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Abstract 

Over the last decade, Unmanned Aerial Vehicles (UAVs) have experienced an 
accelerated growth, and nowadays they are being deployed in a variety of missions 
that have traditionally been covered by manned aircraft. This unprecedented market 
expansion has created new and unforeseen challenges for the manufacturing industry 
which is now called to further reduce the idea-to-market times while simultaneously 
delivering designs of even higher performance. In this environment of uncertainty and 
risk, it is without a doubt crucial for the involved actors to find ways to secure their 
strategic advantage, and hence, implementing the latest design tools has become a 
critical consideration in every Product Development Process (PDP). 

To this end, a method that has been frequently applied in the PDP and has shown 
many successful results in the development of complex engineering products is 
Multidisciplinary Design Optimization (MDO). In general, MDO can bring additional 
knowledge regarding the best-suited designs much earlier in the process, and in this 
respect, it can lead to significant cost and time savings by reducing the total number 
of refinement iterations. Nevertheless, the organizational and cultural integration of 
MDO has been often overlooked, while at the same time, several technical aspects of 
the method for UAV design are still at an elementary level. On the whole, research on 
MDO is showing a slow progress, and to this date, there are many limitations in both 
the disciplinary models and the available analysis capabilities.  

In light of the above, this thesis focuses on the particulars of the MDO methodology, 
and more specifically, on how it can be best adapted and evolved in order to enhance 
the development process of UAVs. The primary objective is to study the current trends 
and gaps of the MDO practices in UAV applications, and subsequently to build upon 
that and explore how these can be included in a roadmap that will be able to serve a 
guide for newcomers in the field. Compared to other studies, the problem is herein 
approached from both a technical as well as organizational perspective, and thus, this 
research not only aims to propose techniques that can lead to better designs but also 
solutions that will be meaningful to the PDP. Having established the above foundation, 
this work shows that the traditional MDO frameworks for UAV design have been 
neglecting several important features, and it elaborates on how those novel elements 
can be modeled in order to enable a better integration of MDO into the organizational 
functions. Overall, this thesis presents quantitative and qualitative data which 
illustrate the effectiveness of the new framework enhancements in the development 
process of UAVs, and concludes with discussions on the possible improvement 
directions towards achieving more and better MDO capabilities.  
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1
Introduction 

When aerial missions become too “dull, dirty, or dangerous” for humans, then the 
implementation of Unmanned Aerial Vehicles (UAVs) can be an indisputably 
advantageous alternative which can lead to considerable benefits both in terms of 
money but also time (Tice, 1991). In the past few years, the use of UAVs has 
experienced an accelerated and unprecedented growth, and at present, there is a wide 
range of applications that can be performed much safer and with less cost if manned 
operations can be avoided (Volpe, 2013). As expected, this competitive market is 
imposing more strict performance and delivery requirements, and as a direct 
consequence, companies are nowadays faced with new challenges that in turn call for 
even more efficient development tools. 

Multidisciplinary Design Optimization (MDO) is a promising method that can be 
applied in the development process of complex products in order to explore the design 
tradeoffs by using analysis or numerical optimization. Nonetheless, MDO comes with 
several limitations, and it can be seen that the computational efficiency can often be 
the bottleneck when it comes to its implementation in the preliminary and detailed 
design applications. At the same time, there are still gaps in the disciplinary modeling 
and analysis capabilities, while a further and rather critical shortcoming is the lack of 
research regarding the integration of MDO within the organizational functions. 

This thesis aims to explore the state-of-the-art methods for applying MDO on UAVs 
and in turn to draw a roadmap for guiding practitioners and newcomers into the field. 
The proposed roadmap focuses on the technical requirements and techniques that are 
currently used to enable efficient MDO, but it also emphasizes on the organizational 
aspects that need to be taken into account in such endeavors. Having established the 
aforementioned roadmap, this research investigates methods for improving the current 
gaps, while finally, as a step further it attempts to expand the traditional framework 
towards totally new, but yet essential, features for MDO of UAVs. 
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1.1 Background 

The development of complex engineering systems is a multidisciplinary process 
which goes through many design phases and requires a significant amount of 
coordination between experts in order to ensure the success of the final product. In its 
simplest form, the Product Development Process (PDP) has a structure which 
resembles a stage-gate system, and it is usually comprised of several activities as well 
as checkpoints which control that the initial design requirements have been met 
(Cooper, 1990). The PDP starts from an abstract idea and ends with manufacturing, 
while during this time, it is typically necessary to bring several departments of the 
organization together so that they can identify a configuration that is holistically 
acceptable. To no surprise, the final outlook of the PDP will ultimately depend on the 
product specifications as well as the adopted practices of each company, and to this 
date, engineers can choose from a large selection of available tools which aim to 
enhance the design and accelerate the overall process (Cooper, 2014).  

Although the PDP is comprised of many different segments that call for a wide 
range of domain-specific work, it can be argued that the core engineering activities 
take place during three key stages which are namely the conceptual, the preliminary, 
and the detailed design phases (Ulrich and Eppinger, 2012). The main problem here is 
that at the beginning of the process there is a lot of freedom to make choices, but on 
the other hand there is not so much knowledge on how the design will eventually 
perform. Conversely, in the later and more refined stages the design may be better 
understood, but at the same time, it has become very difficult to change it because 
this would require a significant amount of time but also company resources. This is 
especially critical in the development of complex engineering products with many 
underlying dependencies since it is often difficult to fully understand the complete 
system behavior unless there is sufficient data from multidisciplinary but also high-
fidelity simulations (Haskins et al., 2006). Overall, the above paradox shows that 
adequate knowledge of the design is a concept of utmost importance within the PDP, 
and in this respect, it is crucial to strive for more and better information even from 
the early stages of process (see Figure 1). 

 
Figure 1. The paradox of design freedom against product knowledge, adapted from Karniel 

and Reich (2011). 
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Given the above premise, it can be seen that the traditional PDP may be well-
fitted for simple or existing products, but it often demonstrates several limitations in 
the development of complex systems like UAVs where there is typically a great deal 
of innovation as well as numerous components with intricate synergies (Crawley et al., 
2004). To this end, MDO is able to take into account multiple disciplines at the same 
time, and hence, it is possible to consider several aspects of the design simultaneously 
instead of working on them in isolation as it has been commonly done in the 
conventional PDP. This leads to a more holistic view of the system interactions as well 
as a reduction of the costly iterations between the engineering teams, while depending 
on the fidelity of the tools, it can also allow for high-detail and thus more accurate 
design data to flow into the conceptual design stage (Agte et al., 2009). On the whole, 
the field of MDO has been constantly growing, and nowadays it is possible to enhance 
the speed and quality of the calculations by taking into account state-of-the-art 
analysis capabilities, advanced decomposition architectures, smart integration tools, 
and more efficient computing techniques (Simpson and Martins, 2011). 

1.2 Motivation 

One of the main objectives of the manufacturing industry is, and has always been, 
to be able to market successful products which can generate higher profits and in turn 
expand the market share of the organization. Offering better solutions compared to 
the competition is without doubt a critical factor for achieving a strategic advantage, 
and therefore, one key attribute towards the economic success of the company is to 
consider design tools that enable high performance designs but also faster and more 
agile processes. Although this is true for most products, it can be said that it becomes 
particularly critical in the development of UAVs where it can be seen that the market 
is galloping and there are currently very high demands for more quality as well as 
shorter delivery times (Volpe, 2013).  

In this light, the main motivation for this work is to improve the PDP of UAVs 
with more state-of-the-art tools that will allow the design teams to take more supported 
decisions earlier in the process when there is still time to make the necessary alterations 
(Karniel and Reich, 2011). To accomplish this, it is first and foremost important to 
address the issue of allowing more design knowledge to become available as early as 
possible but also the issue of the costly and time-consuming iterations which occur due 
to the isolation of the engineering teams. In this respect, MDO appears as a promising 
design tool since it has the potential to provide more and better information at all 
stages of the PDP, while at the same time, it is also particularly suitable for UAVs 
since this type of product includes by nature multiple disciplines and sub-systems.  

Even though MDO has been applied in several UAV development studies, it can 
be argued that there are still several gaps which limit the knowledge that this method 
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can deliver and impede its eventual use within the PDP (Agte et al., 2009). More 
specifically, the majority of cases are only concentrating on conceptual design, whereas 
most of them have also been neglecting important design requirements by focusing 
solely on the aeronautical aspects of the aircraft. At the same time, the studies with 
high-fidelity tools, and thus more industrial interest, are reporting many issues 
regarding the computational efficiency of MDO, and to this date, this as well as other 
integrational limitations have evolved as a major hinder towards the complete 
implementation of MDO within the PDP (Simpson and Martins, 2011). Finally, most 
publications on MDO have been excessively focused on proving the technical benefits 
of its implementation, and as a result, there are currently many case studies on how 
to get optimized designs, but hardly any research on how those can be meaningfully 
used by the manufacturing industry (Belie, 2002). 

1.3 Scope 

The scope of this thesis is the enhancement of the PDP of UAVs through the use 
of MDO, and therefore, the research that is presented here is exclusively centered on 
these strictly defined research topics (see Figure 2).  

 

Figure 2. The scope and research topics that are covered by this thesis. 

Given that UAVs share a large number of common elements with manned aircraft, 
it is herein considered relevant to take that into account, and hence, supplementary 
knowledge from this field is used when this is needed to improve or complement the 
contributions. Although the term “UAV” may refer to a very large spectrum of 

products, the focus of this research is on applications with a sufficient level of system 
complexity which suggests that neither the small-scale (recreational) applications nor 
the large autonomous systems have been included in this study. 

In this context, MDO is approached more as an optimization method rather than 
a design space exploration strategy. The multidisciplinary nature is expressed through 
the simultaneous use of both disciplinary models and analysis capabilities under a 
common framework, and for this initial application the considered tools include basic 
aeronautical disciplines but also case-specific analytical functions in order to be able 
to capture the requirements of each optimization scenario. On the whole, the MDO in 
this thesis is about merging the conceptual and preliminary design stages, and as such, 
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a multi-fidelity approach where data from high-fidelity analyses are brought into the 
conceptual design is herein employed.  

As far as the PDP is concerned, it can be argued that the discussions which are 
presented in this study have only emphasized on the enhancement of the three main 
design stages (i.e. conceptual, preliminary, and detailed), whereas the front and back 
end of the process have been excluded. Overall, this research is about the additions 
that can bridge the above stages by increasing the knowledge early on in the process, 
and to this end, aspects such as planning, testing, and production have been 
intentionally left outside the scope of this work. Accordingly, the proposed 
enhancement methods have only targeted the activities and teams within the 
engineering department, and therefore, this thesis has neither considered nor tested a 
potential expansion towards other sections of the organization like for example 
marketing and manufacturing.  

1.4 Aim 

The aim of the present work is to provide a summary of the MDO field and in turn 
to identify the gaps and trends as well as the organizational effects of using 
optimization in UAV companies. Hence, the research has been performed from both 
an MDO and PDP perspective, and it has been collectively presented in the form of a 
roadmap that will serve as guide for both the academia and the industry. As a unique 
contribution, the implementation of novel elements to the traditional framework is 
herein investigated, and a framework for UAV design is subsequently developed by 
taking into account additional disciplinary models, new analysis capabilities, and more 
efficient computing techniques. Finally, the thesis concludes with a presentation of the 
obtained optimization results, and it is shown that adding “more of the same” together 

with “entirely new” features can be an ideal direction for improving the current 
methods for applying MDO on UAVs.  

In total, the principle idea is the application of MDO in the PDP of UAVs and how 
this can be improved in order to enable better designs that will allow the organization 
to maximize its success. Given this foundation, this thesis collectively summarizes and 
discusses the results from all the appended papers, and as step further, it attempts to 
provide answers to three specific topics which are presented below in the form of 
research questions: 

 RQ1: What are the current research gaps, trends, and improvement possibilities 

in MDO of UAVs? 

 RQ2: Which are the most critical additions towards enhancing the MDO of 

surveillance UAVs?  

 RQ3: How can MDO be integrated in the manufacturing industry and support 

the PDP of UAVs? 
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1.5 Methodology 

The research methodology which was used throughout this work is in accordance 
with the Design Research Methodology (DRM) which was suggested by Blessing and 
Chakrabarti (2009). DRM has been specifically developed in order to fit studies in the 
field of engineering design, and it is comprised of four main stages which are typically 
addressed in an iterative way until the desired result has been achieved. A graphical 
representation of the DRM is given in Figure 3, while the four main stages are further 
elaborated below: 

 Criteria: Identification of the aim and focus that the research is expected to 
fulfil and definition of a criterion that will act as a metric of success. 

 Descriptive study 1: Use of literature and observations to understand the 
factors that influence the success and investigation of a foundation that will 
allow further work. 

 Prescriptive study: Implementation of experience and assumptions in order to 
develop new methods and tools that will enable an improvement of the existing 
state of the art. 

 Descriptive study 2: Evaluation of the effect that the proposed methods and 
tools have on the previously defined criterion of success and initiation of 
improvement iterations.  

Figure 3. The Design Research Methodology (DRM) framework, adapted from Blessing and 
Chakrabarti (2009). 

The first part, and hence the foundation of this work, are two literature reviews 
which aim to present the current research gaps and trends in MDO of UAVs, and 
subsequently to help identify the possible directions for improving the existing 
practices. By using this descriptive basis, the second part of this thesis is about the 
development of an MDO framework with more powerful capabilities, and in particular, 
about adding novel but also more efficient elements in order to better capture the 
performance of UAVs. Given this contribution, the last part of this study presents 
quantitative results that were obtained from two exploratory case studies, and 
concludes with an evaluation of the new additions by taking into account both the 
achieved design quality and the enhancement of the process.  
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1.6 Outline 

This research is for the most part based on the work that is presented in the 
appended papers, and therefore, it has been structured as a compilation thesis where 
information is only repeated when it is necessary to introduce a concept or keep the 
consistency of the text. Overall, this work is comprised of five chapters with the 
introduction being the first, then followed by the two main research topics, and finally 
summarizing with discussions and conclusions (see Figure 4). To avoid repetition, and 
given the fact that two of the appended papers are literature reviews, the theory that 
is presented in this thesis has been largely based on papers I and II, while some 
additional theoretical elements have also been added in order to provide the reader 
with a more holistic view of the field. Since papers I and II are a combination of state-
of-the-art information and own research, chapter 2 includes both a theoretical 
background as well as contributions which are presented here in the form of identifying 
the current MDO possibilities. Therefore, chapter 2 should be viewed in this context 
as both a “theory” and a “contribution” chapter, while accordingly, further 
contributions regarding the expansion of the existing MDO capabilities are 
subsequently presented in chapter 3 which is based on papers I, III and IV. 

 
Figure 4. Overview and breakdown of the chapters. 

A short summary of the four main chapters and their contents is presented below: 

 Chapter 1: Presentation of the background as well as the research method, aim, 
and scope. 

 Chapter 2: Focus on identifying the current MDO possibilities in UAV design 
(Overview of the state of the art, evaluation of the industrial adaptation and 
integration, presentation of the gaps and trends, exploration of the improvement 
directions). 

 Chapter 3: Focus on the improvement of the existing MDO capabilities 
(Suggestion of a roadmap, development of an MDO framework, consideration 
of more efficient computing methods, presentation of optimization and 
validation results). 

 Chapter 4: Discussions on the research contributions compared to previous 
works and presentation of the limitations as well as generalization of the 
proposed method. Conclusions with answers to the research questions and 
suggestions for future work. 
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2
Identifying the Current 

Possibilities in MDO of UAVs 

The primary aim of this chapter is to provide the basic theoretical background that 
the reader needs in order to understand the technical terms and discussions which are 
presented later in this thesis. The chapter begins with the results of a brief literature 
review that was performed specifically for this thesis, and highlights the important 
subjects which have been omitted from the review papers but are nevertheless 
instrumental in understanding the particulars of the field. This “state of the art” section 
includes a small introduction to the principles of UAV design as well as engineering 
design optimization, and then it elaborates on two key MDO concepts which are 
namely the decomposition architectures and the efficient computing methods.  

At a secondary level, this chapter aims to present a further and a more in-depth 
theoretical analysis of MDO in respect to the PDP of UAVs as well as the findings and 
the contributions of the review papers I and II. The purpose of the next sections is 
thus twofold, and it is to summarize the identified research trends in the form of further 
theory but also to provide an answer to RQ1 through the presentation of the research 
gaps that the literature revealed in the form of contributions.  

In this light, the first topic is about the industrial adaptation of MDO as it was 
portrayed in paper II, and more specifically, about its potential to enhance the PDP, 
to promote better organizational integration, and to manage complex engineering 
systems. The next topic is about the gaps and trends in MDO of UAVs based on the 
findings of paper I, and in particular, about the possibilities in problem formulation, 
disciplinary modeling, analysis capabilities, and level of fidelity. Finally, the chapter 
concludes with a general assessment of the MDO field and sums up by presenting the 
directions for future improvement which were identified in both papers I and II. 
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2.1 State Of The Art 

This section is based on a literature review that was performed exclusively for this 
thesis, and presents the theoretical background which is required in order to follow this 
work. First, the target product is introduced by means of describing some key UAV 
concepts. Second, the basics of the method are explained through the presentation of 
the optimization concepts. Finally, the MDO topics that this thesis builds upon in the 
contributions are further elaborated. 

2.1.1 Design principles of UAVs 

The design of UAVs is a multidisciplinary process that begins with the definition 
of the general requirements and specifications which are typically a list of the most 
critical mission characteristics such as the payload, the endurance, the altitude, and 
the speed (Valavanis and Vachtsevanos, 2015). After this has been established, an 
initial sizing based on similar aircraft applications takes place in order to narrow down 
the potential airframe concepts, while the next steps are to investigate the aerodynamic 
efficiency of the chosen configuration, to establish a geometrical layout that has 
adequate volume for the systems, to calculate the generated structural responses based 
on the loading, and finally, to select a proper engine that meets with the minimum 
thrust requirements (See Figure 5). Similarly to general aviation aircraft, the ultimate 
goal herein is to be able to fly as efficiently as possible, and hence, one of the main 
design concerns is not only to develop flyable solutions but also to work towards better 
performance by reducing the aerodynamic drag and minimizing the engine fuel 
consumption (Austin, 2010).  

 
Figure 5. A simplified multidisciplinary development process showing the basic iterative loops 

in the design of UAVs. 

From a systems architecture point of view, UAVs have the same components as 
manned aircraft with the main exception being that there is no need to have a cockpit 
or any kind of environmental control and life support systems (Austin, 2010). Although 
this is a significant weight saving, it is often compensated by the need for advanced 
guidance, navigation, and control systems which can be quite demanding depending 
on the size of the airframe and the desired level of autonomy (Valavanis and 
Vachtsevanos, 2015). In addition to these systems, a further weight penalty comes 
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from the so-called “payload” which as a general rule defines the purpose of each UAV 
and it is usually comprised of various sensors, mission-specific items (e.g. commercial 
cargo, weapons), or a combination both. In their simplest form, the takeoff weight and 
the endurance of UAVs are respectively defined in Equations 1 and 2 where Ct is the 
Specific Fuel Consumption (SFC) of the engine, and L, D are the aerodynamic lift and 
drag forces. On the whole, Equations 1 and 2 illustrate the importance of a high-
performance design, and point to the fact that a good aerodynamic as well as engine 
efficiency can reduce the fuel weight, increase the endurance, and subsequently allow 
for even more useful payload to be considered in the mission. 

𝑊𝑇𝑎𝑘𝑒𝑜𝑓𝑓 = 𝑊𝐴𝑖𝑟𝑓𝑟𝑎𝑚𝑒 + 𝑊𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑊𝐸𝑛𝑔𝑖𝑛𝑒 + 𝑊𝐹𝑢𝑒𝑙 (1) 

𝐸 =
1

𝐶𝑡

𝐿

𝐷
𝑙𝑛

𝑊𝑇𝑎𝑘𝑒𝑜𝑓𝑓

𝑊𝑇𝑎𝑘𝑒𝑜𝑓𝑓 − 𝑊𝐹𝑢𝑒𝑙
 (2) 

2.1.2 Engineering design optimization 

In a nutshell, engineering design optimization is a process that aims to improve the 
quality of the design by exploring how a representative set of design variables can 
affect a suitable set of objectives. Hence, the design variables can be viewed as the 
parameters that is possible to adjust in order to achieve the desired attributes, while 
accordingly, the objectives are mathematical expressions of the design characteristics 
that are expected to add “value” to the final product (Andersson, 2001). Overall, the 
system design and optimization process aims to support and speed up the development 
process, and to this end, it is essential to have a correct problem definition, adequate 
modeling as well as simulation capabilities, and finally a suitable optimization 
environment that can enable the evaluation of the various concepts (see Figure 6). 

Figure 6. Graphical illustration of the system design and optimization process, adapted from 
Andersson (2001). 

Apart from the above descriptive formulation, the typical design optimization 
problem can also be expressed in mathematical terms, and its basic form according to 
Sobieszczanski-Sobieski et al. (2015) that is also encountered in this thesis is presented 
in Equation 3. The considered problem takes into account a generic objective function 
which is denoted here as f(x), two sets of inequality and equality constraints that are 
represented by gj(x) and hj(x), and lastly a set of design variables xi with xu and xl being 
the upper and lower limits respectively.  
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 
 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  

𝑓(𝑥)  
 

𝑔𝑗(𝑥) ≤ 0 

ℎ𝑗(𝑥) = 0 

𝑥𝑢 ≥ 𝑥𝑖 ≥ 𝑥𝑙 

 

 

𝑓𝑜𝑟 𝑗 =  1 … 𝑚 

𝑓𝑜𝑟 𝑗 =  1 … 𝑝 

𝑓𝑜𝑟 𝑖 =  1 … 𝑛 

(3) 

The optimization problem of Equation 3 can be solved in many ways depending on 
the particulars of each case-study, and to do so, it is first and foremost important to 
understand and interpret the requirements, to constraint the problem in a realistic 
way, and to keep the complexity at a level that corresponds to each development stage 
(Giesing and Barthelemy, 1998). To this end, some key concepts regarding problem 
formulation and optimization algorithms which are also used in the appended papers 
are elaborated below: 

 Objective formulation: In a single-objective optimization (SOO) formulation 
there is only one characteristic that the algorithm seeks to optimize. This can 
be either a single attribute (e.g. the aircraft weight) or a combination of 
attributes that have been appropriately integrated into one aggregated 
objective function (e.g. aircraft weight, endurance, and cost). The latter can be 
formulated by using the weight-sum method which is a simple way of 
considering multiple objectives in the optimization problem by means of user-
defined weightings (Andersson, 2001). An alternative to the above that gives 
more freedom to the decision-making team is a multi-objective optimization 
(MOO) formulation where two or more characteristics are optimized at the 
same time and eventually lead to a graph of equally optimal solutions which is 
known as the Pareto front (Savic, 2002). 

 Optimization algorithms: A wide selection of both gradient and non-gradient 
algorithms have been applied to engineering design optimization 
(Sobieszczanski-Sobieski et al., 2015). A branch of the latter category that is 
also used exclusively in this work is the Genetic Algorithms (GA) which imitate 
the process of natural selection that occurs in nature. The design parameters 
are coded into genes which form chromosomes, and then those are evaluated so 
that the “fittest” can be identified and combined in order to produce an 

offspring (Goldberg, 1989). One of the strengths of GAs is their ability to locate 
the optimum even in cases that the objective function is not “well-behaved”, 

whereas on the downside, they can be often computationally heavy due to the 
fact that they perform a more thorough exploration of the design space 
(Amadori, 2012). 

In general, design optimization may be a straight-forward task when one discipline 
is considered, but at the same time, many challenges arise when it is applied on 
complex engineering products that are comprised of many sub-systems. Optimizing the 
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sub-systems separately would most likely lead to sub-optimal or even unfeasible 
designs, and the main reason for this is that complex products have typically numerous 
synergies that need to be simultaneously taken into account (De Weck et al., 2007). 
Consequently, one possible solution is to move towards a more holistic representation 
of the system by including multiple disciplines (see Figure 7), and in this light, MDO 
is herein defined and used as a systematic approach to design space exploration that 
allows designers to map the interdisciplinary relations (Vandenbrande et al., 2006). 

 
Figure 7. An example of an MDO framework with three disciplines, adapted from 

Vandenbrande et al. (2006). 

2.1.3 Decomposition of MDO problems 

The majority of MDO problems aim to capture the complex interactions of 
engineering systems, and therefore, a suitable decomposition “architecture” or 

“strategy” must be first established in order to be able to solve them. According to the 
definition of Martins and Lambe (2013), “architectures define how to organize the 
disciplinary analysis models, the approximation functions (if any), and the optimization 
software in concert with the problem formulation so that an optimal design can be 
achieved”. In general, architectures are divided into monolithic (or single-level) and 
distributed (or multi-level) which in turn indicates that the formulation either 
considers only one main problem or multiple sub-problems that need to be coordinated 
at the same time. Overall, there are many different decomposition architectures that 
can be fitted to a variety of MDO problems, and to this end, some of the most common 
considerations are factors such as the complexity of the system interactions, the 
availability of specific algorithms, and the access to computer power.  

In literature, the most fundamental monolithic MDO architecture is known as the 
“All-At-Once” (AAO) problem which includes all coupling variables, coupling variable 
copies, state variables, consistency constraints, and residuals of the governing equations 
in the problem statement (Martins and Lambe, 2013). Depending on which equality 
constraint groups are eliminated from the AAO problem, two other monolithic 
architectures can be subsequently derived, and those are namely the Individual 
Discipline Feasible (IDF) and the Multi-Disciplinary Feasible (MDF). Having 
established the above foundation, the next step is to derive the distributed 
architectures that are essentially an application of the IDF and MDF formulations on 
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multiple sub-problems which are then typically controlled by a system-level problem 
(see Figure 8).  

 
Figure 8. The derivation of the fundamental MDO decomposition architectures, adapted 

from Martins and Lambe (2013). 

As far as monolithic architectures are concerned, the MDF is the simplest to 
implement, while at the same time, it also ensures that there is always system 
consistency even if the optimization process is terminated early (Balesdent et al., 2011). 
In MDF, all the sub-systems are coupled together in an analysis module that receives 
the design variables x, then iterates with the discipline outputs yi and the state 
variables zi until convergence has been reached, and finally calculates the objective 
function f as well as the equality h and inequality g constraints (see Figure 9 left). The 
convergence loops of MDF are based on fixed-point iterations which require multiple 
disciplinary analyses for each one of the global algorithm evaluations, and for that 
reason, a significant amount of computational time is often spent in this process. Thus, 
the MDF is more suitable for smaller problems where fast analysis times are expected, 
while to this date, in aircraft MDO it has been typically restricted to the decoupling 
of a small number of disciplines like for example propulsion and mission performance 
(Allison et al., 2012) or structures and aerodynamics (Brezillon et al., 2012).  

  
Figure 9. The MDF (left) and CO (right) decomposition architectures, adapted from 

Balesdent et al. (2011). 

A distributed architecture that is based on the IDF formulation and has been 
frequently applied in aircraft MDO for achieving mission-based (Perez et al., 2006) or 
discipline-based (Iwaniuk et al., 2016) decomposition is Collaborative Optimization 
(CO). CO divides the problem in many different parts which are then controlled by a 
global optimizer, and in this respect, it has the main advantage of enabling a better 
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problem decoupling and allowing disciplines to be analyzed in parallel (Balesdent et 
al., 2011). In CO, all the sub-systems receive the design as well as coupling variables 
x, y and then modify their local copies subject to the local constraints hi, gi as well as 
the coupling functions ci, Ji. Once all the local optimizations are finished, the system 
optimizer evaluates the objective function but also the consistency residuals J in order 
to determine the improvement of the objectives but also the achieved decoupling level 
(see Figure 9 right). Due to its complex nature, CO typically requires a significant 
overhead development time, while a further computational weakness is that 
consistency and feasible solutions are not always guaranteed if the user decides to 
abruptly stop the process before the optimizer has completely converged. 

2.1.4 Efficient computing methods 

One of the most important characteristics that every MDO framework should have 
is the ability to provide quick answers so that it can increase the design knowledge at 
an even earlier stage in the development process. In this light, one frequently 
implemented strategy is to use surrogate models or metamodels in order to replace the 
computationally expensive disciplinary analyses (Giesing and Barthelemy, 1998). 
Generally, metamodels are mathematical functions and they are created by first 
identifying the response of the original model over a predefined design space, and then 
applying an approximation algorithm in order to be able to capture its behavior (Viana 
et al., 2014). According to Myers et al. (2009), there are many approximation 
algorithms for creating metamodels, and some of the most notable ones that are also 
used in this work include Anisotropic Kriging (AKR) and Neural Networks (NN) which 
are further elaborated below. 

 AKR belongs to the field of geostatistics, and calculates the value of the desired 
point based on its distance to a set of other known points and the overall trends 
of the function in the given design space. 

 NN are inspired by how the human brain processes incoming information, and 
they are based on a grid of several hidden layers which aim to relate the input 
to the output by using simple transfer functions. 

Nevertheless, metamodels can also have many disadvantages, and in particular, the 
most common issue is that their predictions can have a significant deviation from those 
of the real models. Depending on the type and scope of the application, even a large 
error can be sometimes acceptable, while in general, it can be said that the most 
influencing factors which can affect the final accuracy are the number of the input 
variables, the amount of noise in the function, and the quality/size of the training 
sample (Persson, 2015). To this end, there are many authors who have investigated 
various methods to increase the performance of the metamodels, and the most notable 
examples are to recalibrate the metamodels after each iteration (Lefebvre et al., 2012), 
to limit their predictions only at a narrow area of the design space (Choi et al., 2008), 
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and lastly, to decompose the problem into smaller parts and then use multiple 
metamodels (Piperni et al., 2013). 

2.2 Industrial Adaptation 

This section covers the issues which are pertain to the current relation of MDO to 
the manufacturing industry, and more specifically, to the particulars of its cultural and 
organizational integration within the PDP. The discussions herein are solely based on 
the findings of the review that is presented in paper II, and the three presented topics 
have been chosen in order to illustrate the non-technical potentials of using MDO 
within a generic PDP. 

2.2.1 Enhancing the development process 

A well-defined process is an essential element of product development, and it has 
been shown that it can lead to increased coordination, better planning, and continuous 
design quality improvement (Ulrich and Eppinger, 2012). Like many other complex 
engineering products, the PDP of UAVs begins with planning and it goes through 
many development phases before the design is ready to be tested and put in production 
(see Figure 10). In the design stages of this generic PDP several different airframe 
configurations are initially explored (conceptual design), and once a suitable solution 
has been identified, then each component of the system is gradually refined 
(preliminary design) until a complete engineering drawing can be delivered (detailed 
design). Overall, the challenge in conceptual design is to be able to quickly explore 
several airframe configurations in order to find a layout that generally meets with the 
requirements, while in the preliminary and detailed design it is important to include 
more in-depth disciplinary analyses so that the operation and key interactions of each 
sub-system can be accurately captured. 

Figure 10. The typical design stages in a generic development process for UAVs, adapted 
from Ulrich and Eppinger (2012). 

As already stated before, MDO has the potential to bring more knowledge into the 
process, and hence, it can be seen that it has been successfully applied on all stages of 
the PDP as well as between different departments of the organization like marketing, 
engineering, and manufacturing. Conceptual design is by nature a very promising field 
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of application for MDO, and it has been shown in many instances (Amadori et al., 
2006; Jeon et al., 2007) that it can be a quick tool for exploring the underlying tradeoffs 
between competing objectives in UAV design. Accordingly, MDO can have many uses 
in preliminary design where it can lead to a more holistic view of the total system 
behavior by taking into account the effects of the on-board systems like the propulsion 
(Allison et al., 2012) or the flight controls (Perez et al., 2006). Lastly, there are 
traditionally further uses of MDO in the detailed design stage, and more specifically, 
it can be an effective method to either refine the design with greater accuracy or 
provide more data earlier in the process through the use of increased problem sizes and 
high-fidelity simulations (Choi et al., 2010).  

2.2.2 Achieving organizational integration 

One of the most critical issues towards achieving products of higher quality is to be 
able to bring the different departments of the organization closer and in turn use this 
integration in order to enhance the development activities with more efficiency and 
more professionalism (Andreasen and Hein, 1987). The main problem here is that 
modern companies grow larger with time, and hence, this causes a segregation of the 
organizational departments which in turn reduces the communication and affects the 
final product quality (see Figure 11). To this date, changes in the organizational 
structure as well as in the topology of the facilities are the most common strategies to 
tackle this problem (Griffin and Hauser, 1996), however, this is not always the solution 
for large UAV companies where their size can be often a major hinder towards 
integration. 

 
Figure 11. An example of the different department desires within the PDP of UAVs, adapted 

from paper II.  

In this respect, MDO can be a decisive factor since it has been shown to bring 
people from all departments and hierarchies closer in order to work towards the 
development of a framework that can be used in the optimization of the product. In 
an MDO scenario, the disciplinary models should be able to exchange information 
seamlessly, and for that reason, there is an additional motivation for people to come 
together and interact much more often compared to the traditional PDP structure 
(Safavi et al., 2012; Safavi et al., 2015). This new state allows all departments and 
teams to see clearly the main design objectives, and as a direct consequence, it 
generates a state of increased awareness that is argued to reduce the costly and time-
consuming iterations within the groups (Simpson and Martins, 2011). 
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2.2.3 Managing complex systems  

Systems engineering is an iterative process of top-down synthesis, development, and 
operation that aims to solve the given problem in an interdisciplinary and socio-
technical approach while considering the entire life-cycle of the product (Haskins et 
al., 2006). In the development of UAVs, the main challenge for designers is to balance 
multiple factors like for example the cost, the scheduling of the process, the quality of 
the product, the future changes, and the financial risk (Crawley et al., 2004). Hence, 
there is clearly a need to model more system aspects, but also to consider more life-
cycle inputs and outputs so that further knowledge regarding the functional behavior 
and the potentially undesirable effects can be taken into account as early as possible 
in the design decisions of the PDP (see Figure 12). 

 
Figure 12. An ideal MDO approach for the design of UAVs by considering all layers of the 

system as well as life-cycle aspects, adapted from paper II.  

Given the above definitions, it can be argued that MDO can be a valuable tool for 
acquiring a holistic view of the UAV systems since it can permeate all layers of the 
design through the use of concurrent airframe and sub-system evaluations in a suitable 
computational environment (Krus and Andersson, 2003). Moreover, MDO can ensure 
that additional information on properties such as robustness, adaptability, flexibility, 
scalability, and safety are also delivered by using suitable inputs to the problem like 
for example probabilistic and uncertainty constraints (Gavel et al., 2008). Finally, 
considering logistics and marketing is also a further possibility, and it can be seen that 
designing families of aircraft is one example which shows how modularity and 
scalability can be effectively included in the MDO framework (Willcox and Wakayama, 
2003). 

2.3 Gaps and Trends 

This section presents the current research gaps and trends which were identified by 
the survey of paper I. The literature sample for this review consisted of 67 MDO case 
studies in aerial vehicle design which were carefully selected after following a stringent 
methodology. The most important results of this review are summarized here in four 
sub-sections, while the interested reader can find the complete and detailed work in 
the appended papers. 
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2.3.1 Problem formulation 

In the optimization of aerial vehicles, the most common objectives are related to 
the mission, weight, and aerodynamic performance of the design, and the reason is that 
those characteristics can be a good overview of the general product value (see Figure 
13). According to the review that is presented in paper I, the most frequent formulation 
is the SOO, whereas multiple objectives can also be taken into account by using the 
weighted-sum method or a MOO which is a more flexible alternative for design space 
exploration (Hurwitz et al., 2012). Moreover, the most preferred metrics are typically 
design parameters which are associated with the weight of the aircraft (e.g. MTOW) 
due to the fact that those are often related to the overall aircraft performance as well 
as the operating and acquisition costs (Ghoman et al., 2012).  

 
Figure 13. The types of formulations and objectives in MDO of UAVs, adapted from paper I.  

2.3.2 Disciplinary modeling 

In general, the number and complexity of the models are aligned with the 
requirements of each design application, and in this respect, the standard practice is 
to consider a set of common aeronautical disciplines that can simulate the basic aircraft 
performance but also several alternatives that can capture the case-specific physics 
(see Figure 14).  

 
Figure 14. The common disciplines and the possible alternatives, adapted from paper I.  

The common aeronautical disciplines are typically expressed in conceptual design 
with low fidelity tools or empirical equations, while in the more detailed design 
application it is usually necessary to implement higher-fidelity tools in order to enhance 
the accuracy of the calculations. Overall, the disciplines can be used either in a “stand-
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alone” or “support” mode depending on their function, and a typical example of the 

latter in MDO are the geometry models which are often employed in order to provide 
more detailed information to the other analysis elements of the framework (Laban and 
Herrmann, 2007).   

According to paper I, there has been extensive research on the common disciplines 
and their integration in the MDO framework for the design of aerial vehicles, but at 
the same time, there is a research gap in respect to the alternative models which in 
turn calls for more disciplines to be gradually included as suggested by Agte et al. 
(2009). Thus, for UAVs it is generally important to include noise propagation models 
that show the sound impact of the design towards the ground observers (Choi et al., 
2008), flight mechanics models that simulate the interactions between the control 
system and the behavior of the aircraft (Haghighat et al., 2012), and cost models that 
can estimate the economic implications and life-cycle evolution of the product 
(Sadraey, 2008). Finally, further additions which are typically neglected but are 
especially critical for surveillance UAVs are the simulation of the on-board sub-systems 
which can provide more data on the system interactions (Piperni et al., 2013), and the 
modeling of electromagnetics which can capture aspects such as the communications 
(Neidhoefer et al., 2009) and the stealth performance (Allison et al., 2012).   

2.3.3 Analysis capabilities 

The term analysis capabilities aims to describe complex computational functions 
that are able to provide additional information on the design by using the existing 
framework models (see Figure 15). One indicative example of this is the calculation of 
the aeroelastic equilibrium which to this date has received, and still receives, a lot of 
attention since it is a crucial aspect in the design of aircraft with flexible wings 
(Cavagna et al., 2011).   

Figure 15. The typical analysis capabilities in MDO of UAVs, adapted from paper I.  

Accordingly, in the design of aerial vehicles supplementary fidelity can be brought 
into the conceptual design by implementing a local high-fidelity optimization of the 
structural layout (Gazaix et al., 2011), while additional knowledge regarding the 
robustness and the unwanted system effects can be achieved through the consideration 
of uncertainty inputs (Yao et al., 2011). Lastly, in the fast-paced development market 
of UAVs it is important to be able to have a holistic view of the future product usage 
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early on, and in this light, two essential, but yet overlooked, analysis capabilities are 
to be able to predict the customer and market inputs as well as the network and system 
interactions. 

2.3.4 Level of fidelity 

The level of fidelity that the disciplinary models should deliver is primarily 
determined by the development stage which the MDO process aims to enhance, and 
therefore, it is always crucial to take into account the degree of design maturity that 
needs to be achieved (Piperni et al., 2013). According to the review of paper I, the 
majority of authors abstain from specifying the development stage that they are 
working on, while at the same time, there is general tendency where the choice of tools 
is based on availability rather than suitability. Overall, it is stressed that the MDO 
tools should be able to capture the correct physics of the problem (Reuter et al., 2016), 
but also to be as computationally efficient as possible in order to enable even faster 
design evaluations (Henderson et al., 2012). To this end, it can be seen that a prevalent 
trend is to build modular frameworks that can adapt to different fidelity requirements, 
whereas it can be argued that the main gap herein is the lack of a complete list 
regarding the available software solutions (see Figure 16). 

Figure 16. The tools that are commonly used in MDO of UAVs, adapted from paper I.  

In total, low-fidelity tools are the most frequently used solution in MDO for 
conceptual design of UAVs (see Figure 16), and the main reason for this is that they 
can deliver a sufficient level of fidelity at very fast computational times (Iemma and 
Diez, 2006). Nevertheless, low fidelity has many disadvantages, and more specifically, 
it can be seen that it is often impossible for elementary solutions like empirical 
equations to capture the complexity of detailed design or unconventional configurations 
(Allison et al., 2012). Thus, in such cases it is imperative to employ higher-fidelity 
models or their metamodels which can be an efficient way of increasing the confidence 
on the design at a reasonable loss of accuracy. Finally, considerable research has also 
been conducted on multi-fidelity schemes, and in particular, it has been shown that a 
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very efficient alternative is to couple a low fidelity process with a high-fidelity one. In 
this way, it is possible to enable a first and fast exploration of the design space, and 
then perform the more detailed and thus time-consuming search on a much narrower 
area where this is truly needed (Zill et al., 2013).  

2.4 Improvement Directions 

In this section, the identified directions for improving the MDO field are presented 
based on the findings and discussions of papers I and II. The focus is initially on the 
general shortcomings of MDO and the challenges towards its integration within the 
PDP. At a secondary level, the purely technical limitations of MDO are presented and 
the possibilities for expanding the traditional UAV design frameworks are finally 
elaborated. 

2.4.1 General research assessment 

A general research objective in MDO that is shared by the community since the 
first reviews of Sobieszczanski-Sobieski and Haftka (1997) is to enable calculations of 
even higher fidelity while at the same time reducing the computational demands. 
Although significant steps have been achieved in this direction, there are still several 
research gaps in terms of expanding MDO, and one of the most critical shortcomings 
according to paper I is still the breadth and depth of the disciplinary modeling as it 
has also been previously reported by Agte et al. (2009). In addition to this, the review 
of paper II identified that there are also several hinders towards implementing MDO 
in the PDP, and as already stated in the work of Simpson and Martins (2011), there 
is still a shortage of technical publications, absence of MDO in higher education, 
uncoordinated research, problems with industrial adaptation, and barriers in the 
transmission of knowledge due to corporate secrecy (see Figure 17).  

According to the literature review of paper I, two typical examples of modeling 
limitations are the front and back end of the PDP, and more specifically, it can be 
seen that there is need to enhance the traditional MDO practices with more details 
regarding the manufacturing process, the product maintenance, the operating 
environment, the market evolution, and the intangible entities like the aesthetics of 
the design. To this date, there have been several efforts to expand the traditional MDO 
frameworks with new disciplinary models like noise impact, flight mechanics, and cost 
estimation, but those have been studied in isolation rather than in a concurrent manner 
that will enable a holistic assessment of the design. Accordingly, there is a need to 
simultaneously include even more analysis capabilities in order to expand the 
applicability of the framework, and in this respect, it can be seen that features such as 
aeroelasticity, structural optimization, and uncertainty inputs can be instrumental in 
understanding the total behavior of the system. 
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Figure 17. The research gaps and improvement directions, adapted from Agte et al. (2009). 

2.4.2 Possibilities in UAV design 

As far as surveillance UAV applications are concerned, two key design aspects that 
can drive the design are to be able to estimate how well the sensor system is performing 
and how observable the aircraft is to the ground radars. Nevertheless, according to the 
literature, the operation of the on-board aircraft systems is seldom included in the 
optimization frameworks, while the radar signature has only been assessed in over-
simplified scenarios. In addition to this, as a means to express the customer demands 
and the future operating environment, it is important to be able to take into account 
all possible aircraft usages, and therefore, a function that can add further knowledge 
into the design is to include a trajectory analysis of the anticipated surveillance 
scenario. 

In this light, the contribution of this research focuses primarily on expanding the 
traditional optimization framework with more modeling features as well as more 
analysis capabilities in an effort to be able to apply MDO on UAV case studies that 
consider surveillance requirements. At a secondary level, the emphasis is on developing 
methods to support the integration of MDO within the industry, and to this end, it is 
investigated how the framework performance can be further improved and how the 
results can be used in a meaningful way by the decision-making team. Overall, the 
improvement possibilities herein have been divided into two orthogonal directions as 
suggested by Agte et al. (2009) with the horizontal being about improving the existing 
practices and the vertical about extending the general possibilities (see Figure 17):  

 Horizontal expansion: development of an MDO framework for a generic UAV 
design by using an alternative set of tools for the common aeronautical 
disciplines; exploration of known efficient computing solutions for MDO like for 
example asymmetric architectures and multiple metamodels; assessment of data 
management as well as visualization tools.  

 Vertical expansion: consideration of aspects that have been overlooked but at 
the same time can be vital in MDO of surveillance UAVs; development of 
electromagnetic models like radar signature and system operation models like 
sensor performance; expansion the framework with inputs such as customer 
demands and network interactions through the trajectory. 
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3
Expanding the Existing 

Capabilities in MDO of UAVs 

Given the findings of the literature review which were presented in the previous 
chapter and in paper I, the next part of this research is to implement that knowledge 
in order to synthesize a roadmap that can systematize the process of applying MDO 
on UAVs. Having established this foundation, the next step is to apply the suggested 
methods on an optimization case study, and more specifically, to validate it through 
the development of an MDO framework that can be used in the conceptual design 
stage of UAVs.  

On the whole, the main objective of the proposed framework is to assess the 
efficiency of the current practices in MDO, while at a secondary level the intention is 
to create a solid basis that will allow an expansion of the existing capabilities. In 
particular, surveillance and survivability over inhospitable territory are two of the most 
desired UAV attributes (Volpe, 2013), however, it can be argued that those design 
aspects have been seldom included in MDO frameworks. Consequently, it is essential 
to develop further models and capabilities that can provide metrics on those 
requirements, whereas it is equally important to enable methods that can align the 
performance of the tools with the corresponding design stage.  

Overall, the proposed expansions are based on the research work that is presented 
in papers III as well as IV, and the general aim herein is to provide answers to RQ2 as 
well as RQ3 by assessing a number of potential improvement strategies for surveillance 
UAVs. The effect of the proposed additions is measured through the use of quantitative 
results from two exploratory case studies, while comparisons to the existing literature 
are presented throughout the text in order to qualitatively assess the discussed 
concepts.  
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3.1 Implementation Roadmap 

This section presents a roadmap for mapping the process of applying MDO in the 
development of UAVs. The roadmap structure is the first topic of this chapter in order 
to facilitate the understanding of the framework, the expansions, and the results that 
are discussed in the following sections. In this section, the work is based on the 
literature review of paper I and it is presented as a personal contribution regarding the 
methods of improving the PDP (answer to RQ3).  

3.1.1 Overview of the structure 

Given the state of the art that was presented above and that is further elaborated 
in paper I, the next step of this research is to contribute by introducing a roadmap 
regarding the implementation of MDO in UAV design (see Figure 18).  

 
Figure 18. The proposed roadmap for applying MDO on UAVs, adapted from paper I. 

The roadmap is comprised of three different and distinct blocks that are denoted 
as A, B, and C which aim to respectively describe the organizational needs, the 
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fundamental elements, and the process iterations. Overall, the roadmap has been 
primarily based on the current developments, however, the work herein has also been 
enriched with the potentially critical elements that were identified during the 
investigation of the research gaps and trends. The main applicability of the roadmap 
is on UAVs, but it is proposed as a generic framework so that products with different 
design purposes like for example surveillance, rescue, agriculture, and military can be 
easily considered. The aim of the roadmap is to create a guideline that will promote 
the use of MDO in both academia and industry, and thus, it should be viewed as a 
first approach on how the practices of this active and dynamically changing research 
field can be modeled in a flexible but yet illustrative way.  

3.1.2 Description of the blocks 

In Figure 18, block (A) presents the people that should be involved in the MDO 
process, and the proposed solution is a combination of three different layers of experts 
which is based on the work of both Safavi et al. (2015) as well as Berends et al. (2006). 
Compared to the existing studies where the focus is either on engineering or software 
responsibilities, this new approach enables the consideration of scientific knowledge 
from three different groups of people which are namely the conceptual engineers, the 
domain experts, and the software developers. In this setting, the conceptual engineers 
are responsible for guiding the overall project and communicating the central 
objectives, while the technical tasks of model development, integration, optimization, 
data management, and system maintenance are delegated to the domain experts and 
software developers respectively. 

 Block (B) is comprised of 9 elements that correspond to the foundation of every 
MDO process. Each element has a specific topic and it starts by giving a clear 
instruction on what has to be done which is then followed by recommendations as well 
as possible alternatives that have been identified by the review of paper I. Here, the 
aim is to allow the user to efficiently navigate through a number of distinct steps that 
are usually taken into account in MDO of UAVs, and in turn to standardize the process 
by ensuring that all the critical elements have been considered. In this version of the 
roadmap, steps 1 to 3 are about setting up the problem based on a list of requirements, 
steps 4 to 6 are about integrating the models and analysis capabilities based on a 
suitable strategy, and lastly, steps 7 to 9 are about the process of optimization and 
management of the results.  

Finally, block (C) summarizes the potential activities that can take place during 
optimization, and it is a personal research work regarding the iterative steps that 
should be ideally considered in order to improve the process based on the collective 
and critical assessment of the literature. The iterative steps of the proposed roadmap 
show the possible feedbacks that exist according to paper I, and the aim is to document 
the major activities of the process but also to provide the user with sufficient 
enhancement alternatives throughout the development of an MDO framework. The 
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logic system that is used here is intentionally simple in order to allow for more clarity 
during the implementation of the suggested guidelines, while the notation has been 
formulated as a “message” which indicates that at the end of step X the user should 

go back to step Y and make the necessary changes.  

3.2 Framework Development 

This section focuses on the elements that comprised the MDO framework which 
was used in the two exploratory case studies. The aim here is to elaborate on the 
technical additions that were considered the most critical towards the improvement of 
the UAV optimization process (answer to RQ2). In this section, the work is based on 
the contributions of papers III as well as IV, and it includes the development of further 
disciplinary models and novel analysis capabilities.  

3.2.1 Basic and case-specific models 

The first consideration of the proposed MDO framework is to include disciplinary 
models that will enable the simulation of the performance in the context of a complex 
mission rather than just isolated flight conditions. Mission analysis is typically a 
function that depends on the output of many disciplines, and it can be a very 
representative metric of the airworthiness requirements and the field performance of 
the chosen design configuration. In conceptual design, a commonly accepted 
methodology is to use low-fidelity tools that allow for fast computational times 
(Amadori, 2012), and for that reason, complex CFD as well as CSM simulations were 
not considered relevant for this application. In total, the proposed framework includes 
models for aerodynamics, propulsion, stability, and weight estimation, while a CAD 
geometry model was also added as a support in order to enhance the calculations of 
the other disciplines. 

Figure 19. Overview of the UAV optimization framework, adapted from paper III.  

The second objective of this work is to expand the above basic framework by 
including models that can capture the requirements of surveillance and survivability 
(see Figure 19). Although, there are many interpretations of the above concepts, one 
simple representation that is also used in this context is to express them by means of 
a model for simulating the effectiveness of the sensor system and a model for measuring 
the stealth characteristics. As expected, the sensor system is bound to have conflicting 
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interactions with the propulsion unit due to cooling and power requirements, whereas 
a stealthy design can often have a negative effect on the aerodynamic efficiency but 
also the total structural weight.  

For this conceptual design application, the sensor performance model was developed 
in MATLAB by implementing a set of appropriate electromagnetic equations that are 
readily available in literature (Balanis, 2002). Further possibilities include the use of 
finite element models as shown in (Neidhoefer et al., 2009), but this level of fidelity is 
disproportional to the general capabilities of the framework and therefore it can be 
avoided so as to maintain a reasonable level of optimization performance. Overall, in 
both papers III and IV a generic flat antenna type that can be integrated in the skin 
of the aircraft without any protruding objects was considered in order to define and in 
turn calculate the properties of the emitter and the receiver. The main objective here 
is to be able to direct the radiation of the sensor towards the angular sector where the 
target is located, and an indicative metric of this is the directive gain Dg. The directive 
gain is thus a measure of energy intensity, and in this respect, it can be further 
manipulated by using the radar-range equation so that it can provide other meaningful 
metrics such as the effective detection range or the target detection probability (see 
Figure 20). In the simplest form of this problem that is presented in paper III, the 
position of the target is assumed to be fixed which requires only one analysis per 
iteration, but if spatial information is available like in the more advanced application 
of paper IV, then multiple and thus time-consuming computations are typically 
necessary to complete the calculations.  

 
Figure 20. The functions of the sensor performance model, adapted from paper III. 

The stealth performance is usually expressed by the Radar Cross Section (RCS) of 
the aircraft which is measured in square meters and corresponds to the size of the 
aircraft area that the ground radars will eventually “detect” (Raymer, 2012). The RCS 
cannot be measured adequately with empirical equations because it depends highly on 
a detailed representation of the design geometry, and for that reason, complex optical 
codes that require a significant amount of computational time are often necessary in 
order to accurately predict it (Allison et al., 2012). Hence, for this case study the 
Physical Optics (PO) tool GRECO (Rius Casals et al., 1993) is used as a basis for all 
the simulations to better capture the physics of the problem, and then it is integrated 
into the conceptual design framework by using the undeniably faster, but yet less 
accurate, alternative of metamodels. To further decrease the computational time, a 
common simplification is to reduce the “threat” angular sectors to either one (Mäkinen 
et al., 1999) or two (Tianyuan and Xiongqing, 2009), while a technique that has also 
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shown promising results is to simulate a small number of points and then make 
predictions based on interpolation (Lee et al., 2008). For reasons of simplicity and 
speed, the approach of analyzing one sector is followed in the first and elementary case 
study that is presented in paper III, whereas the more intricate strategy of multiple 
simulations is followed in the second and more advanced case study of paper IV (see 
Figure 21). 

 
Figure 21. The calculation of the RCS by using multiple points, adapted from paper IV. 

3.2.2 Advanced analysis functions 

The analysis capabilities that have been taken into account in this work are about 
increasing the knowledge of the product during conceptual design, and this is addressed 
here through the consideration of more information regarding its future operation. The 
main challenge and motivation is that the response of the sensor and stealth models 
depends strongly on the view angles (θ,φ), and for that reason, it is often necessary to 
introduce a specific three-dimensional scenario in order to be able to simulate them 
throughout the entire mission. As already described above, this is commonly done by 
indicating one or more critical directions of interest, however, this is clearly a big 
simplification because in reality the ground radars and surveillance targets can appear 
in different angular positions. Consequently, the surveillance performance and 
survivability of the aircraft will ultimately depend on the view angles that are 
“activated” within each scenario, and as a result, there is a direct need to enhance the 
predictions of the models by including an analysis of the flight trajectory into the 
optimization problem.  

To this date, the analysis of the trajectory in MDO has been used in only a few 
case studies in order to either identify the mission performance (Yan et al., 2012) or 
the radar constraints (Norsell, 2005), but the main limitation is that it has been 
restricted to two-dimensions and low fidelity mathematical models. The common 
approach that is also followed in this work is to discretize the trajectory into several 
segments, and then perform an evaluation of the design at each one of them. By 
enabling the MDO framework to consider this information, it becomes possible to have 
a holistic assessment of the trajectory-depended models, while at the same time, the 
decision-making team can also have access to further knowledge regarding the 
performance of the product under specific conditions. In the case study that is 
presented in paper III the analysis takes place at only a small number of predefined 
critical directions (see Figure 22 left), whereas in paper IV, a more advanced strategy 
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that can simulate the surveillance scenario is proposed and evaluated against four 
different search trajectories (see Figure 22 right). 

  
Figure 22. The simplified simulation scenario of paper III (left) and the considered 
trajectories in the case study of paper IV (right), adapted from papers III and IV.  

To be able to include the trajectory information into the optimization, an additional 
and independent module that performs an initial analysis of the flight path has been 
specifically developed in MATLAB and included in the MDO framework of paper IV. 
The module divides the trajectory into discreet points that are placed 100m apart, and 
then it exports the position and attitude data of the aircraft so that they can be used 
in the subsequent disciplinary simulations. More specifically, the aerodynamics, 
stability, trim, sensor, and radar models are evaluated at all the discretized points of 
the trajectory, and then the complete mission, surveillance, and stealth performance 
of the aircraft is calculated for the entire surveillance scenario. Compared to the 
simplified simulations of paper III where the angular sectors are fixed (see Figure 23 
left), this new approach allows to consider numerous points in the intended operating 
environment, and hence, it takes into account all the potentially critical points in order 
to provide a more accurate representation of the performance (see Figure 23 right).   

Figure 23. The radar and target positions in the simplified simulation (left) and in the 
trajectory analysis (right), adapted from paper IV. 

3.3 Computational Performance 

This section elaborates on the two technical solutions (metamodels and 
decomposition architectures) which were implemented in order to increase the 
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computational performance of the proposed MDO framework. The work that is 
presented here is based exclusively on papers III and IV, while the aim is to investigate 
the strategies that enable faster optimizations of UAVs and in turn allow a better 
integration within the PDP (answer to RQ3).  

3.3.1 Efficient optimization strategies 

A first approach towards tackling the issue of increased computational demands is 
to implement an optimization architecture that can decompose the problem in a way 
that ensures feasibility of the solution and enables a better framework performance. 
The main challenge which is presented in the case studies of papers III and IV is that 
the optimization problem considers design variables relative to both the airframe 
configuration and the sensor system which means that the algorithm not only has to 
tackle a very large number but also a very diverse sample of parameters. On the whole, 
the former issue can slow the entire process since it corresponds to a more complex 
computational problem, while the latter can often lead to a local optimum because the 
algorithm might lose some sensitivity towards either the airframe or the sub-system 
variables.   

To this end, a promising strategy that has shown significant benefits when models 
like the sensor system must be included in the framework is the hybrid asymmetric 
approach between the MDF and CO architectures (Chittick and Martins, 2008). The 
main principle of this multi-level methodology is that the airframe-related disciplines 
are put on a higher (global) level, whereas the system-related models are optimized on 
a lower (local) level. Here, the local optimizations are performed independently for 
each one of the global evaluations, and as such, each level is controlled by a specific 
and unique set of variables, objectives, and constraints. In this way, it is possible to 
reduce the total number as well as isolate the different types of parameters, and 
therefore, the problem can be broken into smaller parts which in turn allow to reach 
the final solution much faster and with much greater accuracy. 

 
Figure 24. The multi-level asymmetric hybrid architecture, adapted from paper III.  
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In paper III, a hybrid asymmetric multi-level architecture has been applied and 
evaluated against the traditional single-level approach where the analyses are 
performed sequentially and the couplings are treated as additional constraints. At the 
beginning of the proposed process there are several iterative loops which are used to 
ensure convergence of the coupled models (mission-weight, aerodynamics-stability), 
and then there is local optimization process where the sensor system is optimized for 
each airframe configuration (see Figure 24). Once the local optimization has finished, 
the optimum values can be either exported so that they can be assessed in the global 
objective function or they can be omitted from it if the design team decides that the 
sensor system should not be part of the optimization problem. 

In total, the optimization results that are presented in paper III show that both the 
single- and the multi-level architectures were equally effective in the optimization of a 
surveillance UAV that included a sub-system model like the sensors operation. 
Nevertheless, there are significant differences in the time that each strategy required, 
and more specifically, it can be seen that the multi-level architectures were significantly 
faster because the global optimizer had to tackle a much simpler problem (see Figure 
25). Overall, the above results are a further validation of the multi-level approach in 
MDO case studies that consider the aircraft on-board system models, and they indicate 
that this can be a very effective strategy in enabling a more broad, but yet efficient, 
expansion of the traditional UAV optimization frameworks. 

   
Figure 25. The convergence performance of the single-level (left) and multi-level strategies 
with (center) and without (right) feedback in the objective function, adapted from paper III. 

3.3.2 Applications of metamodels 

The second approach towards increasing the performance of the MDO framework 
which has been used in the present research is to develop and implement metamodels 
so that the computationally expensive disciplinary analyses can be replaced with a 
more suitable solution for conceptual design. The main issue is that in many cases 
there are no adequate low-fidelity solutions for some of the models, and hence, high-
fidelity tools are inevitably the only alternative which can capture the physics of the 
problem and close the optimization loop (Safavi, 2016). As expected, high-fidelity tools 
may offer very good simulation accuracy and allow for unconventional configurations 
to be considered, but at the same time, they also pose a significant computational 
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burden which can be clearly disproportional to the rest of the models and the total 
level of fidelity in the framework.  

In this thesis, the primary aim is to efficiently bring more knowledge of the airframe 
configuration and sub-system operation in conceptual design, and in this respect, 
different metamodeling methodologies that can fit the particular task of optimizing a 
surveillance UAV at a reasonable loss of accuracy have been investigated. The focus 
here is on the sensor and radar performance models which may be relatively fast with 
single calculations, but at the same time, they can become extremely computationally 
expensive when multiple view angles have to be evaluated. To add more to this, both 
models depend strongly on a detailed representation of the aircraft outer surfaces, and 
therefore, there is a need to update the geometry which can induce further delays 
especially when an independent CAD tool is used in the framework. 

For the simplified surveillance scenario that is presented in paper III, only a small 
number of angular sectors are monitored, and therefore, the view angles are provided 
as constants according to the preferences of the design team. Excluding this additional 
factor from the inputs of the metamodel reduces significantly the complexity of the 
response function, and in turn enables the approximation algorithm to achieve a very 
low error for both the sensor and radar models. The proposed process for this type of 
cases can be seen Figure 26, and it is generally based on the development of one 
metamodel for each critical view angle by using an initial training sample which is 
gradually expanded until a higher and thus acceptable accuracy has been achieved.  

Figure 26. The proposed metamodeling methodology for cases where only a small predefined 
number of view angles is considered.  

For the more advanced case study that is presented in paper IV, a novel 
metamodeling strategy was developed in order to tackle the issue of having to simulate 
the sensor and radar models in multiple view angles. In principle, the proposed 
approach is based on having one metamodel for each one of the angular sectors that 
comprise the hypothetical sphere around the aircraft, and in turn activate it during 
optimization only if the target or the ground radar is located inside it (see Figure 27). 
The central idea here is to generate a “look up” table inside the MDO framework which 
makes it possible to retrieve the performance data of the UAV at all points of the 
mission but without any restrictions or any need for further simulations. Overall, the 
applicability of this methodology is successfully tested against 4 totally different cases, 
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and it is shown that it can be an efficient way to further expand the MDO framework 
with more applications that are position- and attitude-dependent. 

 
Figure 27. The proposed metamodeling methodology for capturing the response of the 

position- and attitude- dependent disciplines, adapted from paper IV. 

3.4 Optimization Results 

This section presents the obtained results and findings from the optimization of two 
exploratory UAV case studies which were elaborated in papers III and IV. In the first 
part, the basic MDO framework functions as well as its operation are validated, in the 
second part the effect of the proposed analysis capabilities in the design is assessed, 
and in the last part an efficient way to handle the optimization data is proposed 
(answers to RQ2 and RQ3).  

3.4.1 Validation of the framework 

The validation of the proposed MDO framework and the evaluation of the obtained 
solutions was performed in paper III by a series of optimizations which aimed to 
improve the capabilities of a surveillance UAV in terms of mission, sensor, and radar 
signature. More specifically, four different optimization runs with four different 
objectives were herein considered, and a visual representation of the optimum 
configuration is presented in Figure 28. Compared to the baseline configuration, all 
optimizations were able to improve the design relative to each objective, while at the 
same time, the validation of the optimal points by using high-fidelity simulations 
showed that the total metamodel error ranged from 1% to 9%.  

 
Figure 28. The optimization results from the evaluation of the framework against four 

different objectives, adapted from paper III. 
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Apart from validation, the above results also revealed that there is a strong coupling 
between mission, sensor, and radar performance as seen by the values of weight W, 
radar cross section σ, and sensor effective detection range R. Optimizing for one 
objective at a time has a negative effect on the other two, while the best values that 
the compromise solution f found were also far from the optimal points that the 
individual objectives were able to locate. Overall this justifies the selection of the sensor 
and radar performance as enhancement disciplines, and shows that further 
improvements to the traditional optimization framework for UAV design can be 
achieved if the hidden dependencies between mission, surveillance, and survivability 
are taken into account in MDO. 

3.4.2 Assessment of the capabilities 

The position and attitude analysis capabilities were included in the optimization 
by means of several different search scenarios, and they were evaluated in paper IV by 
exploring a concurrent mission, sensor, and radar optimization under trajectory 
constraints. The results which were obtained herein for each one of the evaluated 
search scenarios are presented in Figure 29, and it can be seen that although the 
objective function is the same, the optimal design configuration is quite different 
between each case. Here, the best detection probability was achieved in SC1 since the 
search pattern was able to cover a very large part of the search area, whereas the best 
stealth characteristics were achieved in SC3 since in this trajectory only the view angles 
with low RCS were exposed to the ground radars. Hence, this leads to the conclusion 
that the consideration of the trajectory can be clearly an essential element of MDO, 
and in particular, it shows that this type of information regarding the future usage of 
the product can be a critical aspect which should be taken into account even from the 
earlier stage of the process. 

 
Figure 29. The optimal configuration of the UAV for each one of the four different search 

scenarios, adapted from paper IV. 

In addition to the above results, a further investigation was carried out in order to 
determine whether or not the exclusion of the trajectory from the computations can 
lead to sub-optimal designs. More specifically, an optimal design was first identified by 
using the simplified analysis methods which were shown in paper III, and then this 
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particular configuration was simulated in all the above trajectories. The obtained 
results showed that this seemingly optimal design was actually underperforming in all 
the considered scenarios, and in fact, in some cases the performance was worse than 
24% compared to the cases where the trajectory constraints were included in the 
problem formulation. This is a further indication of the critical nature of the trajectory 
calculations in MDO, and it supports the initial claim that even the best UAV designs 
are bound to illustrate unwanted field effects if details such as the expected operating 
environment are omitted from the optimization.  

3.4.3 Tools for data visualization  

Given the fact that the optimization framework is functional and can generate 
results, the next step towards achieving organizational integration of MDO is to be 
able to present the findings in a way that is meaningful to the decision-making team. 
Thus, there is a need for improving the existing data-management methods but also a 
need to develop visualization tools that will allow designers to perform a better 
exploration the design space. A first approach towards these directions is presented in 
paper III, and it is based on the MATLAB GUI tool which has been used herein to 
develop a simple but also user-friendly environment for navigating among the identified 
optimal designs (see Figure 30).  

 
Figure 30. The first version of the data management and visualization tool, adapted from 

paper III.   

In this first version of the GUI tool, the main functions allow the user to 
interactively change the weights of each attribute, and then receive the corresponding 
values of the objectives as well as the design variables. A visual representation by 
means of a “bubble” chart is also possible in order to provide a better perspective 
regarding the relative position of the chosen design point against the total design space. 
By presenting the optimization results in this way, the design team has now access to 
several Pareto-optimal configurations instead of only just one, and therefore, this tool 
can be an ideal supplement of MDO especially in conceptual design where multiple 
configurations need to be evaluated in a very short time. 
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4
Discussion and Conclusions 

In the first part of this chapter, the work that has been previously presented in this 
thesis is collectively summarized and discussed in light of the three main research 
questions. The discussions are thus divided into three topics which start by assessing 
the current and future possibilities in the optimization of UAVs, then followed by a 
description of the strategies and tools that can enhance the PDP, and finally concluding 
with a presentation of the methods which can lead to an improvement of the MDO 
capabilities. The aim of this first part is to primarily compare the current work with 
previous studies but also to identify and present the possible generalizations as well as 
limitations of the proposed methods. 

In the second part of this chapter, the most interesting findings of this thesis which 
were based on the previously presented theory, contributions, and discussions are 
brought together in order to give a brief but yet clear answer to the each research 
question. Here, the research questions are re-stated and they are answered in a simple 
way which has the form of a short concluding outline that aims to provide the reader 
with the most important elements of this work. Finally, this chapter presents the 
identified directions for future work according to the gaps as well as needs of the 
current project, and provides several possible ideas to be used as inspiration by others 
in order to pursue a further research continuation. 
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4.1 Discussion 

In this section the research work that has been presented in this thesis is critically 
discussed by considering the effects of the assumptions and the limitations, while the 
results are further assessed by taking into account factors such as their validation and 
the repeatability of the method. The section is divided into three parts which focus on 
the current MDO possibilities (RQ1), the improvement of the UAV capabilities (RQ2), 
and the enhancement of the PDP (RQ3). 

4.1.1 Current practices and future possibilities 

One of the main gaps in MDO of UAVs that this thesis identified and subsequently 
attempted to fill is the need for expanding the traditional optimization frameworks 
with new and powerful features. Over the years, there have been numerous attempts 
to enhance the computations with more and faster models, but the main problem to 
this date is that several disciplines have either been overlooked or totally omitted. In 
its capacity to support the development process, MDO should be able to holistically 
assess the behavior of complex systems, and as such, the main challenge here is to 
concurrently but also efficiently consider further disciplinary as well as analysis 
capabilities.  

The descriptive study which was used to identify the current technical and 
organizational research gaps and trends in MDO was based on two literature reviews 
which are presented in papers I and II respectively. A rigorous review methodology 
that is based on the progressive elimination of papers according to their relevance was 
herein implemented in order to ensure that all the important publications were taken 
into account. In total, the criteria which were used in this review considered only the 
MDO studies that are applied on general aviation aircraft and UAVs, while at the 
same time, a further limitation is that the examined time period has been restricted to 
the last decade in order to decrease the vast sample of available papers. Hence, it 
should become clear that the research gaps as well as the proposed roadmap for MDO 
are only valid in aerial vehicle design, and thus, further generalization and expansion 
of both the findings and the mapping process to other complex engineering products 
should be done with caution since it has not been verified in the current work. 

Overall, the findings of the review point to the fact that the basic aeronautical 
disciplines like aerodynamics, propulsion, and weight estimation have been receiving a 
disproportional amount of focus which is explained by the fact that they are necessary 
in order to capture the basic mission performance of the aircraft. Nevertheless, it is 
often the case that the disciplinary couplings cannot be captured with only those 
models, and in fact, many studies have shown that adding supplementary modeling 
factors can lead to a better understanding of the system. In view of this, there is clearly 
a need to expand MDO towards the front (market and customer) and rear 
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(manufacturing and testing) end of the development process, while accordingly, there 
is also a need to enhance the framework with more simulations and analyses that can 
give a better understanding of the tradeoffs between the requirements. 

What is more, the literature review identified that the technical aspects of MDO 
have over the years received a significant amount of attention which in turn has shifted 
the focus away from the organizational and cultural aspects of its integration within 
the development process. At present, this is a major hinder towards the employment 
of MDO in the manufacturing industry, but also an important area where further 
research is required in order to align the current framework developments with the 
organizational need for more knowledge earlier in the PDP. To this end, an initial 
attempt to deal with this issue is to work towards more efficient solutions that can 
enable higher fidelity to be considered even in the conceptual stage, whereas at a 
secondary level, visualization, validation, data management, process mapping, and 
enhancement of the results with testing can be the next step towards a more complete 
MDO process.  

4.1.2 Improvement of the MDO capabilities 

To address the identified needs for a framework expansion, the present thesis has 
investigated the addition of two new disciplinary models (papers III and IV) as well as 
a further analysis capability (paper IV). The models which were chosen for this study 
were the performance of the sensor system as well as the radar signature of the aircraft, 
and the rationale is that those design aspects are instrumental in the development of 
surveillance UAVs but have rarely been included in MDO. Accordingly, the capability 
which is evaluated herein is the consideration of the search trajectory, and its 
importance for MDO is that this supplementary factor can increase the knowledge of 
how the design will perform under various customer preferences but also different usage 
scenarios. The effects of the new additions were evaluated by using two exploratory 
optimization case studies of surveillance UAVs, and it was generally shown that the 
proposed framework extensions have the power to drive the final design and reveal 
aspects that would have otherwise been hidden from the decision makers.  

Starting with the disciplinary models, the results of the optimization showed that 
there are strong couplings between the mission, surveillance, and stealth performance, 
and therefore, the main advantage of the proposed additions is that they are able to 
provide more information about the critical disciplinary dependencies. More 
specifically, the radar signature and sensor models were able to provide metrics 
regarding the observability and search effectiveness of the aircraft, and hence, it was 
possible to include these values into the objective function and in turn explore a much 
larger design space. On the downside, the main limitation is the computational burden 
which can be imposed on the conceptual design framework due to the high-fidelity 
nature of the new tools, but nevertheless, it has also been shown in this case study 
that this can be tackled through the use of metamodels or efficient architectures. 
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Overall, the response of the framework and in particular of the new models was verified 
by using available data from similar UAV applications, while in general, the 
development methods which were followed here can be easily adapted to further types 
of aircraft with the same or analogous design requirements. 

As far as the analysis of the trajectory is concerned, it can be seen that this can 
also be a decisive factor in the design of UAVs, and more specifically, the main benefit 
for MDO is that it can increase the computational depth of the framework simulations 
by taking more operating conditions into account. Compared to the “conventional” 

two-dimensional way of treating the optimization of UAVs, this new approach adds 
more information about the position and attitude of the aircraft which is then used to 
enhance the calculations of the trajectory-dependent models like for example the 
mission, radar, and sensor performance. As expected, the multiple trajectory points 
are bound to require numerous analyses, and hence, the main limitation of the method 
is that it can be a heavy computational burden when high-fidelity tools are included 
in the framework. In total, the trajectory analysis can be a valuable tool during concept 
selection where there is a need to consider the customer preferences but also higher 
freedom to make decisions, while in general, the obtained results show that it can be 
an indispensable modeling element in both UAV and general aviation applications with 
similar disciplines.  

On the whole, the framework that was presented herein was generally built on the 
concept of modularity which allows designers to change tools according to the needs 
and availability of each organization. To this end, it should be noted that the current 
tools for the mission and radar simulation are proprietary in-house codes of the 
project’s industrial partner, however, there are several available freeware and equally 

powerful solutions that can easily replace them. What is more, the overall model 
development effort of all the new additions was performed in academia by using limited 
guidance from the industry, and therefore, one conclusion of this project is that it is 
possible to replicate this endeavor in other settings where there is partial or no help 
from domain experts. To sum up, the hardware which was used for the development 
of the models and the optimization of the design was in all cases a personal computer, 
and in this respect, it can be inferred that it is a realistic goal for the industry to adopt 
this method and enhance the development process at a minimum time as well as 
monetary cost. 

4.1.3 Enhancement of the development process 

As a first approach to improve the current status of MDO within the development 
process of aerial vehicles, a roadmap that summarizes and collectively presents the 
best practices was proposed (see paper I). The aim of the roadmap is to fill the gap of 
incomplete process mapping by combining the identified MDO elements from the 
literature review in a suitable workflow environment that also includes people and 
activities. As stated above, the applicability of the roadmap is only limited to the 
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design of aerial vehicles, but at the same time, it has been built as a flexible framework 
that can easily undergo future changes in order to adapt itself in further design 
applications. On the whole, the proposed roadmap is a first approach towards a more 
stringent representation of MDO, and therefore, it can benefit from future expansions 
both in terms of technical but also organizational and cultural elements. Presently, the 
roadmap has only been applied in two exploratory case studies within academia which 
have been verified by the project’s industrial partners, but nonetheless, additional work 

is required to evaluate it in more design scenarios and validate it against an actual 
UAV development case. 

As a second approach towards the enhancement of the development process, this 
research explored and evaluated more efficient computing solutions that have the 
potential to reduce the computational requirements of the analyses (see papers III and 
IV). The performance of the framework has been traditionally the bottleneck in most 
optimization case studies, and as a result, this has generated a negative attitude in the 
manufacturing industry against MDO. Consequently, the efficient computing solutions 
are viewed in this context as enablers for a better organizational integration, and the 
reason for this is that they allow for faster optimizations which in turn are expected 
to assist designers in making better decisions earlier in the PDP.   

Metamodels are the first efficient computing solution that is proposed by this thesis, 
and it is based here on the concept of bringing information from the high-fidelity tools 
into the conceptual design by knowingly tolerating a small approximation error. For 
simple scenarios where spatial information is not a requirement it was shown that 
simple metamodeling approaches can be adequate, however, when several points need 
to be simulated like in the case of a trajectory analysis then the entire response around 
the aircraft must be evaluated. The proposed strategy of multiple metamodels is 
generally able to tackle this problem at a low loss of accuracy, whereas the main 
limitation is that it requires a significant development time since numerous simulations 
need to be conducted in advance.  Overall, the followed methodology is tested on the 
sensor performance and radar signature models, but it can easily be generalized to 
further disciplines that also require attitude and positon data like for example 
communications, noise propagation, and charging of solar panels. 

Asymmetric decomposition architectures are the second efficient computing solution 
and their main benefit is that a computationally expensive process is treated as a local 
optimization in order to simplify the problem. In this case study, the problematic 
element was the simulation of the sensor performance which required numerous 
evaluations and also added supplementary variables which were only relevant to the 
system but not the airframe configuration. On the whole, the strategy to have a system 
as a local optimization has the main benefit of helping the algorithm convergence and 
in turn improving the speed of the optimization, but on the downside, the system 
design is not always the optimal since the algorithm might lose some sensitivity. Hence, 
asymmetric architectures can be a good alternative when on-board systems have to be 
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included in the optimization, and this can easily be generalized to a number of further 
applications like for example the hydraulic, control, electric, and undercarriage 
systems.  

Finally, the third approach to enhance the PDP is through the use of support 
methods that promote integration like for example data management and visualization 
tools (see paper III). The issue here is that the decision-making team is seldom 
interested in one design, but instead, they prefer to have knowledge over the entire 
design space. The benefit of the proposed management and visualization tool is that it 
gives designers the freedom to navigate the various designs, and subsequently it allows 
them to quickly explore the performance of different configurations before a decision 
is made. In total, the tool is generic enough to handle a wide range of optimization 
cases as well as non-aircraft design applications, while on the downside, the main 
limitation is that a certain amount of time has to be spent for the development of the 
functions and the integration of the optimization results. 

4.2 Conclusions 

This section collectively sums up the most important findings of the present thesis, 
and concludes by providing a final answer to each one of the raised research questions. 
In addition to this, the second part of this section includes a short summary of the 
complete research work and its meaning to the general MDO field, while several 
directions for conducting future work according to the current outlook are provided as 
a further motivation. 

4.2.1 Answers to the research questions 

RQ1: What are the current research gaps, trends, and improvement possibilities in 

MDO of UAVs? 

At present, the research emphasis is on improving the design through the concurrent 
consideration of analyses that are pertain to the engineering department, while the 
marketing and manufacturing aspects of the product have been typically omitted. 
Furthermore, the traditional MDO frameworks for UAV design have been focusing on 
the basic aeronautical disciplines, whereas critical case-specific requirements have been 
either excluded or treated through simplified simulation scenarios. Apart from this, it 
can be generally seen that MDO has been addressed usually at a technical level which 
in turn has created a gap regarding the particulars of its organizational and cultural 
integration within the manufacturing industry. To this end, the performance of the 
optimization is one way of dealing with this problem and it is still the center of 
attention in the majority of MDO studies, however, it can also be concluded that 
further additions are required in order to illustrate the benefits of MDO for both the 
designers and the company. In this light, it is clear that MDO should be able to work 
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in parallel with the decision-makers, and hence, there is a clear need for a stringent 
mapping of the process but also a further and critical gap in terms of developing tools 
that will allow a better management of the optimization results.   

RQ2: Which are the most critical additions towards enhancing the MDO of surveillance 

UAVs? 

The main purpose of surveillance UAVs is to provide sufficient data regarding the 
observation of a given object within a specified search area, whereas at the same time, 
if their operation is over unfriendly territory, then it is necessary to remain undetected 
by the ground radars. As a direct consequence of this, it is necessary for the 
optimization process to be able to capture those new design requirements, and 
therefore, two critical disciplinary models that must be considered in MDO are the 
radar signature of the aircraft and the performance of the sensor system. Nevertheless, 
the aforementioned models but also the mission performance are in reality position and 
attitude dependent, and hence, it is necessary to analyze them in multiple points in 
order to get a safe estimate of their response in each scenario. This raises the need for 
a further trajectory analysis, and in this thesis this is treated as an input constraint 
which indicates what is the search pattern that will be used for detection and how the 
UAV is intended to fly the overall mission. Apart from the above essential functions, 
the trajectory analysis adds further knowledge regarding the intended future usage of 
the product, while at a secondary level, it is also a further strategy towards including 
and subsequently expressing the customer preferences and marketing possibilities in 
the MDO process. 

RQ3: How can MDO be integrated in the manufacturing industry and support the PDP 

of UAVs? 

One of the reasons that the manufacturing industry has been reluctant to adopt 
MDO is due to its performance shortcomings, and hence, in order to achieve a true 
integration in the PDP it is first and foremost important to be able to demonstrate 
better and faster results. To this end, the research that is presented here has shown 
two possible ways of enabling more efficient optimizations, and those are namely 
through the use of metamodels and multi-level decomposition architectures. In this 
way, it is possible to generate more simulation data from the computationally heavy, 
but yet critical, disciplines earlier in the process, and subsequently use this information 
to explore the design space and make better decisions during the stage of concept 
selection. Aside from the above, and in order to fill the gap of incomplete process 
mapping and lack of management tools, this thesis has presented a roadmap for 
applying MDO on UAVs as well as some preliminary work on how the optimization 
results can be better integrated in the PDP. Overall, the aim of roadmap is to 
standardize the process by acting as a checklist of the important elements and activities 
that must be taken into account, while the proposed data management methods aim 
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to demonstrate that assessment of the design tradeoffs and visualization can be an 
equally crucial part of the MDO process.  

4.2.2 Outlook and future work 

Over the last years, MDO has shown great potential in improving the overall 
product quality and development times of UAVs by enabling more design knowledge 
early-on in the PDP. Nevertheless, MDO is still incomplete in terms of what is being 
typically modeled, while at the same time, it has never been truly integrated in the 
manufacturing industry. Consequently, this thesis aims to provide solutions to the 
aforementioned needs by expanding the traditional optimization framework and 
proposing further strategies that will allow MDO to be used more efficiently in the 
PDP. Overall, the results of this work show that the new disciplinary additions can 
extend the range of design requirements that can be captured by the framework, 
whereas further work on strategies that aim to support the use of MDO in the PDP 
show that this can be a promising solution towards the final acceptance by the 
industry.  

In view of this, it becomes clear that a logical improvement direction of the MDO 
field is to strive for more capabilities but also more efficient and integrated processes. 
The former can be easily achieved by adding new disciplinary models and analysis 
capabilities, and to this end, some very interesting topics for future research are to 
include manufacturability and production aspects, test rig development models, 
analyses in the context of a network of systems, and lastly, supplementary market and 
customer inputs. As far as the process efficiency is concerned, there is further margin 
to improve the performance of each individual model by considering faster tools, more 
accurate metamodeling techniques, and smarter architectures, while in terms of 
integration, there is a need to expand the data management tools but also a need for 
a better mapping of the process with a more detailed roadmap. 

Finally, a research area that is of great interest for achieving even better results in 
terms of design quality is the enhancement of the MDO framework of both UAVs and 
general aviation aircraft with data from subscale testing. In the past few years, additive 
manufacturing techniques and commercial of-the-shelf parts have reduced the times to 
develop prototypes which are now increasingly being used to retrieve information that 
would otherwise be impossible to know with just computer simulations. Henceforth, a 
research endeavor with a lot of potential is to look into the particulars of this hybrid 
MDO-subscale approach, and more specifically, on how this can be efficiently used 
with the rest of the activities of the PDP in order to provide more answers regarding 
the critical design aspects and the validity of the obtained optimization results.
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