
trivial, so the following survey of requirements, proposed by G. La Rocca in
Knowledge Based Engineering Techniques to Support Aircraft Design and Op-
timization [20], should be followed to achieve a good result.

Overall system architecture

1. The system should have a loosely coupled modular structure to adapt, i.e.
allowing recon�guration and scalability, to di�erent design cases and to
the speci�c needs of the various design process phases and it should be
able to support closely coupled analysis to ful�ll high computation speed
requirements.

2. The system should be able to integrate both of-the shelf and in house
developed design, analysis and optimization tools, as well as data sharing
and communication systems.

3. The data exchange among the various MDO system components should
be based on standard data representation formats.

4. The system should support automation of all the repetitive activities re-
lated to the iterative nature of the MDO approach. This means to include
pre-processing of data and models as required to feed di�erent design and
analysis tools, post-processing of the data generated by the various de-
sign and analysis tools and the transfer and storage of data between the
various design and analysis tools.

5. The system should make use of dedicated software frameworks for the
integration of the various analysis and design tools involved, i.e., to sup-
port process coordination and communication among the various design,
analysis and optimization tools.

Analysis capability

1. The system should not have any limit on the number of disciplines that
can be integrated.

2. The system should allow the use of analysis tools with di�erent levels of
�delity, with the possibility to switch level (possibly automatically, based
on the results of some accuracy sensitivity analysis).

Geometry modeling

1. The geometry model should support the use of both low and high �delity
analysis tools.

2. The geometry modeling system should not constrain the user to conven-
tional aircraft con�guration.
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3. The geometry model should support the level of automation and robust-
ness required for the use in an MDO framework.

4. The parameterized geometry description should be compatible with cur-
rent CAD systems and transferable through standard data exchange for-
mats Optimization.

5. It should be possible to provide designers with visualizations of the design
space and not only with single optimum points, to facilitate them judging
the robustness and the sensitivity of the reached design point.

In the past, numerous projects moved to this direction to propose an innova-
tive product requesting a deep work in terms of research and MDO applications;
one of the most signi�cant is the MOB project [21], focused on developing a
multidisciplinary optimization process for blended wing body con�gurations.

Within this project analysis modules of high �delity, which were interlinked
in a distributed network of computers, have been used. A step in the direction
proposed by [20] is represented by the work discharged by DLR's team [22]. This
application was focused on developing a distributed collaborative MDO environ-
ment by using a multi-level approach combining a high-�delity gradient-free and
a gradient-based optimization with conceptual aircraft design methodologies to
minimize the fuel burn and optimize the aerostructural aircraft behaviour.

Each discipline's tasks were solved by a set of tools stored in a sort of black-
boxes part of the whole complex MDO chain, the e�cient data exchanging was
ensured by using the CPACS schema and the chosen architecture,a distributed
MDF, was implemented in RCE. A further step could be creating a cluster for
each discipline and producing a response surface for each relevant variable in
the optimization process. Then, making use of the RSM, it could be possible
to query each response surface through a certain interpolation methodology
speeding up the entire optimization �ow.

The way of working proposed in [22] is the same that AGILE project wants
to continue and improve working on design and optimization tasks focusing on
the development of techniques suited for teams distributed all over the world
enabling the remote collaboration.

In Sec. 1.5 AGILE project will be explained in detail.
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1.5 European project: AGILE overview

AGILE (Aircraft 3rd Generation MDO for Innovative Collaboration of Hetero-
geneous Teams of Experts) is an EU funded project under the research schema
Horizon 2020 and coordinated by the DLR. Within AGILE, a team of 19 in-
dustry, research and academia partners from Europe, Canada and Russia are
collaborating together to develop the next generation of aircraft Multidisci-
plinary Design and Optimization processes, which targets signi�cant reductions
in aircraft development costs and time to market, leading to cheaper and greener
aircraft solutions.

The proposal is to introduce and create a new MDO aircraft framework
promoting a new approach in terms of collaborative design, knowledge dissem-
ination among various teams of experts and innovative MDO approaches and
applications. Implementing such a complex system means making several as-
sumptions such as how things should be done and how to use di�erent existing
technologies. This set of assumptions and technologies is labeled the `AGILE
Paradigm' of which the two enabling layers are the Collaborative Architecture
(CA) and the Knowledge Architecture (KA) as depicted in Fig. 1.9.

Figure 1.9: AGILE Paradigm.

The �rst one (Collaborative Architecture) targets the development of the
technologies enabling distributed collaboration, comprising the process of col-
laboration between involved specialists, collaborative pre- and post-processing,
visualization and the 80 enhancement of existing framework. The second en-
abling layer (Knowledge enabled technologies) develops the information tech-
nologies, which support the management and the formalization of knowledge
within an MDO process. Both CA and KA are essential to support large,
heterogeneous teams of experts in performing collaborative development in a
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e�cient and time-e�ective way.
As reported in [3], four are the main technical objectives of AGILE project:

1. The development of advanced multidisciplinary optimization techniques
and their integration, reducing the convergence time in aircraft optimiza-
tion to face the lack of knowledge about how optimization work�ows in-
volving a lot of disciplines

2. The development of processes and techniques for e�cient multi-site collab-
oration in the overall design teams, since there are a lot of tools of speci�c
disciplines and the results are hard to interpret without specialists; so the
need of collaboration

3. The development of knowledge enabled information technologies to sup-
port interdisciplinary design campaigns

4. Develop and publish an Open MDO Test Suite, allowing the access to the
project technologies by other research activities, and providing a reference
database for future aircraft con�gurations research

Reaching these objectives means to bring a great improvement concerning
the aircraft design and optimization process achieving a

• 20% reduction of time needed to converge the optimization of an aircraft
con�guration thanks to AGILE optimization techniques.

• 40% reduction of time needed to solve an MDO problem in a heteroge-
neous team of specialists thanks to AGILE collaboration processes and
AGILE optimization techniques

As mentioned in Sec. 1.4, building an MDO system means to build up a
complex structure made of some main instruments. In particular, three of these
ones are crucial: the framework to control the entire process and optimization
tasks, a common standard �le to exachange aircraft data and tools infor-
mation, several analysis modules. With regard to the framework and the
common standard �le, they have been both developed and provided by DLR to
the consortium and named RCE and CPACS respectively. A detailed descrip-
tion is provided in Sec. 2.4.

AGILE started in June 2015 and �nished in November 2018 for a total
duration of 3 years and a six months extension. The project is structured into
three sequential phases, distinguished by three design campaigns with increasing
levels of complexity, addressing di�erent aircraft con�gurations and suited MDO
techniques. The whole structure is shown in Fig. 1.10.
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Figure 1.10: AGILE overall structures. [23]

The �rst stage, the Inizialization phase, focused on optimizing a refer-
ence conventional aircraft con�guration using the state-of-the-art techniques
provided by the consortium.

Studies and MDO analyses were performed on the reference use case and
results and best practice were then used to examine and benchmark novel op-
timization techniques individually and later in smart combinations (MDO test
bench). Finally, the most successful methods and approaches were applied to
signi�cantly di�erent and disruptive aircraft con�gurations (Novel Con�gura-
tions).

The entire project structure is made of six work packages. The three se-
quential WPs are included within two enabling layers. The �rst one (Collabo-
ration techniques) is focused on the development of the technologies enabling
distributed collaboration, including the process of collaboration between in-
volved specialists, collaborative pre- and post-processing, visualization and the
enhancement of existing framework. The second one (Knowledge enabled tech-
nologies) aimed to develop the information technologies, in order to support the
management and the formalization of knowledge within an MDO process.
Each of the sequential design campaigns, which also comprise some parallel ac-
tivities, focused on the solution of the use cases, which are setup to develop
speci�c collaborative and knowledge-based technologies. Sequential DCs were
characterized by an increasing complexity both as regards use case perspective,
progressing from conventional aircraft to novel con�gurations, and MDO envi-
ronment perspective, from the current state-of-the-art MDO system to the 3rd
generation system. Thereby, the most of the DC-1, was spent deploying SOTA
techniques and distributed MDO system, using pre-existing analysis codes, in-
terfaces, framework and optimization software. Subsequently, an optimization
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process, according to today's best-practice methods, was formulated to opti-
mize a large regional jet aircraft designed starting from TLAR assigned to the
consortium by Bombardier as AGILE partner.

During DC-2, as consequence of DC-1 achievements, the "MDO Test Bench"
activities was performed aiming at quantifying the bene�ts of di�erent opti-
mization techniques and their combinations for large scale optimization prob-
lems. Methodological improvements and applications to speci�c use cases were
achieved also considering extension to the SOTA of MDO approach implemented
in DC-1. In order to obtain a process characterized by a more rapid convergence
to the best solution, some investigations were performed on the capabilities and
di�erences among all the optimization approaches. Finally, within DC-3, all
improvements and the best and suited optimization approaches were applied to
design and optimize seven di�erent novel and disruptive aircraft con�gurations
such as Blended Wing Body, Box Wing, Strut-braced, Medium-Altitude-Long-
Endurance (MALE), Wing and Rear Mounted turboprop engine.

The proposal is not only to integratemore disciplines, higher �delity and
certi�cation constraints in the optimization process, but also to reach a Eu-
ropean transport system that is resource-e�cient, climate- and environmentally-
friendly, safe and seamless for the bene�t of all citizens, the economy and society
through the respect of these needs:

• resource e�cient transport that respects the environment

• better mobility, less congestion, more safety and security

• global leadership for the European transport industry

• socio-economic and behavioural research and forward-looking activities
for policy making

Gaining these targets means to introduce and spread knowledge and skills
through the setup of the 3rd MDO generation characterized by team of experts
which can perform each speci�c analysis and interpret and disseminate technical
results. These characteristics make the di�erence with respect to previous MDO
generation in which a single supervisor was responsible for tools and related
analyses. In Fig. 1.11 the �rst MDO generation approach is presented. Here
a single person oversees the entire process, several analyses are performed in
the same algorithm and corresponding results �ow into a huge database and
convergence loop results are then used to perform the optimization task. In
Fig. 1.12 a second MDO generation is proposed. The di�erence with respect
to the �rst generation lies in using a central data model (CPACS) as data
exchange platform and each analysis is performed by a dedicated computer code.
The 3rd MDO generation shown in Fig. 1.13 perfectly embody the concept of
remote, distributed and collaborative MDO. In this scenario there is a single
supervisor which is responsible for the optimization process, but each discipline
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is entrusted to a certain specialist which is responsible for its own competence
made available in the optimization framework. In this way the specialists can
check their algorithm and the results provided to other specialists guaranteeing
a higher level of reliability to the entire system than the one ensured by the
previous MDO generations.

Figure 1.11: First MDO generation [24].

Figure 1.12: Second MDO generation [24].
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Figure 1.13: Third MDO generation [24].
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Synthesis of the chapter

• Traditional aircraft design steps have been presented.

• Obstacles and drawbacks of themonolithic design approach have been
emphasized.

• Aircraft design procedure needs to be changed moving towards a
collaborative approach fostering the exchange of knowledge among
teams and people

• MDO approach could be the way of facing aircraft design activities
limitations. A complex design problem can be divided in multiple
sub-problems, each addressed to a speci�c discipline, and an MDO
problem strategy must be formulated to reach the solution e�ciently.

• AGILE project is a reliable solution to make a step forward in MDO
state-of-the-art by creating the next generation of Multidisciplinary
Design Analysis and Optimization approach. The main goals of the
project are:

� The development of advanced multidisciplinary optimization tech-
niques and their integration in a complex framework.

� The development of processes and techniques for e�cient multi-
site collaboration in the overall design teams.

� The development of knowledge enabled information technologies
to support interdisciplinary design campaigns.

� To develop and publish an Open MDO Test Suite allowing the
access to the project technologies by other research activities.

� To reduce by 20% the convergence time needed for aircraft op-
timization tasks.

� To reduce by 40% the time needed to solve an MDO problem in a
heterogeneous team of specialists thanks to AGILE technologies
and approach.
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Chapter 2

Instruments for Aircraft 3rd

MDO Generation

Introduction

One of the main achievements of the AGILE paradigm, is the possibility to dis-
tribute the workload among partners worldwide distributed allowing the avail-
ability of the most up-to-date and state of the art competences within a MDO
process.

Competences can be developed and integrated with di�erent level of �delity,
di�erent environment, di�erent programming languages, locally or remotely ex-
ecuted, enabling specialists to be focused on their own tasks.

In this context and embracing this way of working, the author, as part
of UniNa partner, gave a great contribution by developing and providing to
the consortium several tools related to several disciplines created using various
programming language such as JAVA, Python and Matlab and taking advantage
of CFD database. These tools and other specialists' tools were then assembled
through a dedicated platform developed during the project.
Each of the developed tools was made available to other partners through a

remote request. A partner can execute a toolchain where author's tool performs
speci�c calculations and the author can run his own tool on his machine and
share the results with the partner which made the request. The paradigm is well
described in Fig. 2.2, Fig. 2.3 and Fig. 2.4. In particular, the main work�ow
labeled as Master Work�ow is managed by a single supervisor which sends a
request to one or more specialists querying for a remote service provided by
running the sub-work�ows (Slave). The results obtained are then sent again to
the Master Work�ow where all the results are collected in a single CPACS �le.

In this chapter basic instrument to develop the aircraft 3rd MDO generation
are presented.
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Figure 2.1: Useful software packages and �les for UniNa tools developed by the
candidate.

Figure 2.2: Master Work�ow implementation involving two partners.

Figure 2.3: Slave Work�ow assembled by the author concerning aerodynamic
calculation.
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2.1. CPACS standard format

Figure 2.4: Results coming from partners are stored in the toolspeci�c tag
within the CPACS �le.

2.1 CPACS standard format

The Common Parametric Aircraft Con�guration Schema is an open source
project and has been created by DLR since 2005 [25�27]. It is characterized by
a standard schema and it is based on XML technology; so, every kind of data
or contents are positioned underneath a speci�c tag and the amount of these
assemble a typical XML tree in which the root element is named `/cpacs' .

The CPACS can contain a parametric description of one or more aircraft
con�gurations in terms of geometry, mission, airport, engine performance and
so on as shown in Fig. 2.5 and Fig. 2.6.
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Figure 2.5: CPACS schema [25].
Figure 2.6: CPACS documentation

[25].

This �le is not just a trivial data storage but it is useful for documentation
and it is fundamental to exchange information between partners specialized in
each di�erent discipline. In particular, it contains [28]:

1. Only �exchangeable� information

2. No redundant information

3. Product information

• Aircraft (geometry, aerodynamic...)

• Airport

• Mission

4. Toolspeci�c information

• Options

• Runtime information

• Partner tool results
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• Placeholder

In this way data exchanging between partners is assisted and everyone have to
interact to each other only through CPACS �le either adding a calculation un-
der a speci�c tag, for example mission or aircraft, or writing its own results in
the toolspeci�c section. A description tag can be added to help other specialists
to understand in details output data coming from other disciplines. Further-
more, a consortium of a European project is commonly made out of three or
more partners and so the number of interactions to exchange data between them
could be prohibitive. Using the CPACS technology, the number of interactions
is strongly reduced because there are no more partner-to-partner relation but
only partner-CPACS-partner one; so, as shown in Fig. 2.7, it is possible to re-
duce connections amount from n(n-1) to 2n, where `n' is the number of entities
(partners/tools) that want to interact.

Figure 2.7: Number of interactions [25].

The toolspeci�c data can be transferred along with the dataset and carries
further information.So the interaction among the analysis modules is sequential
and, in addition, the framework allows for splitting and/or merging CPACS
datasets. For instance is possible to add the toolspeci�c section that contains
characteristic input useful to use the module that you want run and after is
possible to create a new toolspeci�c dataset with the module results and added
these ones to the CPACS that will be create after the run. The following �gure
explain this concept. The mapping �le is used to choose the CPACS �le source
sections to add in a speci�c position of the CPACS results �le (target), for
instance under the toolspeci�c tag.

It is possible to understand that this technology can be used to assist the
optimization and the Design of Experiments and so to foster the MDO applica-
tions, because the results inside the �le may come from di�erent disciplines, for
each of these ones from high or low �delity analysis level applied to the whole
aircraft or to a single component as show in Fig. 2.8 [25].
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Figure 2.8: CPACS �le capabilities.

For example, under the tag `aeroPerformanceMap' is possible to �nd vec-
tors with Mach and Reynolds number combined to provide array for force and
moment coe�cients for di�erent attack and yaw angles. The same structure
there is for engine analysis module thanks to global engine input parameters,
�ight altitude, mach number and thrust to provide a performance map for the
thrust-speci�c fuel consumption [25]. In this way the need of automation is
satis�ed allowing to reduce time and costs in the conceptual design phase. In
Fig. 2.9 a typical CPACS structure is shown.

Figure 2.9: General CPACS structure.
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2.2 RCE

The Remote Component Environment is an open-source software developed by
the German Aerospace Center (DLR) to help engineers or teams of scientists to
manage, run, control complex analysis and simulations [29]. Other PIDO (Pro-
cess Integration and Design Optimization) framework characterized by similar
capabilities are also available such as OPTIMUS [30] or OpenMDAO [31]. The
�rst one, developed by Noesis Solutions, is an industry-leading software plat-
form which enables the communication with any engineering software and with
any �le syntax allowing the implementation of several MDO architecture also
suited for real-world problems. The second one is an open-source MDO frame-
work which implements the state-of-the-art algorithms to solve coupled models
achieving high computational e�ciency.

Actually, the DLR provided RCE to all the partners of the AGILE consor-
tium giving also support for any issue or software updates. Furthermore, the
software is user-friendly, open-source and fully compliant with CPACS tech-
nology. These advantages led UniNa, and so the author, to choose RCE as the
suited PIDO for the activity to carry out over the project. In RCE environment
the components of a speci�c run are represented by default tool, like `Optimizer'
or `Parametric Study', combined with tools manually integrated tools by part-
ners and connected each other thanks to data �ows instruments available in
RCE environment.

A set of default and/or integrated tools linked each other to accomplish
a speci�c task, is called Work�ow and each component is like a `black box'
that receives one or more data (�oat element, �les, short text,...) in input
and provides one or more outputs. In Fig. 2.10 a Work�ow example in RCE
environment is depicted.

Obviously, following the best practice means to know the input and output
type of data and the right XML path in order to avoid errors coming from a
unit mismatch or missing path in the CPACS �le.
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Figure 2.10: RCE workbench.

Referring to Fig. 2.10 it is possible to provide a detailed description of RCE.
Left hand-side:

• Project Explorer: contains the project folders in which it is possible to ac-
cess to saved work�ows (�le `.wf') and other types of �les such as CPACS,
text �les and so on. From here it is possible to open, read and edit �les
and work�ows, within RCE, selecting it from a speci�c project folder.

Right hand-side:

• Palette list: components can be default ones like `Draw Connection', `In-
put Provider' in Data Flow section, `DoE' in Evaluation section or
`Script' in Execution section. In CPACS section, manually integrated
CPACS tools can be chosen or modules shared on the cloud by partners
can be used through remote connection access.

Center:

• Work�ow Editor: is the main view in which is possible to assemble a sim-
ple or complex work�ow using di�erent components. This panel allows to
access to the component properties and to choose the needed �les, such as
CPACS input �le, `mappingInput.xml' and `mappingOutput.xml' to select
the desired CPACS path, to run the work�ow. Furthermore, it is required
to connect input and output variables or �les of each component and/or
tool by using the `Draw Connection' feature.

30



2.2. RCE

• Work�ow Data Browser: history collection of all �nished or stopped work-
�ows. This panel allows to check every kind of input and output of each
component in the work�ow following the time history. In particular, it is
possible to dive into the Timeline or Timeline by component tag which
contain all the actions, performed by each component, stored chronologi-
cally as shown in Fig. 2.11. In addition, it is also possible to export and
save work�ow results.

Figure 2.11: Work�ow Data Browser

• Properties: work�ow components properties are shown; in particular all
connections between input and output data are reported, as shown in Fig.
2.12. It is also allowed to edit properties and connections from this panel
directly.
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Figure 2.12: Work�ow properties and connections

• Work�ow Console : it allows to check work�ow run step by step by show-
ing all the details about the speci�c toolchain such as the current directory,
the used input and output �le, text, vectors or everything user wants to
`print' through the main algorithm. In Fig. 2.13 an example is depicted.

Figure 2.13: Work�ow console
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2.2.1 New tool creation

Within RCE framework it is possible to create a new tool pressing on `Integrate
Tool...' button; then a wizard will open (see Fig. 2.14), and it is possible to
choose among several tool con�gurations. Following, the best practice is de-
scribed:

• Select Create a new tool con�guration from a template and choose CPACS
Tool with return directory (Type: CPACS) and then go Next.

Figure 2.14: New CPACS tool within RCE. First step.

• Insert an arbitrary name, as shown in Fig. 2.15, and click Next.

Figure 2.15: New CPACS tool within RCE. Second step.

• Click Next two more times.

• As shown in Fig. 2.16, press on `Add' button in the right upper corner.
Then, browse to choose an arbitrary tool directory and specify a version
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tool number (e.g. `0.1'). Finally, select `Create an arbitrary directory in
RCE temp directory' and go to `OK'.

Figure 2.16: New CPACS tool within RCE. Third and fourth step.

• All gaps are automatically �lled correctly using default �lename, as illus-
trated in Fig. 2.17. If a �le has been customized and its name is di�erent
than default one, it is necessary to browse until the tool folder and select
the speci�c �le. To uncheck `Merge static tool speci�c input' box and go
Next.

Figure 2.17: New CPACS tool within RCE. Fifth step.

• ForWindows OS check `Command(s) for Windows box and write the type
of �le and the �lename (e.g. `python �le_name.py') that represent the
main script that allows work�ow running correctly. Finally, press on `Save
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and activate' button to end the process.
At this stage, the new tool is added to the `CPACS' sub-section folder
under Palette section.

• N.B.: To avoid error arising, an empty folder named `ReturnDirectory'
must be created within the tool folder. `ReturnDirectory' can be used to
store results, output data, plots, �les and so on.

Figure 2.18: New CPACS tool available

Moreover, RCE allows to integrate a tool created on another machine fol-
lowing few steps described in Sec. 2.3.
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2.3 Tools Integration

To integrate an already existing CPACS tool on another machine, the tool
directory must be copied in the default tools directory of RCE software (
`\..\.rce\default\integration\tools\cpacs' ). Moreover, it is also necessary to
copy and paste the `con�guration.json' �le from the old machine to the new
one in the same default tools directory path.
In this way RCE will automatically recognize all tool settings and will import
the new tool into the `CPACS' sub-section under Palette section. Within the
new folder the following �les must be stored to ensure a proper way of working
of the tool:

• `python_algorithm.py', that is the main script

• directory called `shared', that contains `�le.dll'

• `mapping_input_�le.xml'

• `mapping_output_�le.xml'

• `�le.jar', that is the core of a certain module developed by UniNa

• `executable_�le.bat' , a 'Windows' executable �le to run the `�le.jar'

• `input_�le.xml', that contains needed input data to allows output data
calculation

• `output_�le.xml', in which output data are stored

To �nalize the integration procedure, it is necessary to point to the right path
using RCE.
In particular, opening RCE homepage it is possible to �nd the new tool within
`Palette' section, under `CPACS' sub-section. By selecting the new tool and
clicking the mouse right button, `Edit Tool' feature mast be chosen. After that
a wizard will open and the following procedure must be carried out:

• Choose a tool con�guration to edit and go `Next'

• Go `Next' three more times

• Choose a new tool directory and go `Next'

• Select `mapping_input' and `mapping_output' �les and go `Next'

• `Save and update'

• Enjoy your tool
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The algorithm that allows the tool running can be coded in any programming
language but paying attention to the necessity of coding in Python or Jython if
internal RCE script needs to be created. A tool integrated in RCE can be run
in local (user's machine) or in remote manner.

Usually, author's tools consist of a main script coded in Python language to
manage all the information coming from the CPACS �le and takes advantage of
suited JAVA executable �le in-house created to perform all the analyses. Such
a tool must be compliant with any CPACS �le being able to grasp all the inputs
from it and to save all the outputs in speci�c tags contained in the CPACS �le.
A detailed description and some examples are described in Sec. 2.3.1.
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2.3.1 JAVA Executable File

In order to accomplish several tasks scheduled within AGILE project, devel-
oping and implementing di�erent aircraft preliminary design phase methodolo-
gies is of primary importance. At the same time, the possibility to operate
with methodologies characterized by di�erent levels of �delity or to imple-
ment new semi-empirical models could ensure longevity and enriching future
exploitation capabilities. Aiming at achieving the abovementioned targets, the
DAF research group [34] of UniNa has been working since 2005 to the develop-
ment of software and frameworks for aircraft conceptual and preliminary design
stages [35]. Currently, DAF group has been involved in the development of a
complex open-source Java library named Java toolchain of Programs for Air-
craft Design (JPAD) [36�38], built as a modular framework. JPAD and all its
executable modules are completely written in JAVA which is a class based and
object-oriented programming language that ensuring modularity, code reusing
through inheritance, �exibility and portability on any combination of hardware
and operating system. The modularity guaranteed by JAVA language allowed
the author to use just some pieces of JPAD software stored in several `.jar' (Java
Archive) �le as the core of a tool where all the analyses are performed. It is
possible by running a simple executable �le. While, the implementation of the
main script and functions used to deal with all the information concerning the
CPACS schema and the creation of suited XML input �les needed to run the
`.jar' core were implemented in Python language. In Fig. 2.19 the �owchart of
the operations actuated when a tool works is depicted. In particular, starting
from a CPACS baseline �le, a Python script is in charge of extracting all the
useful information to accomplish a certain analysis and storing them in a cus-
tomized input XML �le to run the executable JAVA �le. After the execution
of the '.jar' �le, an output XML �le is created and the data are automatically
transferred into the initial CPACS baseline which will contain all the results of
the tool. In this way, at the end of a toolchain the CPACS �le will store the
outputs of all the tools involved in the task.
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Figure 2.19: Operation �owchart of a author's tool.

Going deeply in details, a `.jar' �le is a package �le format typically used to
aggregate many JAVA class �les and associated metadata and resources (text,
images, etc.) into one �le to distribute application software or libraries on a
JAVA platform. JAR �les are archive �les with `.jar' extension created using
Eclipse platform.
Following the best practice, JAR �le are obtained by encapsulating a JAVA
Main Class that is a class which manages other dependent classes. In particular,
classes can be mainly divided into Utility Class containing all the equations of
the implemented methods and the Calculator Class which uses the Utility Class
to perform all the required analyses on a speci�c object.

To give an example of what is the best practice followed to develop tools
provided by the author in the AGILE project [39] [40], a brief description of
Directional Stability tool is now presented. In Fig. 2.20 the Main Class of the
Directional Stability tool is shown.
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Figure 2.20: JAVA Main Class example.

In Fig. 2.20 it is possible to notice two dependent classes:

• MyCon�guration where the method initWorkingDirectory() creates the
necessary folders.

• DirStabCalc where, through the method executeStandaloneDirStab(), cal-
culations are performed. Moreover, DirStabCalc class initializes the input
and output �le, and implements some low-level methods concerning read-
ing and writing operations.

The module estimates the directional stability of an aircraft computing the
yawing moment coe�cient derivative with respect the sideslip angle, CNβ , as
the sum of 4 contributions due to vertical tailplane, fuselage, wing and horizon-
tal tailplane respectively.

CNβAC = CNβverticaltail + CNβfuselage + CNβwing + CNβhorizontaltail
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The vertical tail contribution is obtained from VeDSC method [41].

CNβvaerticaltail = KFvKWvKHvCLαV

(
lvSv
bwSw

)

The fuselage contribution is estimated using at the same time the VeDSC [41]
and FusDes methods [42] both implemented by the DAF Research Group.

CNβfuselage = KV fKWfKHf (CNβFus)

The wing contribution is estimated with the following equation [43].
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The horizontal tail contribution can be calculated following the same proce-
dure of the wing or it can be neglected.
In order to handle these equations some dependent classes (and lots of meth-
ods) have been created. As regard the VeDSC and FusDes methods, it has
been necessary manage databases as well. The databases are `.h5' �les have
been generated by a Matlab script starting from a survey of results obtained
running several CFD analyses on several di�erent aircraft geometries. Those
data have then been stored in a `.h5' archive as shown in Fig. 2.21.
The module is able to interpolate the data through a low-level class `MyInter-
polatingFunction'.
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Figure 2.21: Database of fuselage's CNβ values.

To obtain the .jar �le, the following steps have to do.

1. To export the main class as .jar �le. In Eclipse: File > Export> JAVA>
Runnable Jar �le> Runnable Jar �le Speci�cation: choose Package re-
quired libraries into generate JAR under Library handling.

2. To write a batch �le, as shown in Fig. 2.22, which contains the instruc-
tions to run the .jar �le.

Figure 2.22: Batch �le to run Directional stability tool.

These three simple rows allow to add necessary libraries to the classpath
(second row) and to launch the .jar �le reading the input �le (third row).

3. To store the input and output �les, the database and the libraries in the
appropriate folder. The `.h5' �les are read only once thanks to initial data
serialization process and then are stored in `serializedDatabase folder'.

Input and output �les are XML �les characterized by speci�c tags. The input
�le contains all necessary data used to perform calculations through certain
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equations and database, while within the output �le input data are summarized
and the corresponding output data are stored. Each tool has its peculiar set of
�les stored in speci�c folders automatically.
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2.3.2 TIXI and TiGL library

Since the CPACS data format is based on XML technology, it is necessary to
make use of a library capable to read, parse and edit it.
With this aim, TIXI library has been provided to the consortium as XML in-
terface [32]. It has been developed by DLR and coded in C language, but also
wrapper for C++, Fortran, Python, JAVA and Matlab has been developed.
TIXI is really useful to create documents, create and delete nodes, add and
remove element, attributes and so on. In this way it is possible to extract from
CPACS, thanks to speci�c routines, every type of data such as vectors, array,
boolean, integer, text or �oat elements. In Table 2.1 the most used routines are
summarized.

Routine Description

open open an XML �le
getTextElement Extract a text element from a speci�c CPACS (XML) path
getIntegerElement Extract an integer element from a speci�c CPACS (XML) path
getDoubleElement Extract a double element from a speci�c CPACS (XML) path
updateDoubleElement Update (replace) a double element pointing to speci�c CPACS

(XML) path
save Save the speci�c document

Table 2.1: Some TIXI routine for Python programming language

Since CPACS technology is capable to describe the entire aircraft geometry,
it is also necessary to have another library that allows to take action on the
geometry directly. In order to �ll this need, DLR provided TiGL Geometry
Library [33], which has been developed using OpenCASCADE, and is able to
represent the aircraft geometry by B-spline curves and surfaces. Several exter-
nal interfaces for C/C++, Python, Matlab and FORTRAN are also available.
Following TiGL capabilities are listed:

• Reading and processing data and the information stored in CPACS �le
with regard to main aircraft components such as wings (main wing, ver-
tical and horizontal tailplane) and fuselages.

• Building up the 3D airplane geometry for further processing.

• Computing, thanks to speci�c function, area and volume of each compo-
nent

• Computing surface points in Cartesian coordinates by using common air-
craft parameters

A future goal is to extend these capabilities to engine pods, landing gear and
other components.
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Furthermore, TiGL provides some useful functions useful to go deep in details
about geometry description. For instance, some features can be used to evalu-
ate how many wings or fuselages characterize the aircraft, and for each one to
detect the number of sections and segments and the corresponding `Uid'.
In order to visualize the 3D geometry of a certain airplane by using the data
stored in the CPACS �le, a visualization tool named TiGL Viewer have been
developed. This tool can be used either as executable standalone software in
which a CPACS �le can be loaded or as a tool already integrated within RCE en-
vironment. The CPACS input �le can be provided by using the Input Provider
default feature available in RCE.
Finally, it is also possible to export the geometry in di�erent format such as
STEP, B-Rep, VTK, STL and IGES as shown in Fig. 2.23.

Figure 2.23: TiGL Viewer

45



Chapter 2. Instruments for Aircraft 3rd MDO Generation

2.4 Software to support AGILE MDO

To accomplish AGILE objectives and to manage all the tasks that involve the
great amount of partner in the consortium, developing di�erent software over
the project duration was deemed necessary. In the next sub-section KADMOS,
CMDOWS, VISTOMS, Brics and KE-chain (Sec. 2.4.1) will be described.

2.4.1 KADMOS, CMDOWS, VISTOMS, Brics and KE-

chain

A Python software implementation, called KADMOS (Knowledge- and graph-
based Agile Design for Multidisciplinary Optimization System), was proposed in
order to increase the agility of aircraft design teams in performing collaborative
multidisciplinary design analyses and optimization (MDAO) tasks by means of
graph manipulation techniques.

This novel methodology [44], based on graph manipulation techniques, is ca-
pable to improve the agility of the team of expert by i) reducing the set-up time
required to compose large and complex MDAO models, ii) enabling the sys-
tematic inspection and debugging of this model, and iii) allowing an automated
creation and recon�guration of optimization strategies, including the accompa-
nying executable work�ow. These advantages have been made possible thanks
to pre-existing techniques suited for performing MDAO such as the CPACS stan-
dard data schema, that contains aircraft data and tools meta-data, and RCE
environment which enables complex MDAO work�ow simulation. Graphs used
by KADMOS are usually composed by nodes and edges, each one with a spe-
ci�c duty. Nodes representing partners' tools or functions addressed to manage
the work�ow process are named functions nodes, while elements coming from
the CPACS schema are represented by variables nodes. Moreover, edges can
be grouped according their peculiar function: input edges, process edges and
output edges. Key data graphs are the Repository Connectivity Graph (RCG),
the Fundamental Problem Graph (FPG) and the MDAO Data Graph (MDG).

RCG contains all the available information, while FPG only contains part-
ners' tools and variables needed to solve the speci�c MDAO task. FPG is
structured in such a way KADMOS algorithm can manipulate it by imposing a
certain MDAO architecture such as Multidisciplinary Feasible (MDF) or Indi-
vidual Discipline Feasible (IDF) ensuring enough operational �exibility. More-
over, it is also possible to choose to perform a MDA, a DOE or optimization
task obtaining a new toolchain and executable work�ow automatically. When
a speci�c MDAO architecture is imposed, FPG changes to MDG.

Graphs representation by means of data �ow aspect of the eXtended Design
Structure Matrix (XDSM) is shown in Fig. 2.24, in Fig. 2.25 and in Fig. 2.26.

Due to the huge amount of disciplines involved, de�ning and setting up an
MDO chain requires an accurate MDO system assembling in terms of managing
tools data and all the process connections. Aiming at support MDO system
de�nition, an open-source standard work�ow schema, called CMDOWS (Com-
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Figure 2.24: Repository Connectivity Graph example.

2311 inputs 2920 inputs 60 inputs 9 inputs 49 inputs 9 inputs

engine-design 3 connections 3 connections 3 connections

aero-Performance-LoFi-steady-analysis-aero-laminar-2d-HiFi-aero-DragPolar-aero-DirectionalStability–seq 15 connections 15 connections

aeroCLmax-analysis 26 connections 26 connections

aeroStructural-sizing 10 connections

1 connection 3 connections onBoardSystems-design 3 connections 1 connection

1 connection mission-analysis 10 connections

1 outputs calculateCostsAndEmissions

2311 inputs 2920 inputs 60 inputs 9 inputs 49 inputs 9 inputs

engine-design 3 connections 3 connections 3 connections

aero-Performance-LoFi-steady-analysis-aero-laminar-2d-HiFi-aero-DragPolar-aero-DirectionalStability–seq 15 connections 15 connections

aeroCLmax-analysis 26 connections 26 connections

aeroStructural-sizing 10 connections

1 connection 3 connections onBoardSystems-design 3 connections 1 connection

1 connection mission-analysis 10 connections

1 outputs calculateCostsAndEmissions

Figure 2.25: Fundamental Problem Graph example. Boxes can be divided in
three di�erent categories. The blue one represents the pre-coupling
functions, the green one the coupled functions and the red one the
post-coupling functions.

0,9:

COOR
2: 1 input 3: 2919 inputs 4: 14 inputs 5: 74 inputs 5: 9 inputs 5: 64 inputs 7: 82 inputs 7: 9 inputs

1:

engine-design
5: 3 connections 5: 3 connections 7: 3 connections 7: 3 connections

9: 2 output
2,8→ 3:

DOE
3: 1 connection 5: 1 connection

3:

aeroCLmax-analysis
5: 26 connections 5: 26 connections 7: 26 connections

4,6→ 5:

CONV
5: 4 connections 5: 10 connections 5: 3 connections

9: 1 outputs 8: 1 connection 6: 10 connections
5:

aeroStructural-sizing
7: 1 connection

1: 1 connection 6: 3 connections
5:

onBoardSystems-design
7: 2 connections 7: 1 connection

6: 1 connections
5:

mission-analysis
7: 10 connections 7: 10 connections

8: 1 connection
7:

stabilityAndControl-assessment

9: 1 outputs
7:

calculateCostsAndEmissions

Figure 2.26: MDAO Data Graph example. Converged DOE architecture ap-
plied to a FPG obtaining a MDG.
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Figure 2.27: CMDOWS �le example. XML visualization of the whole MDAO
formulation.

mon MDO Work�ow Schema), has been proposed, developed and provided to
AGILE consortium by TU Delft University [45]. This schema, used to store re-
sults coming from KADMOS, is based on XML technology and allows an easy
data exchanging between team members and their own tools supporting teams
to setup the MDO system and its �exibility enables the creation of a versa-
tile MDO architectures. Moreover, CMDOWS is also able to translate simple
or complex MDO system formulation into an executable work�ow ready to be
run in any PIDO environment such as RCE or OPTIMUS. To accomplish all
these tasks and improve MDO formulation process, CMDOWS was designed
to be i) machine-interpretable and human-readable allowing user inspections at
any level, ii)neutral because it is not speci�c to any product or project guaran-
teeing great �exibility, iii)adaptable to any updates or enrichment, iv)balance
of redundant information aiming at minimum redundancy, v)support all MDO
framework categories and system stages from the tool repository step to the
optimized design, vi)support tool heterogeneity from simple mathematical ex-
pressions to advanced analysis tool or surrogate model.

In Fig. 2.27 the XML visualization of a CMDOWS �le is shown. As can
be noticed, even if this standard schema has been designed to be human read-
able, the XML format readability is quite poor also for MDO experts, especially
for large MDO systems involving thousands of variables. Aiming at improving
CMDOWS readability and MDAO system inspection, a dynamic visualization
package, named VISTOMS (VISualization TOol for MDO Systems), was de-
veloped by RWTH Aachen University [46]. Thanks to VISTOMS package it
is possible to visualize a CMDOWS �le choosing between three di�erent tech-
niques:

• XDSM
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Figure 2.28: VISTOMS visualization of a CMDOWS �le through Edge
Bundling View technique.

• Edge Bundling View

• Sankey Diagram

XDSM format, already presented in Figures 2.24, 2.25 and 2.26, allows user
to inspect an MDO system and to access to all the embedded information in a
human intelligible way via browser. By clicking on a speci�c box it is possible
to access to information such as number of input or output data, number of
connections, tool's owner and so on.Moreover, it is also possible to download
information as an XML �le and to customize the data set or simply extract
useful data.

Edge Bundling View visualization is a circular shaped layout in which el-
ement, such as variables and tools, are interconnected. Blue lines indicate a
general dependence between two elements, while selecting one element some
blue lines change to red and some others to green as shown in Fig. 2.28. The
red lines indicate input data and green ones the output data. Furthermore, right
click on a speci�c element allow to access to detailed information, as explained
for XDSM, represented by a hierarchical tree and tabular format. The main
di�erence with respect to XDSM is that in this case it is possible to access to
data processed by di�erent tools and to their information, but it is not possible
to check work�ow process details.

Sankey Diagram is the third available visualization technique. In Fig. 2.29
an example, referred to a complex MDO system formulation, is depicted. As
described for the Edge Bundling View, red and green arrows indicate input
and output data for a speci�c element. The width of each arrow is directly
connected to the amount of data transferred between elements. This kind of
visualization is characterized by the same capabilities described for XDSM and
Edge Bundling techniques in terms of dynamic and interactive inspection.
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Figure 2.29: VISTOMS visualization of a CMDOWS �le through Sankey Dia-
gram technique.

The abovementioned software and instruments are fundamental in order to
orchestrate a huge amount of data each other connected and coming from di�er-
ent disciplines and partners worldwide distributed. So, a crucial aspect is how
to enable heterogeneous teams of experts exchanging information guaranteeing
IT security for their own institutions. Within AGILE, NLR was in charge of
developing and providing a software able to respect the described requirements,
with a simple PIDO integration procedure and suitable for company as well
as Universities or research centers. To achieve this aim, NLR developed and
released Brics software [47]. Brics is based on a `single-task' protocol that set
the execution and data �ow between an orchestrating (master) processing one
organization and a remote (�slave�) sub-processing another organization under
control of a specialist who is noti�ed to start the sub-processes. A further Brics
capability is the possibility to support the notion of a `multi-task' protocol,
enabling the master to run a work�ow with a convergence loop or a DOE and
the remote specialist to easily deal with multiple series of sub-processes. In
particular, the remote specialist needs to accept just once the 'multi-task' re-
quest and then the process is able to continue without any other action. In
this way, Brics supports easy experimentation with di�erent set-ups of collabo-
rative scenarios to support the Design Campaigns and con�guration of services
involved. Moreover, Brics functionalities have been embedded by the PIDO
providers using easy-to-use and modular interfaces in order to allow their inclu-
sion in the work�ows with minimal e�orts and without need of programming
skills. These front-ends building blocks expose to the user the basic information
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that Brics needs to operate. The AGILE integrator is only required to specify
the �le(s) that will be transferred, the name of the tool and the email address
of the remote specialist. In this way, the specialists are noti�ed through an
e-mail message of the pending task, whose name and identi�cation number are
stored in the message and are the only data that specialists need to run the
sub-process accessing to the inputs. For each Brics call it is necessary to store
the input �le(s) chosen by the master and used by the slave and the output
data coming from the specialist at the end of the sub-process. For this scope
a Neutral Data exchange Domain,a dedicated Microsoft SharePoint server the
AGILE Teamserver, has been setup to serve as data server for the exchange of
data of the collaborative work�ows in the various AGILE Design Campaigns.

Aiming to support the entire MDO process, it is crucial to make KAD-
MOS, CMDOWS, Brics and VISTOMS cooperate enabling an automated design
and optimization process characterized by a fast setup phase, good �exibility,
controlled and redundancy free data �ow between elements. These aims were
achieved, thanks to the collaboration of TU Delft, RWTH Aachen University
and KE-works company, by implementing a browser platform named KE-chain
which provide a way for the de�nition of the Knowledge Architecture mentioned
in Sec. 1.5.

Usually, any design and optimization process is characterized by three main
phases:

1. setup

2. operation

3. solution

The �rst one is related to the multidisciplinarity because the challenge is
to integrate multiple and di�erent design competences, coming from di�erent
partners, into a coherent and consistent design process targeting assembling a
large, heterogeneous, distributed and automated design process. Furthermore,
a portion of time of this step is addressed to establish conceptual constraints
and design requirements.

Within such a complex system, wrong interpretation of the results, IT se-
curity trouble, intellectual property violation and time-consuming setup opera-
tions can be likely issues.

This time-consuming phase [48] needs to be accelerated, as proposed by
AGILE project objectives in 1.5 and shown in Fig. 2.30, and carefully planned
at the same time. In particular, reach the solution phase in a reduced time lap
means to address less time to abstraction activities and more time in enriching
the knowledge checking and analyzing the process and results.

In the operational phase, challenges are related to the missing overview of
the entire MDO formulation that can lead to di�culties in �nding possible
inconsistencies in the process and the lack of operational �exibility when it is
necessary to add another requirements, constraint or competence into an already
assembled process.
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Figure 2.30: AGILE time reduction objectives.

In the �nal phase the optimal and robust solution needs to be found within
an allocated time.

In order to face these challenging phases, by means of building an automated
design process, KE-chain platform was developed and employed over the project.
Firstly, �ve main agents responsible for speci�c tasks must be identi�ed as
reported in [48]:

• Customer: Customer and primary user of the framework. Responsible
for de�ning the design task, top-level requirements, and available devel-
opment lead-time. It includes the retrieval of results from the AGILE
framework app.

• Architect: Responsible for speci�cation of the design case in the AG-
ILE framework, such as collecting the required competences, de�ning the
design phases and the of the design space size to be explored.

• Integrator: Responsible for the deployment of the design and optimiza-
tion (sub-)processes, and for the management of such processes within the
AGILE framework. Intellectual property protection is also administrated.

• Competence specialist: Responsible for providing design competence
within the framework, such as a simulation for a speci�c domain, or an
optimization service. Speci�cations of the competences are managed in
the AGILE framework app.

• Collaborative engineer: Responsible for providing the integration within
the framework, necessary to connect the various competences and making
them accessible to the framework. It includes the secure integration of
software apps in di�erent networks.

Then, in order to carry out the AGILE development process, which is part
of the KA building block, it is necessary to start from the design case and
requirements de�nition achieving the executable MDO work�ow. To do that,
operations in KE-chain are divided in �ve main steps:
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Figure 2.31: KE-chain framework step 1.1. De�ne design case and require-
ments.

1. De�ne design case and requirements

2. Specify complete and consistent data model and competences

3. Formulate design optimization problem and solution strategy

4. Implement and verify AGILE framework app or, in general, a collaborative
work�ow

5. Create executable collaborative work�ow and select design solution

On KE-chain browser, after a project has been selected, it is possible to
go to Work breakdown section and begin the entire process setup starting from
step 1.1 De�ne requirements. Here, as shown in Fig. 2.31, aircraft requirements
such as noise, maximum range, cruise mach and so on should be listed according
to directions given by the Customer and Architect together with Competence
specialists. Moreover, in step 1.2 De�ne Competences & Parameters, main pa-
rameters involved in the optimization task and the needed competences should
be described as depicted in Fig. 2.32.

When step 1.1 and 1.2 are concluded, the CPACS base model must be up-
loaded in step 2.1. There is also the possibility of importing and uploading more
than one XML �le and KE-chain is able to merge these ones obtaining a single
XML �le, named "merged_�le.xml" automatically, which will be selected as the
CPACS reference one. Once this �le has been correctly uploaded, a VISTOMS
data model and a 3D ".stl" format CAD �le are generated automatically. This
step and related features are shown in Fig. 2.33, Fig. 2.34 and Fig. 2.35.

In step 2.2 it is necessary to Import CPACSized competences into reposi-
tory uploading input and output XML �les for each design competence. These
�les must be assembled following a standard procedure in terms of XML root
tag name and child-node names. In this way, all available information can be
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Figure 2.32: KE-chain framework step 1.2. De�ne parameters and compe-
tences.

Figure 2.33: KE-chain framework step 2.1. Upload and import CPACS base-
�le.

Figure 2.34: KE-chain framework step 2.1. Data model creation and VIS-
TOMS visualization based on uploaded CPACS base-�le.
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Figure 2.35: KE-chain framework step 2.1. CAD model creation based on the
speci�c data model.

Figure 2.36: KE-chain framework step 2.2. Competences input and output
data description.

converted into exportable KADMOS and CMDOWS �les which are able to cre-
ate connections between tools and to check for any kind of redundancy. The
described step is illustrated in Fig. 2.36 and Fig. 2.37.

Thanks to the information stored in the competences' �les, RCG is created
in step 2.3 and the embedded VISTOMS package enables to Inspect competence
repository as shown in Fig 2.38.

At the end of step 2, the �rst setup phase can be considered closed and the
user can directly move to step 3.1. Within this step all data and information
related to competences are available and stored in KADMOS, CMDOWS and
RCG �le. Since KE-chain is characterized by a deep �exibility, it allows to make
modi�cations to the already accomplished actions keeping in memory the time
history of the di�erent version of output �les (KADMOS, CMDOWS and RCG)
created for each step. In this way, in step 3.1, the user can Import CMDOWS
and inspect RCG choosing between the di�erent version of the created �les (see
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Figure 2.37: KE-chain framework step 2.2. Competences input and output
XML �les.

Figure 2.38: KE-chain framework step 2.3. RCG �le creation and inspection
through VISTOMS embedded package.
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Figure 2.39: KE-chain framework step 3.1. User can choose between di�erent
CMDOWS �les creating a speci�c RCG.

Figure 2.40: KE-chain framework step 3.1. RCG can be updated according to
the function order indicated by the user.

Fig. 2.39). Once a CMDOWS �le is imported, it is possible to update the order
of each function or tool and update the RCG (see Fig. 2.40).

Moving to step 3.2, user can still Manipulate design competences deciding
which ones need to be excluded or merged and which collision parameters must
be removed (see Fig. 2.41). Applying these manipulations to the created RCG
the result is the FPG as depicted in Fig. 2.42. Furthermore, FPG and KAD-
MOS �le can be also downloaded on a personal machine.

The next step concerns the roles of the parameters involved in the analysis
and optimization task. In particular, in step 3.3 the user has to Assign parame-
ter roles indicating which ones are the design variables, specifying their design
space, setting one or more objective functions and constraints and �nally
choose which parameters will be monitored during the process and so will be
considered as state variables. In Fig. 2.43 an example is shown. At the end
of this step it is possible to click on Enrich FPG button to update the latest
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Figure 2.41: KE-chain framework step 3.2. Design competences can be manip-
ulated, and collision parameters can be removed.

Figure 2.42: KE-chain framework step 3.2. RCG changes to FPG after design
competences manipulation.
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Figure 2.43: KE-chain framework step 3.3. Parameter roles assignment. User
can set design variables, objective functions, constraints and state
variables.

Figure 2.44: KE-chain framework step 3.4. MDAO architecture application.

FPG with the parameter roles assignment and inspect it thanks to VISTOMS.
Step 3.4 is one of the main steps. At that time the user must Apply MDAO

architecture making a choice between simple converged or un-converged DOE or
MDA, MDF (Multidisciplinary Feasible) and IDF (Individual Discipline Feasi-
ble) as illustrated in Fig. 2.44. Moreover, it is possible to indicate a Full
factorial, Latin Hypercube, Monte Carlo or Custom table as DOE design ap-
proach and to choose between di�erent tools and data coupling decomposition
methodologies.

By clicking on the orange button Impose MDAO architecture the FPG will
be updated and, through VISTOMS package, the user can visualize and inspect
the work�ow in XDSM, Sankey Diagram or Edge Bundle format and download
it as PDF on his own machine. This is the last action in step 3. The next step
deals with transforming the conceptual MDAO toolchain into an executable
work�ow.
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Figure 2.45: KE-chain framework step 4.1. CMDOWS �le import linking exe-
cutable blocks with design competences.

Figure 2.46: KE-chain framework step 4.2. Check and validate executable
blocks to generate input forms.

To do that, the latest CMDOWS �le needs to be imported and the tools,
from now executable blocks, will be automatically linked to the design compe-
tence indicated in step 1 (see Fig. 2.45). If something goes wrong, the user can
also manually link executable blocks with design competences.

In step 4.2 the user should to carefully Check and validate executable blocks
to generate input forms not only ensuring the right links between blocks and
discipline, but also imposing if those blocks need to be run on a local machine
or in a remote way thanks to Brics software as can be noticed in the bottom of
Fig. 2.46.

The step 4.3 is the last one before obtaining an executable CMDOWS �le
to import in RCE. Within this step the user has to Add execution details of
the speci�c job to launch such as the jobName, a noti�cationMessage, urlsite
and folder in which results must be stored and so on. An example of these
actions is illustrated in Fig. 2.47. By clicking on the orange button Generate
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Figure 2.47: KE-chain framework step 4.3. Add execution details.

the executable CMDOWS based on the input settings provided above CMDOWS
is created, stored in KE-chain and available to be downloaded, imported in a
PIDO environment, RCE for instance, and ready to be executed to perform the
MDAO task.
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Synthesis of the chapter

• AGILE instruments and technologies have been carefully described.

• CPACS standard �le has been chosen as the unique way of commu-
nication between tools and teams of expert. It must contain both
aircraft detailed description and tools results, largely reducing cross-
connections among partners as shown in detail by the candidate.

• A user-friendly software namedRCE has been provided to implement
any kind of MDO problem formulation made of several tools. The
author has deeply described the procedure to create and/or import a
tool to allow a new reader to be able to be an RCE basic user.

• An overview of a generic structure of tool way of working developed by
the author has been provided. It has been underlined that CPACS
is the starting and arrival point. From it all data are collected by
a python algorithm, developed by the author, through TIXI and
TiGL libraries. Input are intepreted by a JAVA core and, thanks to
python commands, output data are stored in the CPACS �le again.

• An exhaustive description of the software developed during the project
to support the AGILE MDO approach has been presented by the au-
thor. Key technologies are:

� KADMOS → is capable to enable the inspection and debug-
ging of a MDO problem allowing to reduce the set-up time re-
quired to compose a complex MDAO model and to ease the
recon�guration of the MDO startegies

� CMDOWS → supports teams in the setup of MDO system,
allows the creation of versatile MDO architectures and enables
the translation from conceptual MDO problem to an executable
one.

� VISTOMS → makes possible the user-friendly visualization
and inspection of MDO formulation through di�erent view tech-
niques.

� Brics → guarantees IT security for each partner involved in a
MDO task and enables the remote collaboration among special-
ists.

� KE-chain → it contains all the described technologies. KE-
chain is a online framework which allows the implementation of
all the steps of the aircraft design activity from requirements to
MDO work�ow execution.
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Design Campaigns in the

AGILE project

Introduction

AGILE structure consisted of three sequential phases labeled as Design Cam-
paigns (DC). The structure was planned to be characterized by an increasing
level of complexity in terms of aircraft type con�gurations and applied MDO
techniques. Indeed, the �rst DC dealt with the de�nition of a set of TLAR to
design and analyse the reference aircraft by means of available MDO method-
ologies in the consortium. In the DC-1 the author was involved as a specialist to
develop several tools related to aerodynamic, ground performance and aircraft
directional stability estimation. Then, the second DC was focused on the de-
velopment of new and improved MDO techniques, of which one related to wing
optimization developed by the candidate, to apply, in the third DC, to several
disruptive aircraft con�gurations. In Sec. 3.1, Sec. 3.2 and Sec. 3.3 the DC-1,
DC-2 and DC-3 will be described respectively.

3.1 Design Campaign 1

The �rst design campaign (DC-1) was labelled �Initialization�. In this phase,
the consortium provides, through each team of discipline specialists, already
available analysis codes, interfaces, framework and optimization capabilities in
order to formulate a reference distributed MDO system and work�ow according
to today's best-practice methods.

The de�nition of the DC-1 reference design system includes:

1. The formulation and deployment of a representative SOTA �reference
MDO architecture�

2. The de�nition of a conventional �reference aircraft� as use case
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The reference aircraft serves as Use Case for the reference AGILE Design
System formulated and deployed during the DC-1. One of the objectives of
the AGILE reference system is to develop the capability to produce a design
solution as well as an optimum solution for conventional aircraft con�guration
based on a given a set of requirements. This latter was de�ned in WP2 as a
set of TLAR chosen to be representative of state-of-the-art aircraft as designed
today (�tube and wings� con�guration), with applied technologies suitable to
be adopted by aircraft with entry into service expected in 2020. TLARs for this
Use Case were provided by Bombardier to the Consortium as listed in Table 3.1.

Conventional Large Regional Jet Reference Aircraft (EIS: 2020)
Metric Imperial

Range 3500 km 1890 nm
Design payload 9180 kg 20220 lbs
Max. Payload 11500 kg 25330 lbs
PAX 90 pax @ 102 kg 90 pax @ 225 lbs
MLW (% MTOW) 90%
Long Range Cruise Mach (LRC) 0.78
Initial Cruise Altitude (ICA) 11000 m 36000 ft
Maximum operating altitude 12500 m 41000 ft
Residual climb rate 91 m/min 300 ft/min
TOFL (ISA, SL, MTOW) 1500 m 4921 ft
Vref (ISA, SL, MLW) <130 kts
Max. operation speed (Vmo/Mmo) 330 KCAS/0.82
Dive Mach number (Md) 0.89
Fuselage diameter 3 m 118 in
Fuselage length 34 m 111.5 ft
Service life 80000 cycles
Fuel reserves 5% 100 nm
A/C con�guration Low-wing, wing-mounted engines
Engine Provided (e.g.: PW1700G)
Design Objective Minimize COC (alternatively, min. MTOW)

Table 3.1: AGILE Reference Aircraft. DC-1 TLARs.

According to the DC-1 TLARs, a conceptual, but not optimized, design
solution was provided by Bombardier as well. Main aircraft design parameters
(e.g. planform area) and design choices used for the synthesis (e.g. airfoils type)
are listed in Table 3.2 , and a 3D view of the corresponding geometry is given
in Fig. 3.1.

The provided synthesized aircraft is not intended to be the �reference air-
craft� itself, but it is indicative of a conceptual synthesis solution satisfying the
given requirements, and provides notional data to verify the design solution
produced by the conceptual tools available in the AGILE Consortium. The
reference aircraft is then produced by the Consortium by employing the design
tools available in the Design Campaign 1. Thereafter, the synthesized reference
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Typical geometry parameters, not optimized
Sw (m2) 75
Λc/4 (deg) 25
λw 0.25
A 9.5
Wing airfoils DLR-F6 con�guration
Winglet airfoils Same as wing tip airfoil
Horizontal Tail & Vertical Tail airfoils NACA 0012
Engine class (exemplary, not a �xed model) e.g. PW1700G

Table 3.2: AGILE initial con�guration. Main design parameters.

Figure 3.1: 3 views of DC-1 aircraft.

aircraft is evaluated by Bombardier and the Industrial partners. It is important
to highlight that the scope of the DC-1 is not only to "produce" a reference
aircraft, but mainly to be capable of managing several disciplines and tools
aiming at assembling a well-workable toolchain. This latter is the reason why
accomplishing the phases within DC-1 took more than one year following this
roadmap:

1. Reference aircraft TLARs speci�cation provided by aircraft manufacturer

2. Initialization L0. A synthesis solution for the reference aircraft is provided
by using the available Consortium OAD tools → output was provided as
an aircraft CPACS model

3. Feedback related to L0 solution for reference aircraft from aircraft manu-
facturers → re�nement TLAR and synthesis update

4. Consolidation of CPACS L0 reference aircraft

5. Tools testing on DC-1 aircraft according to the reference Design Sys-
tem formulation and feedback on additional requirements and design op-
tions/assumptions
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6. Assembling and running the distributed multi-level synthesis process (AG-
ILE Design System reference)

The time spent was particularly addressed to collect all the tools already
available, to make the tools compliant with CPACS �le schema and to formulate
a Design System taking into account for data exchanging and disciplines cross-
connections.

Figure 3.2: Reference Design System formulation.

The abovementioned reference Design System formulation is illustrated in
Fig. 3.2. It contained several tools with di�erent level of �delity such as:

• L0 → empirical based design tools, as typical in SOTA conceptual aircraft
design methods

• L1 → physics-based analysis tools, based on a simpli�ed representation of
the physics phenomena, suitable for the design of a conventional aircraft

• L2 → tools based on a complex and more realistic representation of the
physics phenomena. These tools were included to be used as a �nal check
after L1 tools analyses

The �rst step in assembling the reference aircraft was a Consortium inves-
tigation of the provided TLARs in order to provide a L0 synthesis design. This
activity, named Design Challenge � L0, aimed at:

• quickly investigate the design space of the reference aircraft
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• provide a reference DC-1 CPACS con�guration to tune available analysis
capabilities, also the L1/L2 tools, to be used during the DC-1

• setting up the �initialization process� in terms of details and assumptions
underlying the L0 synthesis process through a set of iterations between
the provided tools

• identifying early inconsistencies between the levels

• providing a feedback related to the design process and the optimization
formulation

The time period addressed to achieve the above-mentioned target of Design
Challenge � L0 was divided in two phases:

1. A synchronization phase of the L0 capabilities, in which L0 tools
providers discussed the design assumptions and the design methodolo-
gies already available in multiple iterations. The generated solutions were
iteratively updated based on a weekly remote meeting and a consistent
set of additional assumptions were de�ned for the reference aircraft. This
phase was concluded in a period of nine months after a review of the
solutions from Aircraft Manufacturer Bombardier and Leonardo company

2. A consolidation phase, in which assumptions were frozen and a L0
synthesis baseline was selected and re�ned by using the di�erent L0 tools
available. The resulting design was provided as a CPACS �le and dis-
tributed to the Consortium.

During the synchronization phase di�erent overall aircraft design capabilities
and tools were used to generate the conceptual solution, such as:

• VAMPzero, DLR [49]

• Initiator, TU Delft [50]

• ASTRID, POLITO [51]

• ADAS, UniNa [35]

All the design capabilities employed rely on conceptual design methodologies
and were already made available by the Partners. The CPACS compatibility for
the design tools was developed and extended during the �rst six months of AG-
ILE and was presented at the Half Year 1 Progress Meeting. These modules are
capable to provide the full conceptual aircraft synthesis according to a set of the
TLARs. However, at the �rst iteration, each of the partners was free to choose
the required assumptions not explicitly speci�ed in the requirements list. The
solutions were compared and discussed, and additional common assumptions
were considered for the next iterations.
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Figure 3.3: Design Challenge L0 solutions � existing aircraft

The design solutions have been reviewed at Month 09 and compared to
existing aircraft with similar transportation missions (public available data), as
shown in Fig. 3.3.

A comparison of the main synthesis results is presented in Table 3.3, and
in Fig. 3.4. It can be noticed that all the synthesis tools produce comparable
aircraft con�gurations. Most of the di�erences concern the estimation of the
masses of the aircraft components (such as fuselage, systems, etc.) which a�ect
the rest of the aircraft estimation components (e.g. wings masses). Another
observation concerns the resulting wing areas (83-89 m2), which are higher
than similar aircraft ( 70 m2). This e�ect was further analysed and was blamed
on challenging take-o� requirements and on being conservative as regards values
assumed for the high-lift performance.

At the end of the �rst set of iterations, the provided TLARs were re�ned
and new assumptions were introduced:

• LFL → 1400 m, challenging and main driver requirements for the lifting
surfaces sizing

• CL_max @ take-o� → 2.2

• CL_max @ landing → 3.0

Additionally, a reference engine performance deck was provided by CIAM.
The granularity of information utilized by each of the conceptual tools is di�er-
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Parameter TU Delft UniNa POLITO DLR
Span (m) 28.4 29.11 28 29
Area (m2) 84.35 89.17 83 88.9
Λc/4 (deg) 26.2 25 25 25
A 9.6 Fixed 9.5 Fixed 9.5 Fixed 9.5
LF (m) Fixed 34 Fixed 34 Fixed 34 Fixed 34
dF (m) Fixed 3.0 Fixed 3.0 Fixed 3.0 Fixed 3.0
MTOM (kg) 40540 44183 41070 43861.5
OEM (kg) 24220 26721 22415 24974
MLM (kg) 38040 39764 37490 37951
Block Fuel (kg) 7480 8381 7160 7387
Wing mass (% OEM) 14% 17% 16% 21%
Wing loading (kg/m2) 479.08 498.97 490 493
TOFL (m) Fixed 1500 Fixed 1500 Fixed 1500 Fixed 1500
SFC cruise (-) Fixed 0.577 Fixed 0.577 Fixed 0.577 Fixed 0.577
BPR (-) Fixed 6 Fixed 9 Fixed 9 Fixed 9
CL_max @ take-o� (-) Fixed 2.1 Fixed 2.1 Fixed 2.1 Fixed 2.1
CL_max @ landing (-) Fixed 2.8 Fixed 2.8 Fixed 2.8 Fixed 2.8
L/D @ cruise (-) 16.8 16.2 - 18.1

Table 3.3: Synthesis solutions comparison and assumptions.

Figure 3.4: Design Challenge L0 � synchronization phase results.
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Figure 3.5: TiGL Viewer representation of the DC-1 reference aircraft.

ent, however, at the conceptual stage most of the information extracted from
the performance deck were related to the values of speci�c fuel consumption for
the main segments of the mission pro�le (cruise, climb, descent).

The main outcome of this design challenge is a consolidated conceptual syn-
thesis solution of the reference aircraft wrapped into a CPACS �le and repre-
sented thanks to TiGL Viewer software, as shown in Fig. 3.5.

Finally, the design space was further explored by performing additional syn-
thesis studies, including the following variations:

• Assumed engine performance (SFC, BPR)

• Assumed high lift performance and high lift systems design

• 4 vs 5 abreast cabin con�guration

• Traditional vs. more electric systems architecture

• Design of experiment on aircraft wing based on given TLARs

The author deeply contributed to the Design Campaign 1 by performing
synthesis studies by using the internal Overall Aircraft Design software named
ADAS and by providing di�erent competences wrapped into peculiar tools.
The Overall Aircraft Design phase was carried out manually by each involved
partner, since at that stage was really di�cult to orchestrate the whole system
made of several disciplines and part of the time was spent in organizing a feasible
MDA architecture. In particular, at least four months were spent by the author
to implement and to improve a conceptual layout of the entire work�ow by
focusing on partners' data cross-connections and implementing that information
manually.

70



3.1. Design Campaign 1

Figure 3.6: Consolidated L0 distributed synthesis. First AGILE distributed
design system mock-up

Making use of the consolidated assumptions, the four individual conceptual
tools were combined in a single L0 distributed synthesis, as shown in Fig. 3.6.
The process can also be considered as a �rst `mock-up' of the AGILE distributed
design system.

Once a conceptual architecture was �xed, each partner started to share their
own competences by implementing several algorithms and wrapping them into
RCE tools. Implementation of these latter was really time-consuming and re-
quired a really large e�ort by the candidate because of the amount of disciplines,
and so partners, and design variables involved in the design task.

The procedure to implement and wrap an algorithm into a tool can be
divided in two sessions:

• Information collection

• CPACS compliancy

In the Information collection session, all information about input and
output required and produced by the tools coming from other partners were
carefully collected to create a set of tools able to of being cross-connected within
a work�ow and able to make use of results coming from each other. Each partner
of the consortium was invited in compiling a certain �le reporting all the useful
information about its own tool describing in detail what its speci�c tool needed
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to work correctly. In this way a so-called conceptual Tools catalogue was created.
A remarkable amount of time was spent by the candidate to manage all the
information in order to create his own tools and assemble a conceptual layout
of the initial MDAO work�ow.

The second session, CPACS compliancy, was the hardest part in terms of
time and e�orts made by the author. Firstof all, for each of the tools created, the
Python algorithm was implemented by coding a pre-processing section to extract
from the speci�c CPACS �le all the geometrical, performance and weights data
of the aircraft useful to perform the expected calculations.

In particular, as regards the extraction and manipulation of the quantities
directly available in the CPACS �le it was possible to gather them through a
large use of TIXI libraries, while about the geometrical aspect both for lifting
surfaces and for fuselage components evaluations were made by means of TiGL
capabilities and libraries.

TiGL and TIXI routines enabled the author to detect how many wings or
fuselages the airplane contained, and for each one to evaluate all the useful
characteristics. In particular, careful programming steps were required to ex-
tract the coordinates of the points in the Reference system describing a certain
geometry, starting from the local reference system coordinates ([eta, xsi] for the
wing and [eta, zeta] for the fuselage), which were fundamental to calculate the
main geometrical features required to allow the developed tools work correctly.

Going deeply in details, in a CPACS �le, a wing consists of a set of segments,
each having a trapezoidal planform, needed to model a nearly arbitrary wing
geometry. In order to de�ne the shape of each section, a set of airfoils, usually
described as a list of points in relative coordinates for unit chord length, is also
required. All de�nitions of the wing are located in the <wings> node inside
the aircraft model speci�cation. Just like an airfoil, each aircraft component,
such as wing, fuselage, horizontal and vertical tailplanes and so on, has a unique
identi�er (the uID) to make it always referable avoiding any misunderstanding
possibilities.

As reported in Table 3.4, several TiGL and TIXI features were used by the
author for every tools developed over the project in order to evaluate funda-
mental quantities to perfrom some preliminary design analysis. The list of the
routines used by the author has been reported following the Python script line
by line. For the fuselage components, considering also that nacelles can be
considered as tapered bodies, libraries similar to those listed in Table 3.4 were
used. Since there is no TIXI or TiGL library which can evaluate the fuselage
maximum diameter, a further e�ort was necessary to collect all the points of
the fuselage sections and compare each section height and width to calculate
the maximum diameter. To provide a clearer explaination about the way which
CPACS �le describes the aircraft components by the location of their points, in
Fig. 3.7a simple schema is shown.

In general, several burdensome procedures were applied by the author to
calculate all the data not directly available in the CPACS �le such as quarter
chord wing sweep angle, wind dihedral angle, wing section maximum thickness,
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Figure 3.7: Wing and fuselage segment points de�nition in a CPACS �le. This
concept is the starting point for every calculation performed by the
author through his own tools.

fuselage upsweep and windshield angle and so on.
Moreover, the best practice envisages that each CPACS tool needs to be

equipped with a customized XML �le named Toolspeci�c. This latter con-
tains additional information such as aircraft and main components uIDs, airfoils
names and input that can be received by other tools or manually inserted by
the user (the author in this case). In that way, all the algorithms implemented
for a certain discipline can be maintained unchanged even if the CPACS input
�le is referred to a di�erent aircraft. The only �le that needs to be modi�ed is
the Toolspeci�c one in which new uIDs, names and data must be varied. This
way of working is one of the advantages provided by the usage of a common
language schema such the CPACS and it allows to speed up the recon�guration
of a pre-assembled work�ow saving a remarkable amount of time.

A simple �ow of the procedure is depicted in Fig. 3.8. When the process
starts the CPACS �le is automatically merged with the toolspeci�c �le gener-
ating a new CPACS �le containing an extra tag named <toolspecific> in
which all the additional information are stored. Then, the implemented python
algorithm through TIXI and TiGL libraries is able to interpret the CPACS �le
and extract all the useful data that must be provided to the speci�c tool. When
the calculations are �nished, the python script generate a new CPACS tag,
under the <toolspecific> one, named <partner_output>, where all the
results are collected. As a �nal step, a new inspectable CPACS �le is containing
all the results came from all the partners involved in the task is created.

The tools developed by the author, as part of the DAF research group at
UniNa, related to aircraft aerodynamic, design and ground performance estima-
tion, were fully embedded into RCE framework and are capable to deal with a
generic CPACS aircraft model through an automated process. During the �rst
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Figure 3.8: General way of working of a tool developed by the author.

Design Campaign, nine tools were developed, as shown in Fig. 3.9, and tested
on the reference aircraft to evaluate its speci�c characteristics. These tools can
be brie�y described as follows:

• Wing Analysis

It evaluates the wing lift curve of a lifting surface and the cl distribution
along semi-span using the Nasa-Blackwell method [55]

• High-Lift

It computes the aircraft aerodynamic coe�cients with high lift devices
(�aps and slats) deployed [56], starting from wing aerodynamic data in
clean con�guration calculated by means of Wing Analysis tool. The dif-
ference between take-o� and landing condition lies on high lift devices
rotation angle and chord extension.

• Take-O� Performances

It is a simulation-based tool designed with the aim of evaluating the take-
o� distances and speeds of a generic aircraft in both All Operative Engine
and One Engine Inoperative conditions by integrating the equations of
motion that describe the aircraft state along all the maneuver [58]

• VeDSC (Vertical tail Design Stability and Control)

It performs the calculation of vertical tail directional stability contribution
and evaluates the interference factors among the main aircraft components
[41] [52]
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Figure 3.9: Tools developed by the author, as part of DAF ResearchGroup at
UniNa, fully embedded into RCE environment.

• FusDes (Fuselage Design)

It performs the calculation of fuselage directional stability contribution
and evaluates the moment coe�cients and geometry shape factors [42]

• Directional Stability

It is a VeDSC and FusDes merging, in addition to these ones it performs
the calculation of wing directional stability contribution and the direc-
tional stability of the whole aircraft con�guration (CNβ )

• VMC

It computes the minimum control speed in case of inoperative engine(s)
starting from engine and vertical tail characteristics. Moreover, it is capa-
ble of sizing the vertical tail surface corresponding to the VMC airspeed,
to the VMC increased of 13% with respect to the stall speed in take-o�
condition, and to the VMC airspeed increased of 13% with respect to the
stall speed in take-o� condition speci�ed by FAA documentation [57]

• Drag Polar

It computes the aircraft drag polar according to semi-empirical approaches
[53]. It is also possible to perform several analyses at di�erent Mach and
Reynolds number, angle of attack and yaw and altitude. Foe each analysis
the tool provides zero lift drag values of the aircraft and its component in
clean, landing and take-o� condition, lift-drag curve taking also into ac-
count for induced drag contribution provided in the CPACS �le by another
partner.

Once the partners' modules were ready, in terms of CPACS compatibility
and RCE integration, the next step was the Design Challenge L1 which was
addressed to provide the AGILE reference system. It was planned to:
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Figure 3.10: Conceptual structure of MDAO work�ow.

• provide a full convergent MDAO process for the reference aircraft, coher-
ent with the design capabilities available at this stage

• assemble the DC-1 distributed work�ow including the partners' tools,
which are CPACS compatible

• include design of experiments and a �rst optimization

The MDAO process can be represented by a �simulation chains� where sev-
eral specialists' tools are involved. Each block is a design module or a group
of them provided by the partners to the consortium and made accessible via
remote service where UniNa, represented by the author, was the aerodynamic,
ground performance and aircraft directional stability specialist and the DLR
was the Integrator. In Fig. 3.10 a conceptual structure of the MDAO chain is
shown, meanwhile in Fig. 3.11 the same MDAO integrated in RCE environment
as an executable work�ow is presented.

Furthermore, the deployed "work�ow of work�ows" has been provided as
"service of services" and coupled to a surrogate based optimization strategy,
named SEGOMOE, developed by ONERA [59]. This approach was retained
for the SOTA distributed MDO system as it combines the advantage of MDF
formulation (no modi�cation of the MDA process, consistency of the design
at each iteration of the optimization [60]) and of the use of surrogate models,
enabling to reduce the number of calls to the MDA. The optimization problem
can be de�ned as described in Eq. 3.1:

min DOC

w.r.t 7 wing shape variables

s.t 2.2− CLmax < 0

(3.1)

The design variables, the constraints and the output (objectives) data con-
sidered to perform the MDA, DoE and MDO are listed in Table 3.5, Table 3.6
and Table 3.7.
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3.1. Design Campaign 1

Parameter Wing area (m2) ΛLE(◦) A (t/c)root (t/c)kink (t/c)tip Twist@tip(◦)
Max 95 34 9 15 12 11 1
Min 75 30 10.5 13 10 9 -5

Table 3.5: Design space of the involved variables.

State variables
chordKink chordRoot chordTip kink_y mac_Wing span_Wing taperRatioInboard taperRatioOutboard

Table 3.6: Set of variables to be monitored over the process, also labelled as
State variables.

At the end of the �rst Design Campaign was possible to run the whole MDA
and DoE chain as a collaborative work�ow, taking advantage of the tool(s) of
each partner through the interaction between the coordinator and specialists
which provided their own tools and competences as a remote service.

As the target work�ow is characterized by both a high degree of discipline
interdependency and many design variables one of the most straightforward
solutions is the use of surrogate models. A surrogate model (SM) is an analytical
formulation that replaces a complex model, or even a design analysis work�ow,
by means of data �tting. As a result, a surrogate model requires only little
computation time, which is particularly useful for capturing complex analysis
methods and applying them multiple times as part of a global optimization
process. In the MDA work�ow of DC-1, more than 2000 connections were
identi�ed between design competences; to reduce the complexity of the problem
while keeping as much as possible its similarity with respect to the aircraft design
process, several modi�cations were made and four clusters were built using a
selection of design competences:

Aerodynamic Cluster This cluster gathers a morphing tool (that enables the
modi�cation of the full wing geometry from a set of design parameters)
and aerodynamic performance computations including low-speed con�gu-
rations. It takes as input the wing design parameters and provides lookup
tables for aerodynamic coe�cients, related to the speci�ed wing design.

On-Board Systems Cluster This cluster aims at providing the On-Board
systems performance in terms of weights and power, using the wing design
parameters and other inputs such as the Fuel Weight and operational
weights such as MTOM (Maximum Take-O� Mass).

Structural sizing and Weight Cluster This cluster provides the weight break-
down of the entire aircraft using as inputs the wing design parameters,
the fuel weight and the systems weight. It also contains the load and
structural sizing competence that sizes the wing structure and computes
its weight.

Mission performance Cluster This cluster contains the Mission performance
tool and uses as inputs the wing design parameters, the operational weights
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Chapter 3. Design Campaigns in the AGILE project

Output data Constrains
CLmaxTO CLmaxL DOC SV MC fuelMass OEM wingMass systemsMass

Table 3.7: Output data and constraints.

and the Aerodynamic look up tables to run the full mission and provides
the fuel weight.

The design competence clusters were then implemented as collaborative
service-oriented work�ows, and executed within a MDA and then a DOE studies
in order to generate the databases for the clusters' surrogate models.

Starting from this achievement, the consortium made further e�orts both in
improving the reference MDAO architecture and in performing dedicated anal-
yses and optimization tasks with regard to speci�c aircraft component such as
the wing, the nacelle, the rudder and so on. These activities aimed at providing
to the consortium and the scienti�c community new and high �delity method-
ologies and results useful in aircraft design �eld. DC-2, described in Sec. 3.2,
dealt with these tasks.

80



3.2. Design Campaign 2

3.2 Design Campaign 2

The second design campaign was labelled �MDO Test bench�. The DC-2 activi-
ties were based on the outcome of the DC-1 work and were implemented during
the second phase of the project. In this phase di�erent optimization techniques
are investigated in a structured way making use of the reference MDO frame-
work and reference aircraft con�guration, assembled in Initialization step. The
developed best practice methods of all tasks are combined resulting in enhanced
reference MDO systems. The number of use cases was expanded to �ve parallel
ones and for each use case, a novel MDO strategy (addressing a speci�c collabo-
rative scenario) was investigated and assessed for the resolution of the design of
the reference aircraft. Depending on the use case, classical MDO formulations
or more adapted ones were used. The �ve use cases were:

1. Use case focused on the improvement of MDO strategies with the develop-
ment and integration of new design competences in terms of optimization
algorithms and surrogates modelling. This use case and the results are
presented in [23,61]

2. The implementation of Uncertainty Quanti�cation (UQ) methods and ro-
bust based design optimization in complex, variable �delity optimization
was the objective of the second use case [23]

3. The development of a mixed-�delity MDO strategy was tackled with the
integration of high-�delity design competences and its combination with
OAD level. The process is presented in [62]

4. A multi-scale application is described in [63] aiming at investigating the
improvement of involving an aircraft component supplier (aircraft rud-
der) in the overall aircraft optimization process while keeping its speci�c
framework

5. A large-scale system-of-systems application was studied, coupling Aircraft
- Engine - On-board systems (OBS) - Emissions in a distributed frame-
work approach with the involvement of disciplinary services from di�erent
partners [64].

This work will only focus on the enhanced methodologies developed by the
candidate as part of the DAF research group (UniNa) to contribute to AG-
ILE project over the DC-2. In particular, this section will only deal with the
improvement of MDO strategies and with the development and integration of
new design competences in terms of optimization algorithms and tools made
available to all the consortium as a remote service provided through a Brics
call.

Design and optimization studies can often involve multiple and con�icting
objectives, a multi-objective optimization approach [65] should be employed
allowing to consider many di�erent parameters that could be a constraint or an
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objective function for a speci�c investigation. The design methodologies that
allow to perform optimization studies during the aircraft preliminary design
phase have been already implemented in a software package [66] and can be
also built up by means of surrogate models [42,52,67].

These latter were obtained at the end of DC-1 by implementing di�erent
Service Work�ows related to di�erent disciplines. As shown in Fig. 3.12, each
cluster is a work�ow that can be run as a remote service through a Brics call.
The XDSM graphs in Fig. 3.12 were then translated into executable blocks
which contain a certain response surface, an example is depicted in Fig. 3.13,
that can be queried by means of a suited interpolation technique. For example,
the executable version of the Aerodynamic Cluster was used to evaluate the
zero-lift drag coe�cient and the maximum achievable lift coe�cient, and the
Structural sizing and Weight Cluster was employed to calculate the wing weight.
The created clusters and their interpolation allowed to perform the optimization
of the reference aircraft de�ned during DC-1 moving to a new optimized aircraft
con�guration achieved in the DC-2. The whole aircraft optimization took also
advantage of new and advanced optimization techniques developed by di�erent
partner in the consortium.

2048 inputs 1 input 429 inputs

AEROMAP Init 4 connections 3 connections 4 connections

DLR Morphing 1948 connections 1561 connections

DLR Aero Performance 8 connections

2 outputs UNINA[High Lift]

8 outputs AeroToRSM

(a) Graph of Aero Cluster

240 inputs 7 inputs

DLR Morphing 1 connection

24 outputs ASTRID

(b) Graph of System Cluster

2099 inputs 212 inputs

DLR Morphing 2078 connections

759 outputs DLR AERO SIZE

(c) Graph of Weight Cluster

2167 inputs 8 inputs 83 inputs

DLR Morphing 2150 connections

RSMToAero 6 connections

69 outputs DLR FSMS

(d) Graph of Mission Cluster

Figure 3.12: Graphs of the 4 assembled clusters.

In this context, the methodological enhancement proposed and developed by
the author couples the Nash game theory (N) to a typical genetic evolutionary
algorithm (GA) [61], reducing the number of the needed analyses [68] and the
computational time, allowing a more realistic association among variables and
objective functions [69]. The regional turboprop aircraft wing optimization
problem is here approached by means of game theory solutions, in particular,
the Nash equilibrium solution concept, for which no player has anything to
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3.2. Design Campaign 2

Figure 3.13: Response surface example from the Aerodynamic Cluster.
CLmaxTO variation with respect to AR and ΛLE .

gain by unilaterally changing his strategy [70]. Reducing the general multi-
player formulation to a two-player situation, the mathematical expression for
the Nash equilibrium problem N is:

find
(
_

x1,
_

x2
)
∈ X1 ×X2 such that

f1

(−
x1,
−
x2

)
= min
x1∈X1

f1

(
x1,
−
x2

)
,

f2

(−
x1,
−
x2

)
= min
x2∈X2

f2

(−
x1, x2

) (3.2)

where (x1, x2) ∈ X1×X2 are the players' variables or strategies, de�ned in their
own strategy domains X1,X2, while f1, f2 are the players' objective functions.
In the speci�c case object of this research the players' variables are in them-
selves a variables' set, as x1 = [ξ1, . . . , ξn], x2 = [η1, . . . , ηm] of dimension n, m
depending on the variables partition introduced by the optimization problem
decomposition, the latter being case speci�c. The genetic algorithm (GA) is
an adaptive heuristic search method based on the principles of genetics and
natural selection. Its name sets the roots in the analogy with living organisms
in nature, being a GA capable of driving the evolution of a population (in con-
junction with game theory, of players) under speci�ed selection rules aiming to
maximize their �tness w.r.t. the environment (i.e. an objective function under
operating conditions and constraints). A GA structure could be regarded as a
composition of the following pieces: i) a �nite set of n-dimensional array, i.e. the
population or players, usually encoded as a string of bits named genotype; ii)
an adaptive function, called �tness, that estimates the goodness of the solution,
indicating the individuals to let reproduce; iii) semi random genetic operators
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such as selection, crossover and mutation that operate on individuals, changing
their associated �tness. The constraints are implemented by means of penalty
functions, decreasing the individuals' �tness. The solution quality, enhanced by
a large population, is also the bane of a GA in simple problems [71], leading in
general to higher computational time. However, its wide usage is justi�ed by
several advantages, among which:

− The use of continuous or discrete variables.

− The trend of the objective function and its derivatives can be unknown.

− It deals with problems with many variables.

− It o�ers an intrinsic parallelization of the algorithm.

− It delivers satisfactory results in problems with extremely complex object
functions hypersurfaces (i.e. with many local minima).

− It performs properly with numerically and/or experimentally generated
data.

These features favor the GA in cases where the traditional optimization ap-
proaches fail. The algorithm for a two player Nash equilibrium game [72,73] is
here described for simplicity. Let U, V be players' strategy sets (both are metric
spaces). Let f1, f2 be two real valued functions de�ned on U × V representing
the players' objective functions. The used algorithm is based on the Nash ad-
justment process [74], where players take turns setting their outputs, and the
chosen output of each player (in U) is his best response to the output previously
chosen by his opponents (in V). The converged steady state value of this process
is a Nash equilibrium of the game. Let s = u, v be the pair representing the
potential solution for a 2 person Nash problem. Then u denotes the subset of
variables handled by the player 1, belonging to U, and optimized under the ob-
jective function f1. Similarly, v indicates the subset of variables handled by the
player 2, belonging to V, and optimized under a di�erent objective function f2.
As stated in the Nash equilibrium de�nition [75], the player 1 optimizes pair s
with respect to f1 by modifying u while v is �xed by the player 2; symmetrically,
the player 2 optimizes pair s w.r.t. the f2 by modifying v, while u is �xed by
the player 1. This procedure can be implemented numerically considering uk−1

and vk−1 be the best values found by players 1 and 2, respectively, at step (or
generation) k − 1 . At next step, k, the player 1 optimizes uk using vk−1 to
evaluate the pair s = uk, vk−1. At the same time, the player 2 optimizes vk

using uk−1 to evaluate the pair s = uk−1, vk. The algorithm is structured in
several phases, see also Fig. 3.14:

1. Generation of two di�erent random populations, one for each player, at
the �rst step. Player 1's optimization task is performed by acting on the
�rst population and vice versa.
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2. The sorting of the individuals among their respective population, is based
on the evaluation of a �tness function typical of GAs. The results of the
matches between each individual of population 1 with all individuals of
population 2 (scoring 1 or -1, respectively, for a win or lost, and 0 for a
draw) are stored, see Eq. (3.3). if f1

(
uki , v

k−1) > f1
(
uk−1, vki

)
,fitness1 = 1

if f1
(
uki , v

k−1) < f1
(
uk−1, vki

)
,fitness1 = −1

if f1
(
uki , v

k−1) = f1
(
uk−1, vki

)
,fitness1 = 0

(3.3)

A similar procedure is need for the player 2, as expressed in Eq. (3.4). if f2
(
uki , v

k−1) > f2
(
uk−1, vki

)
,fitness2 = 1

if f2
(
uki , v

k−1) < f2
(
uk−1, vki

)
,fitness2 = −1

if f2
(
uki , v

k−1) = f2
(
uk−1, vki

)
,fitness2 = 0

(3.4)

The individuals having an equal �tness value are sorted by f1 for player
1 and on f2 for player 2.

3. A mating pool for parent individuals is established, and crossover and
mutation operations are performed on each player population. This new,
evolved, population is sorted again, as described in phase 2.

4. At the end of the k − th step, the player 1 deliver his best value, uk ,
to player 2 who will use it at step k + 1 to assign a unique value for the
�rst part of his pair, i.e. the one depending on player 1, while the second
part is that derived from crossover and mutation operations. Conversely,
player 2 delivers his best value, vk, to player 1 who will use it at step
k+ 1, assigning a unique value for the second part of the pair, i.e. the one
depending on player 2.

5. A Nash equilibrium is found when a maximum number of steps is reached,
by repeating the phases 2-4. This algorithmic structure is similar to some
of those used in literatures [76], with a major emphasis on �tness function
consistency [69,77].

In the game theory approach, a multi-objective problem is considered as a game
with n players, each one characterized by a pay-o�. Each player wants to maxi-
mize his pro�t and will try to �nd an optimal game strategy. If each player has
selected a strategy and no player can bene�t from changing strategies while the
other players keep theirs unchanged, then the current set of strategy choices and
the corresponding payo� functions constitute a Nash equilibrium; other feasible
possibilities are either to merge the advantages of Nash game and Genetic Al-
gorithms (Nash-GAs) strategy or to use evolutionary optimization algorithms.
The idea to apply NGA equilibrium solutions to the aircraft design and opti-
mization leads to the chance to avoid a more arbitrary and less physically based
variables association among the di�erent objective functions, using, instead, a
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Figure 3.14: In this �gure the
Nash Genetic Algorithm structure
is shown. The sequence is com-
posed by �ve steps, from the
generation of random populations,
one for each player, to achiev-
ing the Nash equilibrium, through
the evaluation of a �tness function
based on GAs approach and mu-
tation operations among the indi-
viduals of each population. The
detailed description is presented in
the text.
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more engineering reliable variables assignment based on well-known parameter
association [61, 69]. In the NGA optimization approach, variables �cards� can
be assigned to �players� (objective functions) in a unique case, assigning in a
static manner these variables, or in multiples combinations, choosing cases to
be optimized (until to the maximum number of possible combinations). The
abovementioned approach has been applied, during the DC-2, to the common
test case, a regional jet swept wing (see Fig. 3.25), in order to benchmark it
against the mono-objective approach relying on a composite objective function,
and also to a regional turboprop straight tapered wing (see Fig. 3.15). The use
of the NGA optimization process was applied to the wing design considering
both aerodynamic (including low-speed performance) and structural objectives
in a single step. Starting from the turboprop use case, the game theory approach
was used to perform and compare two di�erent studies.

3.2.1 Two players wing optimization applied to turboprop

aircraft con�guration

The �rst study concerns the implementation and application, carried out by the
author, of a two players NGA (see Eq. 3.5). The objective functions or pay-o�s
are: the CDw, computed with simple equivalent �at plate method and parabolic
drag approximation, and the Ww, according to the methodology proposed by
Raymer [5]. Five design variables have been used in this application, as shown
in Eq. (4), including the wing aspect ratio AR, the mean wing thickness t/c, the
swept area Sw, the leading edge swept back angle ΛLE , and the taper ratio λ.
These variables are assigned among the two players in all possible combinations,
leading to 30 di�erent games.

Γ = 〈players : 2; AR : {11.45− 13.26}, t
c : {0.14− 0.18},

Sw : {55.27− 70.1}, ΛLE : {0− 3}, λ : {0.45− 0.64};
CDw,Ww〉

(3.5)

In order to consider the e�ect on the overall aircraft weight the following
considerations have been done: I) the aircraft weight is calculated as shown in
Eq. (3.6), summing up the operative empty weight WOE , the payload WPayload

and the fuelWFuel; II) the wing weight, which a�ects the overall aircraft weight,
is evaluated thanks to Eq.(3.9), where Wdg and NZ represent the design gross
weight and the ultimate load factor respectively; III) the operating empty weight
WOE and the fuel weight WFuel are calculated according to equations (3.7) and
(3.8), respectively, where WOE_ref and Wwing_initial are the initial reference
weights; IV) based on the aircraft cruise lift coe�cient CL, �xed during the
optimization process, the aircraft drag coe�cient is assumed to be equal at the
value obtained through Eq. (3.10) where the AR and the Oswald factor e vary
for each wing. Equations (3.11) and (3.12) represent, respectively, the objec-
tive functions: Fobj_1 considers the Prandtl-Glauert compressibility correction

87



Chapter 3. Design Campaigns in the AGILE project

b (m) Croot (m) ΛLE (deg) λ t/c Sw (m2) MTOW (kg)
Reference Wing 27 2.57 2.80 0.62 0.173 61 22215.1
CDw - Wing
Weight @
CL = 0.50

0.0209 - 1048 (kg)

WOE(kg) Wwing(kg) WFuel(kg) WPayload(kg)
Mass Breakdown 11917 1048 3098.1 7200

Table 3.8: Turboprop reference wing characteristics.

(Mcorr); Fobj_2 is the non-dimensional weight objective function.

WAC = Wpayload +WOE +WFuel, (3.6)

WOE = WOE_ref + Fobj_2 ·Wwing_initial, (3.7)

WFuel = 0.54 · S
2
w

b
·
(
t

c

)
·

((
1 + λ ·

√
5
6 ·
(
t
c

)
+ λ2 ·

(
t
c

)))
(1 + λ2)

· ρfuel, (3.8)

Wwing = 0.0051·(Wdg ·Nz)0.557·S0.649
w ·AR0.5+

(
t

c

)−0.4
root

·(1 + λ)
0.1·cos−1 (ΛLE) ,

(3.9)

CDw = CD0w +
C2
L

πARe
, (3.10)

Fobj_1 = CD0w +
C2
L

πARe
·Mcorr, (3.11)

Fobj_2 =
Ww

Wwing_initial
, (3.12)

Formally, the game is stated as shown in Eq. (3.5). The 2 players could
play with the 5 cards (AR, t/c, Sw, ΛLE , λ) alternatively assigned to the both
players, and player 1 wants to optimize the wing drag coe�cient (Eq. 3.11) and
player 2 the wing weight (see Eq. 3.12).

Comparison of the NGA optimization results and the reference wing value
is presented in Table 3.8 and shown in Fig. 3.16, where three solution points
are marked with di�erent shapes and colors.

In Fig. 3.16, the orange square and the red triangle represent two di�erent
Nash equilibrium points: the �rst one (game 3) represents the best point for
the player 1 which minimizes wing drag coe�cient with an increment in the
wing weight. Vice versa the second point (game 23) minimizes the wing weight
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Figure 3.15: Turboprop reference wing.
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Figure 3.16: NGA optimization results applied to turboprop use case.
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Figure 3.17: In this �g-
ure a comparison be-
tween the wing planform
of Game 3 (blue line)
and reference wing (red
line) is shown. The wing
con�guration of Game
3 is characterized by
a lower wing drag co-
e�cient value and a
higher wing weight value
w.r.t. the reference
wing. That is due to a
higher aspect ratio value
and a lower thickness ra-
tio value than the refer-
ence wing respectively.
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with an increment in the drag coe�cient. The light blue triangle (game 30)
represents one of the con�gurations chosen characterized by drag coe�cient
and wing weight values lower than the reference one. Table 3.9 summarizes the
results of the NGA optimization, while in Fig. 3.17, Fig. 3.18 and Fig. Fig.
3.19 the three best wings planform compared to the reference planform (in red)
are shown. The wing of the game 3 is characterized by a higher AR with respect
to the wing reference value, which leads to a lower wing drag coe�cient, while a
lower value of the mean wing thickness percentage leads to a higher wing weight
with respect to the reference one.

The opposite reasons lead to the results obtained for the game 23. The
wing of the game 30 has characteristics similar to the wing in game 23 but

AR ΛLE (deg) b (m) λ t/c Sw (m2) MTOW (kg)
game 3 13.26 0.75 29.63 0.64 0.14 66.21 21934.25

CDw - Wing Weight 0.0192 - 1257.6 (kg)
game 23 11.45 3 25.18 0.64 0.18 55.40 21867.97

CDw - Wing Weight 0.0215 - 943.2 (kg)
game 30 11.45 0.46 25.29 0.45 0.14 55.85 21465.11

CDw - Wing Weight 0.0204 - 1027 (kg)
Reference Wing 11 .95 2.80 27 0.62 0.173 61 22215.1

CDw - Wing Weight 0.0209 - 1048 (kg)
Mass Breakdown WOE(kg) Wwing(kg) WFuel(kg) WPayload(kg)

game 3 12126.60 1257.60 2607.65 7200
game 23 11812.20 943.20 2855.77 7200
game 30 11896 1027 2369.11 7200

Reference Wing 11917 1048 3098.1 7200

Table 3.9: Results of NGA application to the turboprop wing
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Figure 3.18: In this �g-
ure a comparison be-
tween the wing planform
of Game 23 (blue line)
and reference wing (red
line) is shown. The wing
con�guration of Game
23 is characterized by
a higher wing drag co-
e�cient value and a
lower wing weight value
w.r.t. the reference
wing. That is due to a
lower aspect ratio value
and a higher thickness
ratio value than the ref-
erence wing respectively.

Wing span (m)

C
h

o
rd

 (
m

)

0 5 10 15 20 25

-20

-15

-10

-5

0

5

10

15

20

  AR        Sw        λ       ΛLE       t/c       croot       b

11.45     55.4    0.64       3       0.18      2.62    25.18

Wing planform of Game 23

Variables assigned to Player 1 (CDw):  ΛLE λ
Variables assigned to Player 2 (Ww): AR Sw  t/c
Wing CD = 0.0215
Wing weight = 0.9 initial estimate

Figure 3.19: In this �g-
ure a comparison be-
tween the wing planform
of Game 30 (blue line)
and reference wing (red
line) is shown. The wing
con�guration of Game
30 is characterized by
a lower wing drag co-
e�cient value and a
higher wing weight value
w.r.t. the reference
wing. That is due to a
combination of multiple
factors such as a lower
value of the taper ratio,
the sweep leading edge
angle.
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Figure 3.20: The re-
sults comparison among
the three optimization
approaches is presented.
The NGA results (blue
�lled circle) are charac-
terized by a good spread
in the feasible zone of
the Pareto front (red
�lled circle), while the
GA scalarization points
(black empty circle) are
only located in the lower
area of the feasible zone.
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lower values of the mean thickness percentage and of the taper ratio lead to an
optimized wing with lower Ww and CDw. The detailed results are reported in
Table 3.9. The developed NGA optimization methodology was also compared to
GA scalarization and a multi-objective GA (Pareto front) algorithms provided
by already existing Matlab libraries [78, 79]. In the scalarization optimization,
GA algorithm has been chosen and the objective function was de�ned as an
average weighted function, as shown in Eq. 3.13.

Fobj = Fobj_1 · kw + Fobj_2 · kCDw · sCDw (3.13)

where:

− kw, is the weight which represents the importance of the wing weight in
the optimization process.

− kCD, is the weight which represents the importance of the wing drag
coe�cient in the optimization process.

− sCDw, is the scale factor useful to keep the same order of magnitude
between the objective functions.

The range of values for kw and kCD is [0,1], each one used for weighting
the corresponding objective functions. In Figure 6 the comparison between the
results of the three approaches is shown, remarking a good agreement. The
NGA results are characterized by a good spread in the feasible zone of the
Pareto front (convexity of the Pareto front), while the GA scalarization points
are only located in the lower area of the feasible zone.
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3.2.2 Three players wing optimization applied to turbo-

prop aircraft con�guration

The second study was accomplished making a step forward in the implementa-
tion of optimization strategy increasing task complexity. Starting from the two
players' optimization, a third player (CLmaxw) was added to also consider the
aircraft performance in terms of maximum wing lift coe�cient. For this reason,
the set of equations was enriched by adding another equation (see Eq. 3.14)
and, consequently, the NGA game was modi�ed according to Eq.(3.15).

The design variables are assigned among the players in all possible combi-
nations, leading to n games among players. In this speci�c case, considering 5
design variables and 3 players, there are six way of assigning these variables:

− [3, 1, 1], that means 3 parameters to Player 1, 1 to Player 2, 1 to Player 3

− [1, 1, 3], that means 1 parameter to Player 1, 1 to Player 2, 3 to Player 3

− [1, 3, 1], that means 1 parameter to Player 1, 3 to Player 2, 1 to Player 3

− [2, 2, 1], that means 2 parameters to Player 1, 2 to Player 2, 1 to Player 3

− [1, 2, 2], that means 1 parameter to Player 1, 2 to Player 2, 2 to Player 3

− [2, 1, 2], that means 2 parameters to Player 1, 1 to Player 2, 2 to Player 3

Each of these assignments leads to 10 possible combinations, and so 60 games
in total.

Fobj_3 = CLmaxw (3.14)

Γ = 〈players : 3; AR : {11.45− 13.26}, t
c : {0.14− 0.18},

Sw : {55.27− 70.1}, ΛLE : {0− 3}, λ : {0.45− 0.64};
CDw,Ww, CLmaxw〉

(3.15)

It must be noticed that the maximum wing lift coe�cient, calculated using
the Nasa-Blackwell method [55], is referred to the equivalent wing. For the three
players' optimization, the algorithm scans all the 60 possible solutions, selecting
only those for which the values of the objective functions are simultaneously
better than the reference's wing weight and drag coe�cient and greater than
maximum lift coe�cient. This solution is shown in Fig. 3.21. The solution
proposed is characterized by three players' values improved with respect to
the wing reference ones. In particular, the wing drag coe�cient is reduced of
about 1 drag count and the wing weight of about 4%, while the maximum
lift coe�cient is increased of about 0.07. In Table 3.10 the solution proposed
has been compared to the reference wing. The application proposed was also
compared to the Pareto front and the Genetic Algorithm modifying Eq. 3.13 in
Eq. 3.16.
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Figure 3.21: Compar-
ison between the opti-
mum wing solution of
Game 25 (blue line), and
the reference wing solu-
tion could be achieved
assigning the leading-
edge sweep angle and
wing aspect ratio cards
to the drag player, thick-
ness ratio and wing
area cards to the weight
player, and the wing ta-
per ratio card to the
maximum wing lift coef-
�cient player.
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  AR         Sw        λ       ΛLE        t/c       croot       b

 13.26   55.28   0.45      3         0.18       2.64     27.07

Wing planform of Game 25

Variables assigned to Player 1 (CDw):  AR ΛLE

Variables assigned to Player 2 (Ww): Sw t/c 
Variables assigned to Player 3 (Ww): λ
Wing CD = 0.0208
Wing weight = 0.957 initial estimate
Wing CLmax = 1.58 equivalent wing

AR ΛLE (deg) b (m) λ t/c Sw (m2) MTOW (kg)
Reference wing 12 2.80 27 0.62 0.173 61 22215
CDw−Ww−CLmax 0.0209 - 1048 (kg) - 1.516
game 25 13.26 3 27.07 0.45 0.18 55.28 21924
CDw−Ww−CLmax 0.0208 - 1003 (kg) - 1.580
Mass Breakdown WOE(kg) Wwing(kg) WFuel(kg) WPayload(kg)
Reference wing 11917 1048 3098 7200
game 25 11872 1003 2853 7200

Table 3.10: Comparison between the reference wing and the best solution of
NGA application with 3 players.
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Figure 3.22: Results comparison (Ww-CDw) among the three optimization ap-
proaches.

Fobj = Fobj_1 · kw + Fobj_2 · kCDw · sCDw − Fobj_3 · kCL (3.16)

In Eq. 3.16, the weight kCL represents the importance of the wing maximum lift
coe�cient in the optimization process. The comparison between all the results
performed by the NGA and those calculated by GA and Pareto front algorithm
is shown in Fig. 3.22, Fig. 3.23 and Fig. 3.24. Since there are three objective
functions which vary simultaneously the �nal results should be represented on
a 3-axis graph but, to show the comparisons as well as possible, three cutting
planes are presented in the �gures abovementioned, focusing the attention on
two pay-o� functions at once. The NGA better solution (the orange square in
the three �gures, referred to the wing planforms shown in Fig. (3.21)) always lies
on the Pareto front, leading to comparable results among di�erent approaches.

3.2.3 Three players wing optimization applied to trans-

port jet aircraft con�guration

The second application of the optimization task performed by the candidate was
referred to a jet swept wing 3 players optimization using the NGA algorithm
and then comparing the results obtained to a classical Pareto front and single
objective scalarization (GA). The TLAR of the aircraft are given in Table 3.11,
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Figure 3.23: Results comparison (CLmax-CDw) among the three optimization
approaches.

and the resulting wing design from DC-1 is characterized by a reference area
equal to 82.7 square meters and a sweep angle at the quarter of the chord equal
to 30 degrees. The DC-1 main wing parameters are summarized in Table 3.12
and the wing is shown in Fig. 3.25.

Description Value
Range 3600 km

Cruise Mach number 0.78
Initial Climb altitude 11 000 m
Number of passengers 90 pax
Take-o� �eld length 1500 m
Approach speed 130 kts
A/C con�guration Low-wing, wing-mounted engines

Table 3.11: Top level aircraft requirements.

A multi-objective optimization was performed involving �ve design variables:
the taper ratio (λ), the maximum mean thickness percentage (t/c), the aspect
ratio (A), the leading-edge sweep angle (ΛLE) and the wing area (Sw). The
three objective functions (players) are the wing drag coe�cient (computed ac-
cording the Aerodynamic Cluster), the wing weight (computer according to the
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Figure 3.24: Results comparison ((CLmax-Ww) among the three optimization
approaches.

b(m) Croot(m) ΛLE(deg) Taper Ratio t/c Sw(m
2)

Reference Wing 28.01 6.39 30 0.164 0.13 82.7
CDw - Wing Weight @ CL = 0.49 0.0254 - 4887kg

Table 3.12: Reference wing characteristics.

Structural sizing and Weight Cluster) and the wing maximum lift coe�cient in
clean con�guration (computed again according to the Aerodynamic Cluster).
During each loop the �ve design variables and the resulting objective functions
change. This application is also described by Eq. 3.17 where the �rst number
represents the number of players involved, inside the curly brackets the upper
and lower values of the �ve cards of the game (AR, t/c, Sw(m2), ΛLE(deg), λ
respectively) and �nally the speci�c players (objectives). The 3 players could
play with these 5 cards, with player 1 optimizing the wing drag coe�cient,
player 2 optimizing the wing weight and player 3 optimizing the maximum lift
coe�cient in clean con�guration.

Γ = 〈3; {9− 10.5}, {0.125− 0.138}, {75− 95}, {30− 34}, {0.12− 0.17};
CDw,Ww, CLmaxw〉

(3.17)
Figure 3.26 shows the best solution in terms of wing planform compared
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Figure 3.25: Reference wing planform.

AR ΛLE(deg) b(m) λ t/c Sw(m
2)

Reference Wing 9.43 30 28.01 0.164 0.13 82.7
CDw - Wing Weight - CLmaxw 0.0254 - 4887 (kg) - 1.39
Game 35 (NGA) 10.5 33.69 28.05 0.17 0.138 75.25
CDw - Wing Weight - CLmaxw 0.0240 - 4851 (kg) - 1.53
GA best solution 10.5 33.69 28.1 0.17 0.138 75
CDw - Wing Weight - CLmaxw 0.0240 - 4838 (kg) - 1.53

Table 3.13: Comparison between AGILE DC-1 wing and the best solution of
NGA and GA applications with 3 players.

with the reference wing planform (red line).
Table 3.13 provides the comparison between the reference wing planform,

the best solution chosen at the end of the NGA optimization and the best so-
lution obtained through GA scalarization. The latter solution was obtained by
associating AR and ΛLE to Fobj_1, Sw and (t/c) to Fobj_2, λ to Fobj_3. As
can be seen, the optimum solution simultaneously improves the drag coe�cient
(reduction of about 14 drag counts), the wing weight (reduction of about 40
kg) and increases the maximum achievable lift coe�cient (increase with 0.12).
Although the best solution obtained using the GA scalarization approach is
similar to the one obtained using NGA, the solution obtained using the scalar-
ization approach is largely dependent on the values of the k weigths and does
not take into account the association among variables and objective functions.
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Wing planform of Game 35

Variables assigned to Player 1 (CDw): AR sweepLE

Variables assigned to Player 2 (Ww): Sw t/c

Variables assigned to Player 3 (CLmax): TR

Wing CD = 0.024

Wing weight = 0.993 initial estimate

Wing CLmax = 1.45 equivalent wing

AR S(m2) TR sweepLE(deg) t\c Croot(m) b(m)

10.5 75.26 0.17 33.69 0.138 6.058 28.11

Figure 3.26: Wing planform (Game 35) three players' optimization for refer-
ence wing (blue) and optimized wing (red).

A comparison of all the NGA points (60 games) with a typical Pareto frontier
and scalarization optimization approach is shown in Fig. 3.28 and 3.29 high-
lighting that the NGA points are characterized by a better spread compared to
the GA scalarization points which are only located in a speci�c portion of the
feasible area bounded by the Pareto front. It is useful to underline that Fig.
3.28 and 3.29 only show a cutting plane of the multi-objective optimization
among the three players/variables involved.

This application showed that the Nash game theory coupled with a typical
genetic evolutionary algorithm (NGA) is a viable optimization strategy because
it �rstly permits a more realistic association among variables and objective func-
tions and secondly it reduces the computational time. Moreover, the reduced
distance between NGA solution points and the Pareto front demonstrates the
reasonableness and the feasibility of the results obtained.

At the end of the described application it is necessary to make a consider-
ation. The three players optimization involved the maximum achievable wing
lift coe�cient in clean condition as one of the objective variables. As stated in
Eq. 3.18, the CLmaxw depends on maximum lift force (Lmax), dynamic pressure
(q) and wing area (Sw). In particular, CLmaxw maximization can be obtained
by decreasing the Sw (see. Eq. 3.18) which can lead to a decrement of the
Lmax (see Eq. 3.19). So, a stricter de�nition of the objective function should
be provided by considering the factor (CLmaxw · Sw) as a third player of the
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Figure 3.27: Results comparison among the three optimization approaches
(data referred to the equivalent wing). CDw vs Ww/Ww_ref .

Figure 3.28: Results comparison among the three optimization approaches
(data referred to the equivalent wing). CLmaxw vs CDw.
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Figure 3.29: Results comparison among the three optimization approaches
(data referred to the equivalent wing). CLmaxw vs Ww/Ww_ref

optimization task. Future works and applications will count for this aspect.

CLmaxw =

(
Lmax
q · Sw

)
(3.18)

Lmax = CLmaxw · q · Sw (3.19)

The goal of this application is to show that the Nash game theory coupled
with typical genetic evolutionary algorithm, NGA, is a viable approach to use
in the optimization �eld in order to: �rstly, allow a more realistic association
among variables and objective functions; secondly reduce the computational
time. Moreover, the reduced distance between NGA solution points and the
Pareto front attests the reasonableness and the feasibility of the results obtained.
Finally, a veri�cation of the computational time between the Pareto front, a
single game of the NGA, and the GA scalarization approach has been performed
on a laptop equipped with a single CPU (2.0 GHz). The elapsed time for a single
NGA solution point for the 2 players application is equal to 5.14 seconds, for
a single scalarization GA solution point is 5.91 seconds, and for the Pareto
front is 7.57 seconds. The larger the number of variables or objective functions,
the larger the computational time that is saved. In this case correctly design
based assignment of the NGA variables to the players leads to a reduction
higher than 30% in terms of computational time. As future outlook is foreseen
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Figure 3.30: New methodology developed by the author and integrated in RCE
environment.

the introduction of a higher �delity models, like those of computational �uid
dynamics (either panel based or grid resolved) and structural mechanics, to
predict with a larger degree of accuracy the �gures listen in Eq. 3.7 -3.12,
and surrogate-based optimization strategy, to reduce evaluation function time.
Moreover, the simpli�ed models behind Eq. 3.7 -3.12 could still be applied, and
extended by means of the inclusion of term-speci�c uncertainty factors a�ecting
each of the �gures building up the objective functions used in this optimization
application.

The methodology proposed was not just a single application performed by
the author at UniNa, but was also fully integrated in RCE, as shown in Fig.
3.30, and made available to other partners through a remote service request. To
make it possible, a XML input �le was created to collect user's initial data and a
python script was implemented to read the input �le, run the NGA methodology
in batch mode making a sub-call to Matlab script and collect the output of the
optimization task in a new CPACS �le under the <toolspecific> tag as
indicated by AGILE best practice.

This way of working allowed other specialists to perform a wing optimization
related to their own tasks in a fully automated way just by making a Brics call
to NGA, GA or Pareto tools available in a main work�ow assembled by the
author.
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3.3 Design Campaign 3

The third design campaign was named: �Novel Con�gurations�. In this phase,
the combined best practice methods were applied to novel aircraft con�gura-
tions in order to investigate how the developed optimization techniques can
face di�erent physical problems also related to non-conventional aircraft con-
�gurations. In particular, the proposed aircraft design architectures are the
following:

a) Strut-Braced Wing (SBW)

b) Box-Wing (BW)

c) Blended Wing Body (BWB) with/without BLI technology

d) Unmanned Aircraft Vehicle (UAV)

e) Wing Mounted engine advanced turboprop (WM)

f) Rear Mounted engine advanced turboprop (RM)

This phase was mainly focused on delivering extended knowledge on opti-
mization techniques applied to large MDO frameworks in which disruptive air-
craft con�gurations were involved. All the achievements in terms of new MDAO
approaches, enhanced MDO procedures and results of have been published in
the AGILE Open MDO Test Suite.

In Chapter 4, a detailed description of the third design campaign and of the
work package related to it will be provided.
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Synthesis of the chapter

• AGILE Design Campaign have been carefully described

• AGILE Design Campaign 1 have been focused on the formulation
of a reference aircraft obtained by means of overall aircraft design
tools. This activity has deeply involved the author in achieving De-
sign Challenge L0 solutions.

• A �rst AGILE distributed design mock-up has been implemented in
collaboration with other partners.

• Information collection and CPACS compliancy sessions have
required a large e�ort for the author in order to start the develop-
ment of several tools related to aerodynamic, ground performance
and aircraft directional stability estimation.

• In DC-1, nine tools have been developed and tested by the candidate
on the reference aircraft con�guration. Tools have been also shared
with other partners and a MDA work�ow have been implemented in
RCE

• Results obtained by performing a DOE, based on MDA work�ow,
have been used to build up aerodynamic, on-board systems, struc-
tural, weight and mission performance cluster to speed up the opti-
mization process.

• In DC-2 several new and/or improved optimization methodologies
have been developed.

• A new wing optimization technique (NGA) coupling the Nash game
theory with the genetic algorithm have been developed and tested
by the author on di�erent wing architecture and considering multiple
objective functions. The methodology has also been fully integrated
in RCE and have been made available to other partners.

• Achievement and tools coming from DC-1 and DC-2 have been ap-
plied to several disruptive aircraft con�guration in the DC-3.
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AGILE WP4: Turboprop

aircraft optimization

4.1 Introduction

The third design campaign aimed to show the capability of the technologies
developed in the previous design campaigns, by applying them to six di�er-
ent aircraft architectures described in Sec. 3.3. In particular, this chapter is
addressed to present and describe the task T4.6 of AGILE WP4 [80], where
the candidate, as part of UniNa, was involved in analyzing and optimizing two
di�erent innovative turboprop aircraft con�guration: i) a wing mounted engine
(WM) con�guration and ii) a rear mounted engine (RM) con�guration. In the
DC-3 UniNa, in the person of the author and its supervisor, covered both the
Integrator and the Spcialist role. LEONARDO company as Architect of task
T4.6 released the TLAR and the main objectives of the design and optimiza-
tion activities. UniNa as Integrator of T4.6 and LEONARDO selected, from the
Tools catalogue, all the disciplines (tools) available and needed to accomplish
the prescribed goals of the T4.6.

The entire process, from the TLARs until the whole MDAO, was imple-
mented in KE-Chain through which was possible to build up the work�ow step
by step. In the �rst steps the Architect and the Integrator inserted the TLAR
and information about all the involved participants and uploaded, on the frame-
work, the common aircraft de�nition �le and tools chosen from the catalogue.
The heterogeneous team of experts was composed by a group of Specialists in
di�erent disciplines which took care of adding input and output �les related to
the tools they provided and the Integrator was in charge of assembling the en-
tire work�ow starting from an MDA to DOE until the MDO carefully choosing
the design variables, the constraints and the objective variables or functions. In
order to make the remote, collaborative and distributed design possible, NLR
was appointed as Collaborative Engineer and responsible in providing BRICS
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software.
Starting from the TLARs summarized in Table 4.1, LEONARDO, as task's

Architect, also required to comply several aerodynamic requirements listed in.
Table 4.2 and in Table 4.3.

Metric Imperial

Design Range 2222.4 km ≥1200 nm
Design payload 9540 kg 21032 lbs
Max. Payload 11590 kg 25552 lbs
PAX 90 pax @ 106 kg 90 pax @ 233.7 lbs
MLW (% MTOW) 97%
Cruise Mach 0.56 @ 7620 m 0.56 @ 25000 ft
Maximum Operating Altitude 7620 m 25000 ft
Climb time 13 min
TOFL (ISA, SL, MTOW) ≤1500 m ≤4920 ft
Landing distance ≤1500 m ≤4920 ft
Max. operation speed (Vmo/Mmo) 270 KCAS/0.60
Dive Mach number (Md) 0.64
Fuselage diameter 3.53 m - 5 abreast 139.17 in - 5 abreast
Service life ≥110000 cycles
Fuel reserves 5% of Block Fuel - 100 nm Alternate
Holding 30 min @ 457 m 30 min @ 1500 ft
A/C con�guration High-wing (wing-mounted engines), Low wing (rear mounted engines)
nEngine 2 - TurboProp
Design Objective Minimum D.O.C.
External Noise CHAP14 - 15 epndb

Table 4.1: Regional turboprop aircraft con�gurations TLARs provided by
Leonardo company.

WM Reference Aircraft
Condition CL E�ciency
Climb 0.75 16
Cruise 0.51 16.5
OEI 1.30 14.5

CLmax

TakeO� &
Approach

2.3

Clean 1.7
Landing 3.0

Table 4.2: Aerodynamic TLARs for WM con�guration.

In order to provide to the consortium, and in particular to the Specialists and
Integrators involved in T4.6, the preliminary aircraft reference con�gurations,
LEONARDO took also care the preliminary aircraft sizing in terms of mass
breakdown and main aircraft geometrical characteristics as summarized in Table
4.4 and in Table 4.5.

The author was initially in charge of collecting all the information provided
about the turboprop con�gurations, using them to create two new di�erent

106



4.1. Introduction

RM Reference Aircraft
Condition CL E�ciency
Climb 0.8 16.5
Cruise 0.55 17.5
OEI 1.16 14

CLmax

TakeO� &
Approach

2.3

Clean 1.7
Landing 3.0

Table 4.3: Aerodynamic TLARs for RM con�guration.

WM and RM Reference Aircraft
Wing WM RM

AspectRatio 12
Area 78 m2

Span 30.6 m
Root chord 3.33 m
Kink chord 3.22 m
Tip chord 1.16 m

mac 2.74 m
Fuselage

Overall length 3.33 m
Diameter 3.33 m
Vertical Tail

Area 18 m2 23.53 m2

Span 5.38 m 5.27 m
Horizontal Tail

Area 14.72 m2 32.8 m2

Span 8.18 m 9.06 m

Table 4.4: Aircraft main geometrical characteristics of WM and RM con�gu-
rations.

CPACS �les, one for each turboprop architecture, and importing them in TiGL
Viewer allowing the generation of the reference aircraft geometries as shown in
Fig. 4.1 and in Fig. 4.2.

Once the CPACS �les were ready to be used and the data from the partners
were provided to the Integrator, all the steps described in 2.4 from Fig. 2.31
to Fig. 2.35 were accomplished in KE-chain in order to assemble a complex
and complete MDAO toolchain both for WM and RM architecture. In the next
section a clear description of the phases concerning the setting up of the real
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Weights WM RM
MTOW 35380 kg 37500 kg
MZFW 33020 kg 35060 kg
MOEW 21430 kg 23470 kg
Mpayload 11590 kg 11590 kg
MLW 34319 kg 36375 kg
MF∗ 2360 kg 2440 kg

*Related to design payload condition and based on SFC = 0.36lb/hph

Table 4.5: Preliminary mass breakdown for WM and RM con�gurations pro-
vided by Leonardo company.

Figure 4.1: WM con�guration in TiGL Viewer.

work�ow made of tools available in the consortium is provided.

4.2 Setup of the MDAO architecture

The �rst step concerned the set-up of MDAO work�ows, one for each con�gura-
tion, which was composed by several and speci�c partners that can contribute
to improve the accuracy of the analyses related to a speci�c discipline thanks
to their expertise. At this stage, the Architect (LEONARDO) and the Inte-
grator (the candidate as part of UniNa) identi�ed, among the partners, tools
and specialists to be involved in building-up a suited complete work�ow. Each
partner, as a specialist in one or more disciplines, provided his own compe-
tence(s) (low/medium level of �delity L0-L1) by sharing, through Brics, his
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Figure 4.2: RM con�guration in TiGL Viewer.

own computer codes and methods regarding �elds such as aerodynamics, air-
craft weights estimation, mission analysis, costs and so on. Each one of these
CPACS-compliant competences were stored in di�erent tools, black boxes [48],
which can be run in a remote manner and then results obtained were collected to
update the reference CPACS �le automatically and used by other partners as in-
put for their tools. The MDAO set up following this approach is enough �exible
to analyze an arbitrary number of CPACS �les (aircraft con�gurations) allow-
ing the data exchanging between partners through the CPACS schema. The
work�ow integration was automatically generated using KE-Chain (step 2.2),
KADMOS and VISTOMS packages by importing the partners' design compe-
tences one by one creating a tool repository useful to generate the corresponding
RCG inspectable by means of XDSM, Sankey Diagram or Edge Bundle tech-
nology. After KE-chain step 2.2, a real MDAO toolchain needs to be created.
The author, as Integrator, took care of it carefully planning how the toolchain
should have worked in terms of input and output data exchanging order, tools in
the loop addressed to reach a certain convergence, design variables, constraints
and objective functions to monitor.

The conceptual MDAO work�ow, depicted in Fig. 4.3, can be divided in
several steps described as follows [39]:

1. Aircraft initialization: the starting point is the initialized aircraft, as de-
scribed in Sec. III. The CPACS baseline �le describes the initial condition
of the aircraft (black box in Fig. 3).

2. Engine deck provider: the baseline engine deck is provided and correctly
integrated into the baseline �le (see red box in Fig. 3), according to the
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engine top level requirements.

3. Aerodynamic competences branches: the overall aerodynamic database is
performed according to di�erent levels of �delity. The results are updated
into the CPACS �le of the aircraft and passed to the next competences
(see red dashed box in Fig. 3).

4. Aerostructural sizing, weight competence: here the aircraft structural siz-
ing is performed according the certi�cation load cases. The aircraft empty
weight is updated, and results passed to the next tools. Di�erent levels of
�delity are provided as shown in the dashed blue box.

5. On-board-system design: here OBS are designed and systems masses up-
dated. Results are passed to the next tools and to Engine Deck box to
account for power-o�-takes.

6. Performance and mission analysis: overall aircraft performance are com-
puted; mission pro�le is simulated and block fuel is evaluated.

7. Mass update and rubber engine tools: aircraft mass breakdown is updated
according steps (4-5-6); engine deck is scaled according to aircraft thrust
to MTOW ratio.

8. Repeat steps 4 to 7 until MTOW value has reached the convergence.

9. Stability & Control calculation.

10. Costs & Emission Calculation.

The work�ow represented in Fig. 4.3 was then transformed in a real one in
KE-chain which taking into account for all provided tools and cross connections
between them. Applying a speci�c MDA architecture (i.e. Converged MDA) to
the RCG, it was possible to generate the FPG as shown in Fig. 4.4

In order to provide a clearer overview of the work�ow assembled, it is useful
to give some information about the tools shared by the partners.

A) Engine competence

The engine design was accomplished by CIAM partners, based on Archi-
tect speci�cations. Moreover, a �rubber� engine tool was developed and
provided by UniNa, in the person of the candidate and his supervisor,
to re-size the engine deck during convergence loop according to aircraft
weights variations. Indications about the scaling factors was provided by
CIAM engine designer. The adopted assumption was that the fuel �ow
and the installed thrust can be linearly scaled with respect to MTOW,
while geometrical dimensions and engine dry mass vary with the square
root of the scaling factor. Making these assumptions would lead to an
engine performance estimation inaccuracy lower than 1.5%.
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B) Aerodynamic competence

AIRINNOVA provided a multi-�delity and multi-method combined aero-
dynamic analysis for the both WM and RM con�gurations. The tools were
integrated into the MDAO process to provide i) low-�delity aerodynamic
analyses by using TORNADO [81], ii) laminar �ow airfoil analyses making
use of MSES [82], iii) high-�delity aerodynamic analyses by means of SU2
software [83]. The author developed and provided several tools that cov-
ered di�erent area of study such as i) low speed aerodynamic tools which
evaluate wing CLmax in clean, take-o� and landing condition; drag contri-
bution due to �aps and slats de�ection in take-o� and landing condition;
pitching moment contribution due to �aps to the aircraft longitudinal
stability. These tools were already applied to a turboprop aircraft opti-
mization process [61,84] and to the development of an improved high lift
prediction method [85]; ii) complete aircraft drag polar estimation taking
into account the friction drag contribution not estimated by low-�delity
tools provided by AIRINNOVA.

C) Structure competence

The aircraft structure design and analysis competence was also divided
into low-�delity and high-�delity analyses, performed by DLR and TuDelft
partners respectively. The low-�delity aerostructural remote service was
composed by several physics based disciplinary analysis and design mod-
ules suitable for the preliminary development of the airframe structures
[86], such as i) loads cases generation module, ii) in-house developed aero-
dynamics solver for loads analysis, iii) in-house aeroelastic FEM modeler
and FEA solver [87], iv) estimation module of the secondary airframe
masses. All these tools are fully automated and CPACS compliant. The
main output includes the mass breakdown of the structural components,
as well as detailed aerostructural sizing results. High-�delity service was
related to the possibility of considering wing composite materials.

D) On board systems competence

The on-board systems design and analysis was performed by POLITO,
based on LEONARDO speci�cations and engine characteristics, by means
of ASTRID tool [51,88]. It uses semi-empirical and physic-based models,
some of them are dedicated to main equipment design such as actuators
for �ight control and landing gear movement, avionics, fuel pumps, elec-
tric generators and converters, hydraulic pumps and others OBS main
components and the other models are more focused on the whole system
design. For this speci�c application an All Electric Aircraft (AEA) archi-
tecture for OBS was selected, as prescribed by LEONARDO. The output
of ASTRID tool concerns the main OBS masses and power o�-takes.

E) Performance competence
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Aircraft ground [58] and mission performance were performed by the can-
didate. The module evaluates the aircraft mission performance by means
of empirical methodologies suited for each speci�c mission phase. The
tools receives in input aerodynamic, engine, weight and geometrical data
through the CPACS data exchange format and gives in output results
such as the block fuel mass for given mission and reserve segments, the
required runway length for take-o� and landing and a scaling factor for
engine sizing using a "rubber engine" principle, trajectory information.

F) Stability & Control competence

The candidate also gave its contribution to the stability and control com-
petence, by evaluating the vertical tail contribution to the aircraft direc-
tional stability [41] and the fuselage contribution to the complete aircraft
longitudinal stability [42]. Furthermore, by creating an additional python
tool, also the vertical tail is re-sized taking into account both for the min-
imum control speed constraint and the yawing moment calculation due
to engine thrust in one engine inoperative condition during the take-o�
phase. Finally, making use of the updated weight and balance breakdown
values, a speci�c tool was used to evaluate stability and control deriva-
tives, neutral point and static margin.

G) Costs & Emissions competence

RWTH oversaw the aircraft costs and emissions. Within T4.6, the main
focus was set on the production and operational phase. With regard to the
costs, RWTH Aachen's module comprises both non-recurring (e.g. devel-
opment, testing and test facilities) and recurring (indirect and direct) costs
for an aircraft's life cycle using low-�delity methods [89]. Concerning emis-
sions evaluation, the tool proposed by RWTH Aachen calculates aircraft
life cycle emissions starting from the development phase to production,
operations and �nally end-of-life. The implemented methodologies use
both semi-empirical as well as physics-based calculations to account for
the di�erent emissions throughout the life cycle. Within the module not
only the amount of emissions, but also their climate impact considering
di�erent climate metrics such as Average Temperature Response (ATR)
and Absolute Global Warming Potential (AGWP) are calculated using a
climate model [90].

H) Morphing tool competence

The morphing tool competence has been provided by TUDelft University
through a tool named sCAM. It is able to receive as input data some wing
geometrical variables such as span, sweep angle at leading edge, taper ra-
tio, dihedral angle, root chord, location and to create a new CPACS base-
line �le automatically. In this way it is possible to set up a DOE toolchain
in which the sCAM tool is the one that provides the new CPACS input
�le, based on the value of the speci�ed design variables, to all the tools

114



4.2. Setup of the MDAO architecture

involved in the work�ow. Moreover, the developed tail planes sizing tool
is used together the sCAM tool modi�ed and customized by the candi-
date to modify horizontal and vertical tails according to wing parameters
variations.

I) CAD competence

At the end of the entire work�ow the creation of an aircraft CAD model
is necessary to carry out high-�delity aerodynamic analyses by means of
CFD software. To face this necessity UniNa provided an automated CAD
maker tool capable of collecting all aircraft geometrical data from the
CPACS �le and create an accurate CAD model ready to be used in a
CFD software. Moreover, the tool is also capable to modify the created
model by adding �aps and slats.

J) Optimizer

The optimization tools used at the end of the work�ow was the MOEA
Framework, which is in-house developed at UniNa within the JPAD soft-
ware library [58, 66]. The MOEA Framework is a free and open source
Java library and several algorithms are also provided out-of-the-box, in-
cluding genetic algorithms, particle swarm and so on. In this speci�c
application the ε-NSGAII and OMOPSO are used [92,93]. The optimiza-
tion was based on a multi-�delity response surface, obtained through the
above-mentioned DOE.

In the DC-3, among the abovementioned competences, other six tools were
developed, tested and provided by the author concerning the aircraft mission
and performance calculation, tailplanes sizing, main wing parameters morphing,
aircraft stability behaviour check, CAD maker (supervision activity of a master
thesis work) and rubber engine and aircraft mass update. These tools, combined
to those developed during the DC-1, as shown in Fig. 4.5, were totally used to
assemble the entire MDAO work�ow as depicted in Fig. 4.7.

The work�ow in Fig. 4.4 allow to perform a single design analysis, while a
Converged DOE strategy allow to perform a certain number of design analyses
corresponding to the numbers of variables of the DOE design space.

Referring to Fig. 4.6 which shows the FPG of the DOE architecture, and
considering that the engine deck was already stored in the original CPACS �le,
the yellow boxes cover the conceptual work�ow steps from 1) to 3) since the �rst
tool is the morphing tool which is used to vary speci�c design parameters and
the others pre-coupling tools are used to compute aerodynamic calculations;
the green boxes cover steps from 4) to 8) in the convergence loop aiming at
provide a converged MTOW value; the red boxes cover steps from 9) to 10)
using the convergence loop output data as input variables and evaluating both
the objective functions and the variables that the integrator wants to check at
the end of the entire work�ow. The FPG in Fig. 4.6 was then converted in a real
work�ow by downloading the CMDOWS �le from KE-chain and importing it
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Figure 4.5: DC-1 and DC-3 tools developed by the author and fully embedded
into RCE environment to make them available to the consortium
through a remote service request.

in RCE. It is possible to notice the complete similarity between the conceptual
and real work�ow illustrated in Fig. 4.7, where the "black boxes" labelled by the
red small AGILE logo represent the remote services provided by the partners
through Brics technology.

The DOE campaign was performed by running the MDA chain n times
changing 4 di�erent wing parameters. In this way was possible to create several
surrogate models concerning disciplines such as aerodynamics, structures, on-
board systems, mission performance and costs.

The last step concerned the assembling and running of the MDO chain
taking advantage of the surrogate models generated during the DOE phase.
The essential contribution given by the surrogate models is that this database
can be queried through a simple interpolation by applying to it the RSM [23,64]
reducing the time of every optimization task and speeding up the entire design
and optimization process. The accuracy of the Response Surfaces can be also
improved by performing some high-�delity calculation regarding certain aircraft
con�gurations.

4.3 Applications to WM and RM use cases

The approach described in Sec. 4.2 led to obtain a set of optimized results
characterized by a quietly high level of �delity (from L0 to L3) in a time period
quietly short considering that each partner, focused on his own discipline, needs
to give just a single permission to provide its remote service even if multiple
analyses must be performed and then results are collected automatically. The
optimization task can be performed choosing among several optimization algo-
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Chapter 4. AGILE WP4: Turboprop aircraft optimization

Figure 4.7: DOE work�ow in RCE environment.

rithms and several work�ow architectures. The author in collaboration with
its supervisor took care of all the activities related to this application from the
de�nition of the optimization problem to the exploration of the results.

The optimization problem was de�ned as summarized in Table 4.6. The ob-
jective function for both the con�gurations was the DOC [89]. Moreover, to also
meet the CleanSky2 objectives, the Architect added a second objective function
de�ned as the total GWP, de�ned accordingly Ruijgrok and Van Paassen [91].
A set of constraints was also �xed by the integrator considering TLARs listed
in Table 4.1 and the aircraft static stability margin (SSM). The design variables
for this application are the main wing planform parameters.

The WM con�guration is characterized by high wing with under wing engine
installation and T-tail architecture, while the RM has a low wing and rear engine
installation on the horizontal tail tip. The wing of the RM con�guration was
back shifted along x axis with respect to WM con�guration in order to face
stability problems, due to a high value of the maximum rearward position of
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Objective functions min:
f1 = DOC
f2 = GWP

Constraints w.r.t
SSM ≥ 0.05 (5% mac)

TOFL ≤ 1500 m
LFL ≤ 1500 m

time to climb ≤ 13 min (from 1500 to 20000 ft)
Design variables by varying:

XLEw

ARw
λw
bw

Table 4.6: Optimization problem, variables and constraints.

the center of gravity. The low wing layout was used to avoid the interference
between the wing wake and horizontal tail. In Fig. 4.9 and Fig. 4.8 comparisons
between potato diagrams and the drag polar of the two con�gurations are shown.
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Figure 4.8: WM and RM baseline.
Potato diagrams com-
parison.
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Figure 4.9: WM and RM baseline.
Drag polar diagrams
for trimmed con�gura-
tion comparison.

Due to di�erent engine installation, the CG shift of WM con�guration is in
the range 11% - 39%, while for RM is 22.8% - 59% with respect to the mac.
The RM layout can lead to a very large CG excursion which can also a�ect
aircraft performance. Moreover, a wide CG excursion could imply an over-
sized horizontal tail to trim the aircraft in the maximum rearward CG position
condition resulting in a reduction of the maximum lift capabilities. Meanwhile,
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in the most forward CG position the longitudinal the SSM could achieve a too
much high value penalising the aircraft longitudinal control. This latter will
reduce the cruise e�ciency a�ecting the fuel burned and aircraft DOC. One
possible solution could be a reasonable reduction of the CG excursion. Although
some disadvantages due to rear engine installation, this choice allows to reach
several advantages such as cabin noise reduction, community noise reduction
because of the absence of T-tail noise re�ection, more e�cient high-lift system
with a possible increase in aircraft maximum lift capabilities due to laminar
�ow on the main wing reducing the total friction drag.

In cruise condition the friction drag for WM con�guration is equal to 262
drag counts while for the RM is reduced by 20 drag counts thanks to the lami-
narity of the main wing. The SSM of the RM and WM con�guration are equal
to 2% and 5% of mac respectively. Starting from these con�gurations, the op-
timization task was performed matching the constraints described in Table 4.6.
Taking advantage of the competence described in Sec. 4.2, the optimization
task was carried out by means of response surfaces created for aerodynamic,
weight and structures, mission and costs and emissions clusters by using RSM
technology, avoiding running the entire toolchain asking for each partner's tool
in a remote manner. In particular, the response surfaces were created setting
up a DOE using low-�delity methods obtaining 280 points (aircraft con�gura-
tions) and were then improved through medium high-�delity calculations. This
approach allows saving time and ensuring a good level of �delity at the same
time. In Fig. 4.10, Fig. 4.11, Fig. 4.12 DOE points obtained by using of low
and medium/high �delity tools are depicted showing the trend comparison with
respect to several quantities, variables or objective functions, of interest. Here
it is possible to notice that an aircraft chracterized by an increased value of the
wing aspect ratio lead to a minimization of the block fuel. The reason lies in a
reduction of the induced drag ,due to a high aspect ratio, which allows to save
a certain amount of fuel burnt for the entire mission and so a reduced value
of the block fuel. As regards the DOC, they are strongly linked to the block
fuel value [89] and so are characterized by the same trend. However, the maxi-
mum take o� weight value has a di�erent behaviour if monitored with respect
to aspect ratio variation, but since aspect ratio value is mainly a�ected by an
increasing of the wing span, in this case, is easy to envisage a growth of the wing
weight. Moreover, considering the same aspect ratio but a di�erent the wing
location along the x axis, the more the wing is close to aircraft rear the more is
the area of the tailplanes due to a reduction of the arm between the tailplanes
and the wing. This is the reason why in Fig. 4.12 for a constant value of the
aspect ratio it is possible to notice a variation in terms of MTOW.

The optimization algorithms OMOPSO and ε-NSGAII converged on similar
results both in terms of design variables and objective functions reaching dif-
ferent geometrical solutions for WM and RM, as shown in Fig. 4.13 and Fig.
4.14 to minimize DOC and emissions, as listed in Table 4.7, Table 4.8, Table
4.9 and Table 4.10.

120



4.3. Applications to WM and RM use cases

9 10 11 12 13 14 15 16
3400

3600

3800

4000

4200

4400

4600

Figure 4.10: DOE comparison between low and medium/high �delity tools.
ARw vs block fuel trend.
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Figure 4.11: DOE comparison between low and medium/high �delity tools.
ARw vs DOC trend.

121



Chapter 4. AGILE WP4: Turboprop aircraft optimization
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Figure 4.12: DOE comparison between low and medium/high �delity tools.
ARw vs MTOW trend.
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Figure 4.13: WM reference and op-
timized layout com-
parison.
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WM Reference WM Optimized
Wing
ARw 12 14.79
Sw 78 m2 78.17 m2

bw 30.6 m 34 m
cr 3.33 m 3.01 m
ck 3.22 m 2.91 m
ct 1.16 m 1.05 m
mac 2.74 m 2.49 m
XLEw 12.80 m 12.84 m

Horizontal Tail
Sh 14.72 m2 13.39 m2

bh 8.18 m 7.81 m
Masses

Block Fuel 3920 kg 3798 kg
MTOW 35496 kg 35851 kg

Table 4.7: Optimized and reference WM con�gurations geometry comparison.

RM Reference RM Optimized
Wing
ARw 12 14.87
Sw 78 m2 77.74 m2

bw 30.6 m 34 m
cr 3.33 m 3.00 m
ck 3.22 m 2.90 m
ct 1.16 m 1.04 m
mac 2.74 m 2.47 m
XLEw 13.80 m 13.98 m

Horizontal Tail
Sh 32.8 m2 29.79 m2

bh 9.06 m 8.63 m
Masses

Block Fuel 3981 kg 3915 kg
MTOW 37317 kg 37671 kg

Table 4.8: Optimized and reference RM con�gurations geometry comparison.

Considering that, for this speci�c aircraft category, the possible number
of �ights per day could be equal to 6 and it could work 358 days per year,
assuming 7 days for maintenance check A and B, it could be possible to save
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WM layout
Baseline Optimized %

DOC ($/�ight) 17205.8 16829
2.1

DOC (Mln$/year) 36.95 36.14
GWP (kg/�ight) 13191.6 12780.8

3.1
GWP (tons/year) 28335.5 27453.1

Table 4.9: Objective functions comparison for WM con�guration.

RM layout
Baseline Optimized %

DOC ($/�ight) 16974.3 16767.9
0.6

DOC (Mln$/year) 36.46 36.02
GWP (kg/�ight) 13396.86 13311.95

1.2
GWP (tons/year) 28776.5 28594.1

Table 4.10: Objective functions comparison for RM con�guration.

more than 800 k$ per year for WM and more than 440k$ for RM in terms of
DOC. Furthermore, it is possible to consider that the GWP reduction means a
decrease of more than 850 tons for WM and more than 180 tons per year for
RM in terms of emitted CO2 mass.
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Synthesis of the chapter

• During the DC-3, AGILE Paradigm and AGILE technologies devel-
oped during the DC-1 and DC-2 have been applied by the candidate
to two innovative aircraft con�guration with turboprop propulsion
system.

• The two turboprop con�gurations proposed by the task Architect
were then manually formalized by the author in the CPACS schema
in order to be usable by each partner of the consortium by means of
their own CPACSized tools.

• In the third Design Campaign, the author developed six new tools
dealing with aircraft mission and performance calculation, tailplanes
sizing, main wing parameters morphing, aircraft stability behaviour
check, CAD maker and rubber engine and aircraft mass update.

• A well-assessed combination of the tools developed by the author
during the DC-1 and DC-3 and of those available in the Tools Cat-
alogue coming from other partners allowed the author to implement,
as a task Integrator, a concrete and reliable MDAO work�ow for each
turboprop con�guration.

• The entire setup, from the TLAR to the executable work�ow, of the
MDAO processes, one for WM and one for RM con�guration, was
accomplished by using KE-chain platform taking advantage of all the
technologies provided by the consortium.

• The execution of the single MDA, of the DOE and MDO task was
conducted and accomplished by the author which was also deeply
involved in the investigation of the results and the exploration of the
design space.
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Chapter 5

AGILE project:

achievements, drawbacks and

open challenges

5.1 Achievements and drawbacks

In the Multidisciplinary Design Analysis and Optimization scenario, AGILE
project enters to propose a solution to the MDO community questions and
requirements. What really a�ects the successful outcome of a MDO campaign
is the time needed to go from the setup phase to the optimal solution and how
the state of art techniques are employed [94].

As already mentioned in Sec. 2.4.1, three are the main phases that compose
a Design and Optimization process as shown in Fig. 5.1.

The setup phase is the one in which many activities are included such as
the organization of the requirements released for the speci�c design task, the
de�nition of the MDO architecture, the formulation of the design task and the

Figure 5.1: Design and optimization process phases.
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Figure 5.2: CPACS schema as central data model.

preparation of the framework and its infrastructure to allow data exchanging
and communication among partners and organizations involved in the design
and optimization activity.

The operational and the solution phases are mainly related to the design
space exploration, dealing with the assessment of the results, proposing a re-
con�guration of the process if needed, providing extra analyses or new design
or optimization techniques and selecting an optimal and robust solution.

As it can be noticed, the pre-processing activities in the setup phase can
cover the 60% to 80% of the total process time [3] that might allow little margin
for enhancing the knowledge concerning the development of new optimization
techniques, the analysis of the achieved results and the improvement of the
entire process. So, the way to carry on an MDAO process often results to be
very complex, time-consuming and careless about setting aside time in powering
up the knowledge about several optimization themes. This is one of the main
issues to which the European Community has proposed a solution by funding
the AGILE project.

AGILE faced the lack of agility in the setup and recon�guration of collabo-
rative MDO system by introducing several solution to reduce the time needed to
perform an MDO process of a large-scale system also characterized by a complex
cross-organizational nature in terms of data exchanging, partners coordination
and MDO problem formulation.

A �rst crucial impact to the successful AGILE's outcomes has been given by
ful�lling the necessity of easing communication between di�erent disciplines
through the implementation and release of CPACS technology as a central data
model as illustrated in Fig. 5.2. Adopting this standard format and hierar-
chical schema to describe an aircraft and to store all the related information
led to avoid spreading redundant information and to speed up and to make
robust the communication among the partners. To improve the robustness of
the process, a preliminary phase labeled "tools synchronization" needs to be
completed, and then a certain competence or tool can be chosen by the tools
catalogue and used if needed.
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Moving to the next step, the collaborative MDO process where a funda-
mental milestone such as the problem formulation needs to be �xed, has been
also enhanced by means of new technologies development and releasing of dif-
ferent PIDO. In particular, a CMDOWS schema has been developed to enable
the creation of versatile and re-con�gurable MDO problem formulations.
CMDOWS has been created to be machine-interpretable and human-readable
allowing user inspections at any level, ii)neutral because it is not speci�c to any
product or project guaranteeing great �exibility, iii)adaptable to any updates or
enrichment, iv)suitable to minimize information redundancy, v)able to support
all MDO strategies, vi)support tool heterogeneity from simple mathematical
expressions to advanced analysis tool or surrogate model. Furthermore, it is
ready to be converted to an executable work�ow suited for working in RCE or
OPTIMUS environments. RCE and OPTIMUS drastically reduced the inte-
grator's e�orts in deploying and managing the design and optimization (sub-)
processes by enabling the automated execution of work�ows composed by
heterogeneous competences. Moreover, companies, organizations and institu-
tions involved in the project which share their data and results need to be sure
of the absence of any violation of their IT security. Brics ensured a secure data
exchanging and also allowed a remote connection and execution between tools
worldwide distributed.

Such a complex work�ow composed by several disciplines managed by mul-
tiple partners and thousands of variables needs to be carefully monitored and
inspected requiring a huge amount of time and human's e�ort. The compli-
cated monitoring activity has been tackled by developing and releasing KAD-
MOS technology which provides a fundamental aid to identify the dependencies
among the design competencies and to recon�gure a MDO architecture in a
largely reduced time period. While, inspecting and debugging actions has
been considerably accelerated thanks to the development of the visualization
package VISTOMS.

All the abovementioned technologies have been embraced within a single
framework suited for implementing, formulating and solving a MDO problem.
The platform developed is KE-chain which taking advantage of all the AGILE
features has been able to widely decrease the time required to collect, connect
and manage all the information coming from all the actors involved in the design
task and to largely simplify the management of the requirements and the
supervision of the entire MDO development process.

All the features presented result in the AGILE framework which has been
able to provide support to every design team in each phase of the process by
enabling the investigation of multiple design strategies and the development of
time e�ective MDO methodologies [3,95]. Furthermore, the AGILE framework
o�ered the agility necessary to modify and/or recon�gure the system for multiple
use cases from the conventional transport aircraft to the BWB con�guration.

In order to give an estimation of the amount of time saved to go from
the de�nition of the aircraft requirements to the optimal solution comparing
the �rst Design Campaign 1 and the Design Campaign 3 of the project, the
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Figure 5.3: Comparison of the main activities of the AGILE project during the
Design Campaigns.

time dimension metric accounting for time and e�orts needed for each Design
Campaign to setup, deploy and execute the AGILE MDO use cases [3] was
monitored.

In Fig. 5.3 a detailed time history is proposed. In particular, the most time-
consuming activities during DC-1 were the Requirements De�nition, Design
competences cross-connection and the MDO problem formulation. This latter
due to the huge amount of data, information and variables to manage requiring a
continuous inspection and re-con�guration of the MDO strategy. This situation
led to dedicate just few weeks to the exploration of the design space and results
investigation. Then, in DC-2, taking advantage of the initial development of
new technologies, the �rst phases of the process needed a shorter time and
lower e�orts. In the third Design Campaign, thanks to a robust release of KE-
chain and of all the techniques in it contained, a considerably acceleration of
the process from the Requirements De�nition to the Tool integration into an
executable MDO chain phase was obtained. This achievement and the lessons
learned from the previous DC allowed to dedicate a signi�cant amount of time
to the Design Space exploration phase enabling the heterogeneous teams to
investigate the results, enhance the methodologies, collect feedback from the
specialists and converge to a better optimal solution for each use case of the
DC-3. To highlight the results obtained, a focus on the third Design Campaign
needs to made.Here the author was also involved as specialist and integrator
(WP 4 - Task 6) in the multidisciplinary design analysis and optimization of two
di�erent use cases characterized by good level of commonality. It is important to
underline that the time spent to carry out the Task 6 and the related activities
were carefully planned to guarantee an equal distribution of e�ort both for
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Figure 5.4: Comparison of the time spent for the main activities between DC-1
and DC-3 WP4.6 RM use case.

the WM and for the RM aircraft con�guration. Obviously, common activities
accomplished for the RM architecture were easily re-used for the WM use case
and vice-versa. Indeed, as shown in Fig. 5.3, some of the initial activities of the
WM use case were less time consuming, while more time was addressed to the
Design Space exploration steps with respect to the setup preliminary phases.

An interesting comparison can be made between the DC-1 and DC-3 RM
use case in terms of time spent for the same activities but using new and most
e�ective technologies. As shown in Fig. 5.4, starting from the Requirements
De�nition activity, and moving in a clockwise direction, until the Tool inte-
gration into an executable MDO chain phase, the most of the steps are almost
halved in time and e�orts thanks to the application of the AGILE paradigm
and features, while the time addressed to the analysis and investigation in the
design exploration steps was tripled.

Such results and achievements need to be shared to all the MDO community
in order to move a step forward in building up the next generation of MDO.
With this aim, AGILE dissemination activities was really impressive. Every
year of the project several paper were published by di�erent journal and in
conference proceedings, aviation events such as ILA Air Show held in Berlin or
theMDOpen Day held in Hamburg, the ICAS Conference in 2018 where AGILE
received the "ICAS Award for Innovation in Aeronautics", were the occasion
for the AGILE team to show the project challenges and achieved goals.

One of the most appreciated dissemination activity was the AGILE Academy
initiative [96]. It was carried out aiming at injecting into the Academic institu-
tions and educational environments the �AGILE Paradigm�, providing tutoring
activities and all the technologies developed over the project. The AGILE
Academy consisted of two phases:

1. AGILE Incubator, where a common aircraft design task was assigned
to a heterogeneous team of student worldwide distributed

2. AGILE Challenge, where a competition was proposed between 3 di�er-
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ent teams of students, also coming from di�erent countries and organiza-
tion not involved in AGILE, working on di�erent design task(s)

Despite all the achievements obtained, EU community appreciation and re-
markable results, such a complex project made of several disciplines, tens of
people and really challenging tasks cannot be exempt from some drawbacks.

Concerning IT sector, several were the issues related to the neutral Team-
server used by the partners to download/upload data and results remotely. Un-
fortunately, Teamserver credential often failed leading to work�ows execution
crashes and slowing down technical and dissemination activities. Furthermore,
KE-chain, that was crucial to reach the project goals, was a�ected by some
issues which sometimes annoyed the users. For example, if an error occurred
accomplishing a certain step, the ".log" �le created by KE-chain did not pro-
vide any information on what was the origin of the error putting the user in
trouble and making the external support request the only possible solution. In
other situations, making a little change in a step meant to restart all the step
process from the beginning. Trying to solve all IT and framework issues, to
make the whole process works, led often to be more focused on conceptual ac-
tivities rather than technical activities. Few time was spent for activities like
the investigation related to the de�nition of peculiar criteria to evaluate the
reliability of the MDO models, the integration of methodologies to support the
decision-making aspect, the de�nition of models to count for veri�cation and
validation of the products in terms of maintenance and/or certi�cation tasks
and the analysis of requirements related to aircraft models manufacturing. In
Sec. 5.2 possible solutions to the described drawbacks are presented.

5.2 Open challenges and future project

The drawbacks described in Sec. 5.1 have been considered as still open chal-
lenges waiting for a solution. Starting from the successful AGILE project and its
outcomes, the DLR proposed to create another consortium composed by several
AGILE partners but enriched by the presence of more aeronautical companies.
The new assembled consortium, coordinated by the DLR, have been received
funding by the EU Community to carry on a new project named AGILE 4.0:
Towards cyber-physical collaborative aircraft development.

AGILE 4.0 is a 3 years EU project part of the H2020 program participated
by 19 partners coming from research centers, academia and companies located
in Europe, Russia and Canada. It will extend the AGILE's scope by introducing
aspects such as maintenance, manufacturing and certi�cation and providing an
aircraft product optimization model which will cover the entire life cycle also
improving the aeronautical supply chain. A guidance schema is proposed in
Fig. 5.5.
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Figure 5.5: AGILE 4.0 project schema. Extension of AGILE capabilities and
introduction of new technologies and aspects.

In particular, AGILE 4.0 aims to reach four main targets:

1. The development of innovative and constantly evolving aircraft products
in a time and cost e�cient manner by implementing a new design
and optimization paradigm which will enable virtual products, testing
and manufacturing

2. To integrate computational design environment and to allow the
collaboration between actors and the stakeholders in the supply
chain by developing a suited framework, methodologies and tools also
related to support the decision-making aspect

3. The development of solutions such as user-centric concurrent visu-
alization techniques and data analysis and multi-objective opti-
mization methodologies to support the trade-o� and the decision-
making activities

4. To implement a digital collaborative design and optimization environment
characterized by a very high �exibility aiming at zero time needed to
recon�gure a pre-assembled MDO work�ow

Matching the abovementioned targets should led to reduce by 50% the
time spent in iterations between design and manufacturing phase and by
30% the overall process development lead time also thanks to the introduction
of virtual integration of design, manufacturing and certi�cation models.
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Several elements will be developed and tested during the project, while some
other are already under development such as the Knowledge Based Engineering
(KBE) systems and Model Based Systems Engineering methodologies (MBSE).
For example, a new and improved version of KE-chain is under development
and it is already no more a�ected by the issues described in Sec. 5.1.

Reaching the AGILE 4.0 challenging objectives will mean feed the MDO
community with conceptual and practical results both improving the state of
the art approaches employed in the discipline of multidisciplinary design and
optimization applied to large scale problems and giving a cost and time e�ective
solutions suited for the aeronautical supply chain of the next future.
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Synthesis of the chapter

• A detailed description of the bene�t encountered by the author in
implementing a real MDAO framework and work�ow thanks usage of
AGILE technologies has been provided.

• Application of the AGILE paradigm, KE-chain, VISTOMS, KAD-
MOS, CMDOWS, Brics and tools and methodologies developed by
the author allowed a time reduction of about 60% comparing setup
activities of DC-1 related to conventional aircraft con�guration with
respect to those performed during the DC-3 concerning disruptive
and novel aircraft architectures.

• Lower e�orts were required to the author in the setup phase, mean-
while the time addressed to results investigation and design space
exploration was tripled.

• AGILE dissemination activities were really impressive spreading the
new generation of multidisciplinary optimization to the entire MDO
community by releasing an Open MDO test suite, results of the ap-
plications and the approach employed by the consortium. A note of
credit also goes to the AGILE Academy initiative where the author
was involved providing a remarkable contribution.

• Open challenges and future works have been presented by introducing
the follow-on project "AGILE 4.0" and its main goals.
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Chapter 6

Conclusions

The current research work presents the activities related to the AGILE project
in which the author, as part of the DAF research group of the University of
Naples Federico II, was involved. The main topics concerned the development of
tools and methodologies for aircraft design and optimization and the handling
of a complex MDO process in order to foster the creation of the next MDO
generation through the implementation of the AGILE Paradigm thank to a
tight collaboration with worldwide distributed partners.

The development of tools carried out by the author and other partners made
possible the creation of a Tools Catalogue from which each partner had the
possibility of choosing the missing discipline to perform his own task related
to aircraft design and optimization. Usually, di�erent organizations located in
di�erent countries are not too much in favour in sharing their knowledge or
tools to collaborate to accomplish a common task. Instead, AGILE Paradigm
and approach made it comfortable because the technologies developed during
the project allow a remote connection among the partners ensuring a safe IT
connection. In this way a collaborator can take advantage of a certain tool
available in the catalogue just querying for it as a black box and running it on
the machine of its owner.

The strong collaboration, e�orts, new and available technologies have shown
that it is possible to face and carry out the entire setup and run of a complex
MDAO framework of a large-scale system like an aircraft involving 19 partners,
tens of disciplines and thousands of variables in a time period of about 1 year.

In this way, a considerable amount of time can be spent for investigation
activities to improve already existing methodologies or develop and test new
ones. Indeed, the author had the possibility to develop a new optimization
method which couples Nash game theory and Genetic Algorithm, tested on a
wing optimization task, which allows a more realistic association among vari-
ables and objective functions reducing the computational time by the 13%-32%
if compared to simple Genetic Algorithm and Pareto front.

A robust framework with a consolidated setup, like AGILE one, allows to
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rapidly recon�gure a custom MDAO work�ow for novel and disruptive aircraft
con�guration starting from the initial setup work�ow implemented for conven-
tional aircraft architecture. Being each tool as a black box, it can be changed
with another improved or reliable tool in every moment just making some minor
updated to the link between the tools involved in a recon�guration. This ap-
proach leads to avoid any waste of time allowing to quickly reach the solutions
taking advantage of an already well-assessed setup phase.

This is the reason why the application of this Paradigm to innovative con-
�guration give the possibility to address a remarkable amount of time in the
exploration of the results and solutions achieved enabling the improvement of
the methodologies applied. Indeed, in the phase of the project covered by the
author as integrator and specialist to perform analysis and optimization tasks of
innovative turboprop aircraft con�gurations half of time was spent in work�ow
recon�guration activities and tools collection, while was triple the amount of
time spent for design space exploration if compared to the �rst phase of the
project.

The so-called AGILE Paradigm is not only an abstract formalization of
a methodology, but an applicable framework that can be used by any other
organizations for future research project that can follow the trail of a successful
project awarded in 2018 in Belo Horizonte at the ICAS conference with the
ICAS Award for Innovation in Aeronautics.

The main outcomes of AGILE can be summarized in:

1. The creation of the "AGILE novel aircraft con�gurations database". The
database contains a huge amount of results and the digital models of the
6 innovative aircraft con�guration analyzed in the DC-3 and can be used
as a solid starting point for future research activities related to aircraft
systems.

2. The development of the "AGILE Open MDO suite". The MDO suite will
be made accessible to a consistent number of organizations to implement
their own MDO processes of large-scale problems by taking advantage of
AGILE technologies.
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