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Abstract 

Over the last years, Unmanned Aerial Vehicles (UAVs) have gradually become a 
more efficient alternative to manned aircraft, and at present, they are being deployed 
in a broad spectrum of both military as well as civilian missions. This has led to an 
unprecedented market expansion with new challenges for the aeronautical industry, 
and as a result, it has created a need to implement the latest design tools in order to 
achieve faster idea-to-market times and higher product performance.  

As a complex engineering product, UAVs are comprised of numerous sub-systems 
with intricate synergies and hidden dependencies. To this end, Multidisciplinary Design 
Optimization (MDO) is a method that can identify systems with better performance 
through the concurrent consideration of several engineering disciplines under a common 
framework. Nevertheless, there are still many limitations in MDO, and to this date, 
some of the most critical gaps can be found in the disciplinary modeling, in the analysis 
capabilities, and in the organizational integration of the method. 

As an aeronautical product, UAVs are also expected to work together with other 
systems and to perform in various operating environments. In this respect, System of 
Systems (SoS) models enable the exploration of design interactions in various missions, 
and hence, they allow decision makers to identify capabilities that are beyond those of 
each individual system. As expected, this significantly more complex formulation raises 
new challenges regarding the decomposition of the problem, while at the same time, it 
sets further requirements in terms of analyses and mission simulation. 

In this light, this thesis focuses on the design optimization of UAVs by enhancing 
the current MDO capabilities and by exploring the use of SoS models. Two literature 
reviews serve as the basis for identifying the gaps and trends in the field, and in turn, 
five case studies try to address them by proposing a set of expansions. On the whole, 
the problem is approached from a technical as well as an organizational point of view, 
and thus, this research aims to propose solutions that can lead to better performance 
and that are also meaningful to the Product Development Process (PDP).  

Having established the above foundation, this work delves firstly into MDO, and 
more specifically, it presents a framework that has been enhanced with further system 
models and analysis capabilities, efficient computing solutions, and data visualization 
tools. At a secondary level, this work addresses the topic of SoS, and in particular, it 
presents a multi-level decomposition strategy, multi-fidelity disciplinary models, and a 
mission simulation module. Overall, this thesis presents quantitative data which aim 
to illustrate the benefits of design optimization on the performance of UAVs, and it 
concludes with a qualitative assessment of the effects that the proposed methods and 
tools can have on both the PDP and the organization. 
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1 Introduction 

The history of aviation has shown that the majority of aerial missions can be dull, 
dirty, or even dangerous for humans, and thus, the deployment of Unmanned Aerial 
Vehicles (UAVs) can be an advantageous solution with considerable benefits in terms 
of money and time (Tice, 1991). Overall, there are numerous uses of UAVs which can 
involve various degrees of autonomy, and at present, some notable examples include 
civilian (e.g. disaster relief, law enforcement), commercial (e.g. cargo transportation, 
aerial surveillance), and military (e.g. reconnaissance, attack) applications. 

According to the U.S. department of transportation, the use of UAVs has in the 
past decades experienced an increase, and nowadays, there are several missions that 
can be performed much safer and with less cost since there is no need for a pilot or a 
crew (Volpe, 2013). To no surprise, this growth has created a competitive market with 
strict performance and delivery requirements, and therefore, the aeronautical industry 
is currently faced with new challenges which in turn call for a more efficient Product 
Development Process (PDP). 

Multidisciplinary Design Optimization (MDO) is a method that can be used in the 
development of complex products in order to explore the design tradeoffs through the 
concurrent analysis of several engineering disciplines. Like all active fields, MDO has 
still margin for improvement, and it can be argued that the computational efficiency 
can often be a limitation towards its final implementation in the development process. 
In addition to this, there are still several gaps in the modeling as well as the analysis 
capabilities, while a further and rather critical shortcoming is the lack of research on 
the integration of MDO in the organizational functions. 

System of Systems (SoS) formulations are a higher level of modeling which aims to 
bring forward new and improved capabilities that are beyond those of each individual 
system. A typical SoS study includes an analysis of the design interactions with other 
products as well as the environment, and it is in this capacity that it can be considered 
as a further dimension in the development process. In general, the use of SoS is still in 
most applications at an experimental stage, and to this date, the challenges towards a 
successful implementation can be found in the model decomposition, the simulation of 
collaboration, and the computational efficiency of the framework. 
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1.1 Product Development 

Complex engineering systems require a multidisciplinary development process that 
includes several interrelated design stages, while at the same time, they necessitate the 
engagement of various experts in order to ensure that the final product is going to be 
successful. In its most common form, the PDP is comprised of several interrelated 
design activities, and there are also various checkpoints which aim to control the 
deliverables of each design stage and guarantee that the initial requirements have been 
met (Cooper, 1990). The start of the PDP is an idea and the end is a manufacturing 
process, whereas in-between, several departments of the organization have to work in 
an iterative way so that they can identify a holistically acceptable design. As expected, 
a PDP can have many different structures depending on the product characteristics as 
well as the organizational layout (Cooper, 2014), and in the majority of cases, it is 
assisted by various engineering tools which focus on enhancing the design and reducing 
the time that is spent between the checkpoints.  

In a PDP, there are several tasks that need to be carried out at various time points 
by different departments of the organization, however, the main engineering activities 
take place during three stages which are namely the conceptual, the preliminary, and 
the detailed design (Ulrich and Eppinger, 2012). In the conceptual design stage there 
is lot of freedom to make choices since the configuration has not yet been decided, but 
there is a significant lack of knowledge on how the product will eventually perform. 
On the contrary, in the detailed design stage the product knowledge is much higher, 
but the configuration has already been fixed, and therefore any eventual changes are 
either unfeasible or they can result in significant time delays. 

This so-called “design paradox” becomes especially critical during the development 
of complex engineering products, and the reason is that there are intricate couplings 
among the sub-systems as well as potential collaborations with other independent 
systems (Haskins et al., 2006). Overall, the paradox shows that knowledge is a concept 
of utmost importance, and in this respect, it is crucial to increase the information about 
the system components and its operational environment as early as possible in the 
development process (see Figure 1). 

In light of the above, it can be argued that a traditional PDP may be well-fitted 
for simple products without any synergies, but it often demonstrates several limitations 
in the development of complex systems (Crawley et al., 2004). More specifically, in the 
design of UAVs there is typically a need to work with innovative solutions; there is a 
need to consider numerous sub-systems with underlying dependencies; and last, there 
is a need to understand the collaboration environment and the intended future use of 
the product. Capturing the interactions between the different system components as 
well as the higher level collaboration with other systems can lead to an increase of the 
product knowledge, and thus, this can assist the design team in making better decisions 
which can then reduce the risk for the company. 
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Figure 1 The “paradox” of decreasing design freedom against increasing product knowledge 

in the product’s life-cycle, adapted from Ullman (1992). 

1.2 Design Optimization   

In principle, MDO is able to take into account several disciplines at the same time, 
and hence, it is possible to consider several aspects simultaneously instead of working 
on them in isolation as it has been commonly done in a conventional PDP. This leads 
to a holistic view of the system and in turn a reduction of the costly iterations among 
the engineering teams, while depending on the fidelity of the tools, it also allows for 
more accurate data to flow in the conceptual design stage (Agte et al., 2009). On the 
whole, the field of MDO has been constantly expanding, and nowadays, it is possible 
to enhance the calculations by taking into account more models as well as analysis 
capabilities, smarter integration tools, advanced decomposition architectures, and more 
efficient computing techniques (Simpson and Martins, 2011). 

Even though MDO has been applied in several UAV studies, it can be argued that 
there are still several gaps which limit the knowledge that this method can deliver and 
in turn impede its eventual use in the PDP (Agte et al., 2009). More specifically, the 
majority of cases are focusing on conceptual design, while at the same time, most of 
them have been neglecting important design requirements by considering only the aero-
nautical aspects. In addition to this, several studies are reporting issues regarding the 
computational efficiency of MDO, and to this date, this has evolved into a major hinder 
towards its implementation in the PDP (Simpson and Martins, 2011). Finally, most 
MDO studies have been excessively focused on the technical benefits of its application, 
and as a result, there are many case studies on how a framework can deliver optimized 
designs, but limited research on how the aforementioned results can be meaningfully 
used by the manufacturing industry (Safavi, 2016). 

1.3 Systems-of-Systems 

The use of SoS models can further increase the available information on the design 
by analyzing the impact that the operational environment and the collaboration with 
other products can have at a Constituent System (CS) and a Sub-System (SS) level. 
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A traditional application of SoS analyses can be often found in the acquisition process 
of new aeronautical products, and its main objective is to help customers, like for 
example airlines and military, to improve the allocation of resources as well as the 
configuration of product networks (Liu et al., 2015). Further examples can be found in 
transportation, healthcare organization, and space exploration, and more specifically, 
a typical SoS is expected to be comprised of various systems or “assets” with different 
sets of capabilities that are used simultaneously in order to achieve a higher level of 
functionality. Overall, the main advantage of including SoS models is that the design 
decisions are not only taken for one operational scenario, but instead, the manufacturer 
can monitor a number of factors and in turn trade some of the requirements in order 
to align the product with the company’s business strategy and technology development 
plans (Staack et al., 2018).  

As far as the use of SoS models is concerned, it can be argued that it is an emerging 
discipline for the field of aeronautical engineering, and therefore, the overall benefits 
as well as the challenges for developing conceptual aircraft design frameworks are yet 
to be fully explored (Axelsson, 2015). Including this dimension brings forward a set of 
new requirements in terms of problem decomposition, mission simulation, and model 
development, and at present, the main challenge for the industry and the academia is 
to define a structured approach which will allow to develop efficient SoS frameworks 
(Staack et al., 2018). Overall, it has been shown that the consideration of SoS can set 
new demands for operational analyses and computational performance, and hence, for 
an eventual use in the PDP there is a need to research strategies that can be applied 
in multiple scenarios, and a need to look for solutions that can enable trade studies at 
different levels of computational fidelity (Liu et al., 2015).  

1.4 Motivation 

Ever since the beginning of industrialization, the ultimate goal of manufacturers 
has been to be able to launch successful products that can increase the profits of the 
organization and subsequently secure its strategic advantage over the competition. In 
this endeavor, the implementation of innovative development methods can be a key 
factor towards increasing the market share of the company, and as such, it is without 
a doubt vital to enhance the PDP with state-of-the-art tools that will help to identify 
better design solutions (Karniel and Reich, 2011).  

Given that the UAV market is galloping and there are very high demands for better 
performance and shorter delivery times (Volpe, 2013), it is not only essential to be able 
to decompose complex systems but also to have an agile and fast development process. 
Thus, the main motivation behind this research is to explore solutions that will allow 
the aeronautical manufacturing industry to achieve further improvements in the PDP 
of UAVs, and in particular, to show that the adaptation of design exploration tools 
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can enable decision makers to make better judgements earlier in the process when there 
is still time to take corrective measures.   

In this respect, MDO appears as a promising design tool since it has the potential 
to provide more information by simultaneously taking into account multiple disciplines 
and sub-system models (Safavi, 2016). Accordingly, including a SoS aspect can further 
increase the available information by generating knowledge on the potential product 
uses and its compatibility with new or legacy systems (Staack et al., 2018). Overall, 
both MDO and SoS models are particularly suitable for UAV design, since this type 
of product is comprised of numerous sub-systems and it is expected to interact closely 
with other similar products or supporting systems. The latter is an especially critical 
consideration because UAVs have to serve in multiple roles; they are typically deployed 
together with other vehicles; and they require the support of other systems in order to 
properly function (Valavanis and Vachtsevanos, 2015). 

1.5 Scope 

In light of the above, the scope of this work is to enhance the PDP of UAVs, first 
through the use of MDO for performing system level optimization, and second through 
the use of SoS models for exploring the design interactions at a product level. Here, 
the research has been performed from both a MDO as well as a SoS perspective as two 
interconnected but yet independent parts, and it has been collectively presented in the 
form of a roadmap so that it can serve as guide for design optimization and exploration 
practitioners. On the whole, the contribution of this work that will be presented in the 
following pages is exclusively centered on these strictly defined topics, whereas, it is 
further bound by a number of delimitations which are summarized in Figure 2 and are 
further elaborated below. 

 
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. In all the considered case studies the UAVs are assumed to have a level 
of autonomy features that allows them to navigate, and maintain their airworthiness, 
however, the particulars of this autonomy and its effect on the final design have been 
excluded from the optimization process. Although the term “UAV” may refer to a very 
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large spectrum of products, the focus of this research is on applications with a sufficient 
level of system complexity which suggests that small-scale (recreational) applications 
have not been included in this study. The emphasis is on the MALE as well as HALE 
vehicles like the General Atomics MQ1 Predator and the Northrop Grumman RQ4 
Global Hawk, and more specifically, the design space is comprised of UAVs with a 
MTOW of 1 to 12 tons that can fly at medium to high altitudes (10000 to 50000 feet) 
for long periods of time (24 to 36 hours).  

In this context, MDO is approached both as an optimization method as well as a 
design space exploration strategy. The multidisciplinary nature is expressed through 
the simultaneous use of both system models and analysis capabilities under a common 
framework, and for this application the considered tools include basic aeronautical 
disciplines and case-specific analytical functions. In general, the MDO methods that 
are presented here are applied to both the conceptual as well as the preliminary design 
stages, and therefore, the resulting cases can be seen as a multi-fidelity approach where 
data from high-fidelity analyses are brought into the design loop. 

The implementation of SoS models builds on the existing system and sub-system 
decomposition as a higher level enhancement which aims to capture the effects that 
the collaboration of various assets can have on the performance. Here, the desired 
needs and capabilities are considered to be fixed, and thus, the population of the SoS 
design space is tested only against predetermined scenarios. For this application, the 
SoS simulations focus only on the number, type, and tactics of the assets, whereas 
aspects such as the market strategy of the company and potential future technological 
developments have been excluded from the computations.  

As far as the PDP is concerned, the discussions which are presented in this study 
emphasize only on the enhancement of the conceptual stage. Although the preliminary 
and detailed design stages as well as the front and back end of the process are highly 
relevant, they have been excluded in order to focus on the development and validation 
of the proposed methods. In particular, this research is about the tools that can increase 
the knowledge early 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 target only the system models that are pertain to 
the engineering department, and thus, this thesis has neither considered the challenges 
nor tested an expansion towards other sections of the organization. 

1.6 Aim 

The aim of this research work is to identify the gaps in design optimization of UAVs 
and in turn to propose a number of additions that can improve the PDP in terms of 
both product performance and efficiency. More specifically, the goal is to tackle the 
challenges of including more MDO capabilities as well as SoS models into the design 
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exploration framework, and then to propose a number of solutions that will allow to 
seamlessly consider these aspects in the PDP practices.    

First, this work aims to present the current status of design optimization in UAV 
development through a systematic review that will also act as a descriptive study for 
the expansions which will be later proposed. Second, as a unique contribution feature, 
this work aims to investigate the effects of adding new disciplinary models as well as 
further analysis capabilities in the MDO process. Third, as another unique contribution 
feature, this work aims to delve into the decomposition of further models at a sub-
system, system, as well as SoS level in order to evaluate how the product interactions 
can influence the choice of the design. Finally, as an effort to enable better integration, 
this work aims to look into efficient computing techniques that will make the above 
additions more appealing to the industry. 

Overall, the core of this research is the implementation of MDO and SoS models in 
the PDP of UAVs, and how this can be improved and simplified in order to help in 
the identification of designs that will reduce the risk and increase the financial success 
of the organization. Given this foundation, this thesis aims to collectively summarize 
the appended papers, while as step further, its goal is to provide answers to four specific 
thematic topics which are presented below in the form of research questions: 

• RQ1: Which are the current research gaps, the general trends, and the potential 
improvement directions in design optimization of UAVs? 

• RQ2: Which are the critical additions at a system and sub-system level, and how 
can those models be included in the design optimization of UAVs? 

• RQ3: How can the interactions of the system of systems level be captured by the 
framework, and what is their effect on the design optimization of UAVs? 

• RQ4: How can the design optimization process be integrated in the manufacturing 
industry in order to provide additional support during the development of UAVs? 

1.7 Methodology 

The research work which is presented in this thesis is linked to two projects which 
were proposed and managed by the Aeronautical Department of SAAB AB. The first 
project (IMPOz, 2013-2016) was about achieving an optimal customization of complex 
products through the introduction of MDO in the manufacturing industry, while the 
second project (NFFP7-HISyM, 2017-2020) was about the decomposition of SoS models 
in order to explore the product interactions with its operational environment. In both 
research projects, the industrial partner was responsible for providing expert guidance 
in respect to the technical aspects of the work; for validating the functionality of the 
proposed methods and tools; and lastly, for evaluating the overall benefits towards the 
organization and the development process. 
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In general, the research methodology that was used in this work is in accordance 
with the Design Research Methodology (DRM) which was suggested by Blessing and 
Chakrabarti (2009). The DRM has been specifically developed in order to fit studies 
in the field of engineering design, and it is comprised of five stages which are addressed 
in an iterative way. A graphical representation of DRM is given in Figure 3, while the 
main stages are further elaborated below: 

• Criteria: Use of literature to identify the aim that the research is expected to fulfil 
and the criteria of success. The criteria should be either measureable or it should 
be possible to conceptualize them. The first criterion is to identify improved designs 
in respect to the design objectives. The second criterion is to enable the exploration 
of the design space, to assess the dependencies at all system levels, and to perform 
trade studies for different requirements. The last criterion is to propose solutions 
that can support the PDP, and more specifically, to work with enhancements that 
can promote a better organizational integration. 

• Descriptive study 1: Use of observations and analysis in order to define the factors 
that influence the success and in turn the foundation for further work. At this point 
it is important to identify the state-of-the-art, and hence, the main goal is to 
evaluate the gaps, trends, and opportunities for pursuing future improvements. The 
aim is to find sufficient evidence regarding how other researchers or institutions are 
currently approaching the chosen topics, and then, to make a logical reasoning that 
will be the basis for the later assumptions.   

• Prescriptive study 1: Implementation of experience as well as assumptions in order 
to develop new methods to improve the state-of-the-art. Here, it is desired to define 
a set of guidelines, and then develop a demonstrator as a proof of concept. A future 
scenario must also be developed, while the tools that will be used to validate the 
proposed methodology should be stated. In general, the main idea is to define how 
the problem can be approached from a different perspective, and in particular, to 
describe a number of solutions that can address the criteria. 

• Descriptive study 2: Evaluation of the effect that the methods have on the defined 
criteria of success and initiation of the improvement iterations. In addition to this, 
the evaluation of the application assesses the functionality from a user point of view 
and determines if all the desired success factors have been addressed. The above 
are complemented with further literature studies and observations in order to cover 
the eventual developments which took place in parallel and in order to address the 
emerging trends from the first prescriptive study. 

• Process restart: The process restarts by using the results of the second descriptive 
study as an entirely new input that defines additional success criteria and increases 
the range of the potential applications. This iteration process ensures that the other 
important dimensions will be taken into consideration. At this point of the process, 
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a new iteration is initiated, and an evaluation is planned by considering the new 
needs, the envisioned implementation, the desired impact, the potential efficiency, 
and the possible prerequisites. 

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

The first and preparatory part of this research is the definition of the criteria which 
will be used later in order to quantify the success of the proposed methods. After the 
criteria have been defined, the next step is to carry out the initial descriptive study, 
and in this context, this is comprised of two literature reviews (papers I and II) which 
focus on the current gaps and trends as well as on the possible directions for improving 
the existing practices in design optimization of UAVs. 

By using this basis, the second part is about the development of a MDO framework 
with more powerful analysis capabilities, and in particular, about adding more efficient 
elements in order to capture the performance of UAVs. Given this basis, the next part 
presents the results from three case studies (papers III, IV, and V), and concludes with 
an evaluation of the new additions by taking into account both the achieved technical 
advancements but also the enhancement of the PDP.  

The third and final part of this work is to restart of the process in order to assess 
the addition of the SoS models. By using knowledge from the second descriptive study, 
and logical assumptions, a new methodology is put forward so that it can be evaluated. 
Once defined, this methodology is validated with two case studies in order to assess if 
the success criteria have been met, and finally, it is evaluated for its functionality so 
that its applicability can be determined (papers VI and VII).  

1.8 Outline 

This research is based on the work that is presented in the appended papers, and 
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. In total, this 
thesis is comprised of six chapters, with the introduction and the theoretical back-
ground being the first two, then followed by three chapters on the contributions, and 
finally summarizing with discussions and conclusions (see Figure 4).  

To avoid repetition, and given the fact that papers I and II are literature reviews, 
the background theory that is presented in chapter 2 has only been limited to a small 

9 



Design Optimization of Unmanned Aerial Vehicles 

number of topics which were not covered in the aforementioned papers. Furthermore, 
since papers I and II are a combination of state-of-the-art and own research on how 
design optimization can be applied and improved, chapter 3 should be viewed as both 
a “theory” and a “contributions” chapter. Finally, the main contributions regarding 
the expansions of design optimization are presented lastly in chapters 4 and 5 which 
are based on papers III, IV, V, and respectively VI and VII. 

 
Figure 4 Overview and breakdown of the chapters. 

A short summary of the six chapters and their intended aim in terms of answering 
the research questions is presented below: 

• Chapter 1: Presentation of the background, the motivation, the scope, the aim, and 
the methodology of this thesis. 

• Chapter 2: Focus on the theoretical background of design optimization that was 
not covered in the literature review. The aim of this chapter is to help the reader 
understand the results which will be presented in the following chapters. 

• Chapter 3: Focus on the current optimization possibilities in the design of UAVs. 
Answers to RQ1 and RQ4 through an analysis of the state-of-the-art; an evaluation 
of the industrial adaptation; a presentation of the gaps and trends; an exploration 
of the improvement directions; and a suggestion of a roadmap. 

• Chapter 4: Focus on the improvement of the existing MDO capabilities. Answers 
to RQ2 and RQ4 through the development of a design framework; the consideration 
of efficient computing techniques; and the introduction of visualization functions 
for achieving organizational integration.  

• Chapter 5: Focus on the improvement of the UAV design space exploration by 
considering a SoS dimension. Answers to RQ3 and RQ4 through a decomposition 
methodology; a description of the disciplinary analyses; an introduction to mission 
simulation; and an evaluation of multi-fidelity approaches.  

• Chapter 6: Discussions on the research contributions in light of the stated goals 
and scope, and presentation of the limitations as well as the possible generalizations 
of the proposed methods. Conclusions with answers to the research questions and 
suggestions for future work. 
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2 Theoretical Background 

The aim of this chapter is to provide the necessary theoretical background that is 
needed in order to understand the terms and discussions that will be presented in the 
upcoming chapters, and it is based on the licentiate thesis with the exception of the 
last section. On the whole, it presents a brief overview of relevant literature sources in 
respect to a number of topics, and it highlights a series of important subjects which 
have been omitted from the review papers I and II. This overview of the existing theory 
is intended to serve as the background of this work, and it aims to assist both experts 
as well as non-experts in understanding the particulars of the design optimization field 
and in turn the context of this research project.  

In the beginning, there is a short introduction to the principles of UAV design as 
well as engineering design optimization, followed by a presentation of two key concepts 
which are the decomposition architectures and the efficient computing methods. The 
aforementioned topics are the foundation that the contributions have been largely 
based upon, and more specifically, they are the concepts which have influenced both 
the expansion of the MDO framework and the development of the SoS capabilities. 
The chapter concludes with a brief presentation of the emerging field of SoS, and in 
particular, it elaborates on the general characteristics, the current challenges, and the 
possible applications in aircraft and specifically UAV design.  
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2.1 Design Principles of UAVs 

The design of UAVs is a multidisciplinary process that begins with the definition 
of the requirements and specifications which are usually 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 offers an adequate 
volume for the systems; to calculate the structural responses based on the expected 
loading; and finally, to select a proper engine that meets with the thrust requirements 
(see Figure 5). Similarly as in general aviation aircraft, the ultimate goal in UAV design 
is to be able to fly as efficiently as possible, and hence, two of the key design concerns 
is to develop flyable and controllable solutions and to work towards an even better 
performance in the given mission (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 mission autonomy (Valavanis and 
Vachtsevanos, 2015). In addition to these, a further weight penalty comes from the so-
called “payload”, which as a general rule defines the purpose of UAVs, and it is usually 
comprised of various guidance as well as mission-specific items. In the surveillance and 
search missions which are considered later as a case study the payload typically consists 
of EO/IR sensors as well as LOS communication systems, while some other types of 
common payload in UAVs are weapon systems (military operations), commercial cargo 
(transportation), and first aid supplies (rescue missions). 

In its simplest form, the maximum takeoff weight can be represented by Equation 
1, while the range can be defined with Breguet ’ s formula that is described in Equation 
2, where 𝐶𝐶𝑡𝑡  is the Specific Fuel Consumption (SFC) of the engine, 𝑉𝑉 is the cruise speed, 

12 



Theoretical Background 

and 𝐿𝐿, 𝐷𝐷 are the aerodynamic lift and drag forces. On the whole, Equations 1 and 2 
illustrate the importance of having a high performance design, and point to the fact 
that low structural weight, good aerodynamics, and high engine efficiency can reduce 
the fuel weight, increase the range, and in turn allow for even more useful payload to 
be considered in the mission. 

𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑊𝑊𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝐸𝐸 + 𝑊𝑊𝑃𝑃𝑇𝑇𝐸𝐸𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃 + 𝑊𝑊𝐹𝐹𝐹𝐹𝑇𝑇𝑃𝑃 (1) 

𝑅𝑅 =
𝑉𝑉
𝐶𝐶𝑡𝑡
𝐿𝐿
𝐷𝐷
𝑙𝑙𝑙𝑙

𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 −𝑊𝑊𝐹𝐹𝐹𝐹𝑇𝑇𝑃𝑃
 (2) 

2.2 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 input design variables 
can affect a suitable set of monitored objectives and metrics. Thus, the design variables 
can be viewed as the parameters that is possible to adjust in order to reach the desired 
attributes, while accordingly, the objectives are mathematical expressions of the design 
characteristics that are expected to express the “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 and formulation, adequate modeling and analysis capabilities, and finally a 
suitable optimization environment that can enable the evaluation of various concepts 
and design configurations (see Figure 6). 

 
Figure 6 Graphical illustration of the system design and optimization process, adapted from 

Andersson (2001). 

Apart from the above descriptive formulation, a typical optimization problem can 
also be expressed in mathematical terms, and according to Sobieszczanski-Sobieski et 
al. (2015) its two basic forms, which are also used in this thesis and in the appended 
papers, are presented in Equations 3 and 4. In this representation, the mathematical 
problem can take into account only one objective function which is denoted as 𝑓𝑓(𝑥𝑥) or 
it can take into account two objective functions that are denoted as 𝑓𝑓1(𝑥𝑥) and 𝑓𝑓2(𝑥𝑥). In 
addition to the above, there is a set of inequality as well as equality constraints that 
are represented by 𝑔𝑔𝑖𝑖(𝑥𝑥) and ℎ𝑗𝑗(𝑥𝑥) respectively, and lastly, there is a vector 𝑥𝑥 with 𝑘𝑘 
design variables, where 𝑥𝑥𝐹𝐹 and 𝑥𝑥𝑃𝑃 are the upper and lower limits. 
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𝑀𝑀𝑀𝑀𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆𝑆𝑆 𝑆𝑆𝑡𝑡 

 
𝑊𝑊𝑀𝑀𝑆𝑆ℎ 𝑟𝑟𝑀𝑀𝑟𝑟𝑟𝑟𝑀𝑀𝑆𝑆𝑆𝑆 𝑆𝑆𝑡𝑡  

𝑓𝑓(𝑥𝑥)  
𝑔𝑔𝑖𝑖(𝑥𝑥) ≤ 0 
ℎ𝑗𝑗(𝑥𝑥) = 0 
𝑥𝑥𝑇𝑇𝑃𝑃 ≤ 𝑥𝑥𝑇𝑇 ≤ 𝑥𝑥𝑇𝑇𝐹𝐹 

 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑀𝑀 =  1 … 𝑟𝑟 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑆𝑆 =  1 … 𝑞𝑞 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑘𝑘 =  1 … 𝑟𝑟 

(3) 

𝑀𝑀𝑀𝑀𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 
𝑀𝑀𝑀𝑀𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆𝑆𝑆 𝑆𝑆𝑡𝑡 

 
𝑊𝑊𝑀𝑀𝑆𝑆ℎ 𝑟𝑟𝑀𝑀𝑟𝑟𝑟𝑟𝑀𝑀𝑆𝑆𝑆𝑆 𝑆𝑆𝑡𝑡  

𝑓𝑓1(𝑥𝑥)  
𝑓𝑓2(𝑥𝑥) 
𝑔𝑔𝑖𝑖(𝑥𝑥) ≤ 0 
ℎ𝑗𝑗(𝑥𝑥) = 0 
𝑥𝑥𝑇𝑇𝑃𝑃 ≤ 𝑥𝑥𝑇𝑇 ≤ 𝑥𝑥𝑇𝑇𝐹𝐹 

 
 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑀𝑀 =  1 … 𝑟𝑟 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑆𝑆 =  1 … 𝑞𝑞 
𝑓𝑓𝑡𝑡𝑟𝑟 𝑘𝑘 =  1 … 𝑟𝑟 

(4) 

The optimization problems that are described in Equations 3 and 4 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 of the 
key concepts in terms of 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 function that the algorithm seeks to optimize (see Equation 3). This can 
be either a single attribute (e.g. aircraft weight) or a combination of attributes that 
have been integrated into an aggregated objective expression (e.g. aircraft weight, 
endurance, and cost). The latter can be formulated with 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 can give more freedom to the decision-making team is to use a multi-objective 
optimization (MOO) formulation (see Equation 4) where there are two or more 
characteristics that are optimized together and lead to a graph of non-dominated 
solutions which is known as the Pareto front (Ringuest, 1992).  

• Optimization algorithms: There are several gradient and non-gradient algorithms 
that can be applied to engineering design optimization (Sobieszczanski-Sobieski et 
al., 2015). A branch of the latter category that is also used in this work is the so-
called Genetic Algorithms (GA) which in principle imitate the process of natural 
selection that occurs in nature. The design parameters are coded into genes which 
form chromosomes, and then all of them are evaluated so that the “fittest” can be 
identified and combined in order to produce an offspring (Goldberg, 1989). One of 
the strengths of GA is their ability to locate the optimum even in cases that the 
objective function is not “well-behaved”, whereas on the downside, they can often 
be computationally heavy since they require an evolution of several generations in 
order to explore the design space (Fonseca and Fleming, 1995) 

In general, design optimization may be a straight-forward method when only one 
discipline is considered, but at the same time, many challenges arise when it is applied 
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on complex engineering products that are comprised of several sub-systems. Optimizing 
the 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, as shown in De Weck et 
al. (2007). Consequently, one possible solution is to move to a holistic representation 
of the system by considering multiple disciplines at the same time (see Figure 7), and 
in this light, MDO is herein defined as a systematic approach towards a design space 
exploration as well as optimization 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). 

2.3 Optimization Architectures 

The majority of design optimization problems include often several system and sub-
system models which are coupled via numerous complex interactions, and therefore, a 
suitable decomposition “architecture” or “strategy” must be first established in order 
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, the architectures can be divided into 
monolithic (or single-level) and distributed (or multi-level), which in turn indicates 
that the formulation either considers one main problem or multiple sub-problems that 
need to be coordinated. Overall, there are many different decomposition architectures 
that can be fitted to a variety of optimization problems, and to this end, some of the 
common considerations that can influence the choice of strategy are the complexity of 
system interactions, the availability of specific algorithms, and the access to computer 
power (Martins and Lambe, 2013). 

In literature, the most fundamental monolithic design optimization architecture is 
known as the “All-At-Once” (AAO) problem which includes all the coupling variables, 
coupling variable copies, state variables, consistency constraints, and residuals of the 
governing equations in the general problem statement (Haftka, 1985). Depending on 
which equality constraint groups will be eliminated from the AAO formulation, two 
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fundamental monolithic architectures can be subsequently derived, and those are the 
Individual Discipline Feasible (IDF) and the Multi-Disciplinary Feasible (MDF) which 
are further elaborated by Cramer et al., (1994). Given the above foundation, the next 
step is to derive the distributed architectures that are essentially an application of the 
IDF and MDF formulations on multiple sub-problems which are then coordinated by 
using a system-level problem (see Figure 8).  

On the whole, the distributed decomposition architectures have been inspired by 
the structure of the industrial environment, and more specifically, their main goal is 
to split the problem in parallel segments which can in turn reduce the solution time 
(Martins and Lambe, 2013). The multilevel architectures that follow IDF use coupling 
variable copies and consistency constraints coordinated by hierarchy or with penalty 
functions, whereas those that follow MDF use iterative analyses to enforce coupling 
variable consistency at the final solution. Two examples of distributed architectures 
that are based on IDF are the Collaborative Optimization (CO) and the Analytical 
Target Cascading (ATC) which can be found in (Braun et al., 1996) and (Kim et al., 
2003), while two examples based on MDF are the Concurrent Sub-Space Optimization 
(CSSO) and the Bi-Level Integrated System Synthesis (BLISS) which are described in 
(Bloebaum et al., 1992) and (Sobieszczanski-Sobieski et al., 2000). 

 
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 one of the simplest to 
implement, while at the same time, it also ensures that there is always 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 𝑦𝑦𝑖𝑖 and the state variables 𝑀𝑀𝑖𝑖 until 
convergence has been reached, and finally calculates the objective function 𝑓𝑓 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 of the global algorithm evaluations, and for that reason, a significant amount 
of computational time is often spent in this process. Hence, the MDF is more suitable 
for smaller problems where relatively faster analysis times are expected, while to this 
date, in aircraft design optimization it has typically been restricted to the decoupling 
of a small number of disciplines like for example the propulsion power to the mission 
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performance (Allison et al., 2012) or the response of the structures to the aerodynamic 
loading (Brezillon et al., 2012).  

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

Balesdent et al. (2011). 

A distributed architecture that has frequently been applied in aircraft optimization 
for achieving either mission-based (Perez et al., 2006) or discipline-based (Iwaniuk et 
al., 2016) decomposition is CO. In CO the problem is divided in many different sub-
parts which are then controlled by a global optimizer, and in this respect, it has the 
main advantage of enabling a better problem decoupling and allowing disciplines to be 
analyzed in parallel (Balesdent et al., 2011). In CO, the sub-systems receive the design 
as well as coupling variables �̅�𝑥, 𝑦𝑦� and then modify their local copies subject to the local 
constraints ℎ𝑖𝑖, 𝑔𝑔𝑖𝑖 as well as the coupling functions 𝑆𝑆𝑖𝑖, 𝐽𝐽𝑖𝑖. Once all the local optimizations 
are finished, the system (global) optimizer evaluates the objective function 𝑓𝑓 but also 
the consistency residuals 𝐽𝐽 in order to determine the improvement of the objectives as 
well as the achieved level of decoupling (see Figure 9 right). Due to its complex nature, 
CO typically requires a significant overhead development time, while a further, and 
potentially serious, 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 (Wang et al., 2014). 

2.4 Efficient Computing Methods 

One of the most important characteristics that every design optimization framework 
should have is the ability to provide answers in a time frame that is aligned with the 
planning needs of each stage in the development process. In this light, one frequently 
implemented strategy is to develop “metamodels” or “surrogate models” or “response 
surface models” in order to replace the computationally expensive disciplinary analyses 
and system models (Forrester et al., 2008). Generally, metamodels are mathematical 
functions which are created by identifying the response of the original model over a 
predefined design space, and then an approximation algorithm is applied 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 two common 
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examples that are also used in this work include the Anisotropic Kriging (AK) and the 
Neural Networks (NN) which are elaborated below: 

• AK is an interpolation method from the field of geostatistics, and it calculates the 
value of each desired point based on its distance to a set of other known points as 
well as the overall trends of the model function (Sacks et al., 1989). 

• 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 (McCulloch and Pitts, 1990). 

Nevertheless, metamodels can also have many disadvantages, and in particular, a 
common issue that under certain circumstances may hinder their application in design 
optimization is that their predictions can often have a deviation from the real models. 
Depending on the scope of each design application, there are different requirements in 
the allowed tolerance of the prediction error, while in general, it can be said that the 
most crucial factors which can affect the accuracy are the number of input variables, 
the amount of noise in the underlying function, and the quality as well as the size of 
the training sample (Persson, 2015). To this end, there are several authors who have 
investigated various methods to increase the metamodel performance, and some of 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); and to break down the analysis problem into smaller parts and then use 
multiple metamodels (Piperni et al., 2013). 

2.5 System of Systems Modeling 

The operational environment of aerospace products can have a big impact on their 
performance, and therefore, it is an aspect that should be taken into account as early 
as possible in their development process. In the life-cycle of an aerial vehicle, the future 
operating conditions are subject to changes not only due to technical and non-technical 
perturbations like system performance or user behavior, but also due to outside factors 
like for instance economical, managerial, and regulatory decisions (Staack et al., 2018). 
Consequently, optimizing the design in isolation from the outside world is expected to 
lead to sub-optimal or even non-functional solutions, and hence, there is an increasing 
need in the manufacturing industry to study and subsequently develop products which 
consider a higher level of interactions (Axelsson, 2015).  

An approach in design that aims to capture the aforementioned high-level product 
interactions with the current as well as the future operating conditions is to study the 
design under a SoS context (see Figure 10). In this example, there are three main types 
of CS or “assets” (UAVs, helicopters, and boats) which have different functionalities 
and SS performance, and therefore, each one of them is bound to illustrate significant 
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deviations in terms of “search” and “rescue” capabilities. More specifically, a HALE or 
MALE UAV can perform fast and effective search, but on the downside, it has neither 
human transportation nor VTOL capabilities which will enable it to carry out a rescue 
operation. Accordingly, a boat has a high cargo capacity, adequate retrieval equipment, 
and a high number of on-board personnel that allow it to pick-up and provide first aid 
to the survivors, but nonetheless, its search capabilities are limited because of both its 
slow speed as well as its narrow field of view over the area of operations. In this light, 
a SoS is defined here as a suitable combination of CS and SS that takes advantage of 
their individual capabilities under certain tactical and behavioral schemes. Compared 
to the previous cases, this formulation is expected to lead to increased functionalities 
like “search and rescue” and better Measures of Effectiveness (MoE) like for example 
mission cost, completion time, and success probability.  

 
Figure 10 An example of a possible SoS for deployment in a search and rescue mission. 

To this date, SoS modeling has frequently been implemented in several engineering 
fields, and some examples can be found in integrated transport, public infrastructure, 
smart homes, and defense systems (Staack et al., 2018). At the same time, there is a 
strong presence of SoS in aerospace product development, and in fact, it can be seen 
that SoS models have been used in all categories of flight vehicles, including manned 
commercial as well as military aircraft, UAVs, missiles, spacecraft, and launch vehicles 
(Liu et al., 2015). On the whole, there is no holistically accepted definition of what a 
SoS constitutes, however, it has been widely acknowledged that a typical SoS should 
have five main characteristics which can differentiate it from a conventional complex 
engineering system (Maier, 1998): 

• Operational independence of its components 

• Managerial independence of its components 

• Geographical distribution of its components 

• Emergent behavior of the system  

• Evolutionary development of the system 

A distinct difference between MDO and SoS can be found in the scope and goals of 
each method, and it is in this capacity that they should be viewed as two independent 
approaches which ultimately aim to assist decision makers in understanding the design 
space. Here, MDO relates to the solution of a specific design problem that has distinct 
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boundaries by using optimization, while a SoS analysis is an exploration process where 
the product is examined from a wider development perspective that typically extends 
further than the system and sub-system level. In this context, a SoS analysis can be 
expanded downwards in way that also includes variables that correspond to the CS 
and SS level, and likewise, MDO can also be expanded upwards so that it can consider 
certain collaborative scenarios as constraints in the optimization problem. 

Apart from that, the second difference between MDO and SoS can be found in the 
definition of the success criteria or objectives, and it can be seen that there is a swift 
from the use of Measures of Performance (MoP) to MoE and capabilities (Liu et al., 
2015). In general, the MoE can be used in both a MDO and a SoS context, but the 
MoP are only useful in a MDO study since they can only describe the performance of 
individual components like for example SS (e.g. power, weight, etc.) or CS (e.g. range, 
MTOW, etc.). Thus, in a SoS formulation it is necessary to implement MoE that are 
defined here as a criterion to assess the changes in system behavior, capabilities, or 
operational environment that can measure the attainment of an end state, achievement 
of an objective, or creation of an effect. Some examples of the latter category that are 
also used in this thesis are the “cost to fly a certain mission”, the “time to complete a 
mission”, the “successful scanning of a search area”, the “identification of one or more 
missing persons and objects”, and lastly the “transportation and delivery of a certain 
amount of payload under adverse weather conditions”.  

Furthermore, given that a characteristic of SoS is the operational and managerial 
independence of their components, it becomes crucial to complement the disciplinary 
models with a simulation module (Poza et al., 2008). Compared to the analyses which 
are typically encountered in MDO and refer to the CS as well as the SS performance, 
the term “simulation” is herein defined as a process that aims to explore the effects of 
collaboration between the assets but also the interactions of the entire SoS with its 
operational environment. Hence, it becomes possible to capture the emergent behavior 
of the complex non-deterministic relations, while at the same time, these simulations 
enable the user to derive MoE that are based on time-dependent or event-dependent 
conditions. To this end, two solutions for enabling the study of the SoS design space 
which are also presented in this work are the Discrete-Event Simulations (DES) and 
the Agent-Based Simulations (ABS):  

• DES is the most widely used technique, and they are based on a set of predictable 
interactions where the outcome is always the same for a predefined system and sub-
system behavior (Siebers et al., 2010). They can capture the emergent behavior to 
a certain extent, but they are often limited in SoS applications by the fact that the 
deployed assets can neither communicate between them nor with the operational 
environment in order to adjust their strategy.  

• In ABS, each SoS combination is modeled as a collection of various autonomous 
decision-making entities, called the “agents”, which can assess the situation and in 
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turn make choices based on a number of predefined rules of engagement (Bonabeau, 
2002). According to the same source, the main advantages of ABS, which also make 
them ideal for SoS problems, are that they can be used even when the interactions 
between the agents are non-linear; when the agents’  positions in space are not fixed; 
when the agent population is heterogeneous; and lastly, when the agents exhibit 
complex behavior like for instance learning and adapting. 

In light of the above, a holistic approach to SoS engineering, that is also followed 
in the present research, assumes that the conceptual design should be decomposed into 
five main phases which are namely the definition of the needs and boundary conditions; 
the derivation of the desired SoS capabilities; the exploration of the SoS design space; 
the analysis of the CS design space; and the analysis of the SS design space (Staack et 
al., 2018). In this approach the process can start from the top with the definition of 
needs and propagate all the way down to the SS, or it can have a bottom-top outlook 
where a new technology is introduced at the lower level and then its upstream effects 
are investigated in order to define the achieved capabilities (see Figure 11). According 
to the authors there are several enablers for each one of the steps in the aforementioned 
approach, and overall, they mention the use of ontologies to identify SoS of interest; 
the use of matrix-based techniques to cascade requirements down to the lowest level; 
the use of system analyses and simulations to identify the MoP and MoE at all system 
levels; and the use of visual analytic methodologies to achieve a meaningful as well as 
an interactive presentation of the results.    

 
Figure 11 The holistic engineering approach, adapted from Staack et al., 2018.
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3 Current Possibilities and 
Improvement Directions 

This chapter aims to present a further and a more in-depth theoretical analysis of 
the design optimization field through an analysis of the findings and contributions of 
the review papers I and II. Therefore, the purpose of the next sections is threefold. To 
summarize the identified research trends in the form of further theory; to provide an 
answer to RQ1 by presenting the research gaps that the literature review revealed; and 
lastly, to contribute in addressing RQ4 by deriving strategies for guiding the design 
optimization practitioners. 

The first part of this chapter is about the adaptation of design optimization by the 
manufacturing industry as it was described in paper II, and in particular, about the 
potential of this method to enhance the PDP and to manage the design challenges of 
complex systems. The second part of this chapter is about the research gaps and trends 
in design optimization of UAVs based on the findings of paper I, and more specifically, 
about the current possibilities in the disciplinary modeling, the analysis capabilities, 
and the multifidelity computations. 

Given the findings of the literature review which were presented above, the third 
part of this chapter presents and in turn elaborates on a structured roadmap that can 
systematize the development of optimization frameworks for UAV design. Finally, as 
a further contribution the last part of this chapter concludes with an assessment of the 
design optimization field as it was identified in papers I and II, and it sums up with a 
presentation of the potential directions for future improvement and an assessment of 
the expansion possibilities. 
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3.1 Industrial Adaptation Benefits 

3.1.1 Enhancing the development process 

In order to deliver products which are successful, the PDP should be first and 
foremost well-defined so that it can guarantee that there is a sound communication 
among departments, good planning of the activities, and mechanisms that enable a 
continuous quality improvement (Ulrich and Eppinger, 2012). Similarly as in many 
other instances, the PDP of complex engineering products such as UAVs starts with 
the planning stage; then it goes through three design stages where the core engineering 
activities take place; and finally, the product is tested with a prototype, it is slightly 
refined, and it is put into production (see Figure 12). 

As far as the three design stages of UAVs are concerned, the process starts with 
the conceptual design where different airframe configurations are initially explored. 
Once a suitable candidate has been identified, the process moves to the preliminary 
design stage where the sub-systems and the system itself are described and analyzed 
until a working solution that also satisfies the requirements has been found. Given that 
there are successful results from the preliminary design iterations, the final step is to 
enter the detailed design stage where the product is further refined and the complete 
engineering drawings are generated. 

 
Figure 12 The typical design stages in a generic development process for UAVs, adapted 

from Ulrich and Eppinger (2012). 

In general, the integration of the organization ’ s departments during a PDP can add 
more professionalism to the development activities, and therefore, this can lead to more 
efficiency as well as products of higher quality (Andreasen and Hein, 1987). Companies 
which are developing complex engineering products like UAVs tend to have extensive 
organizational structures, and as a result, this can hinder the communication and in 
turn affect the quality of the final product. Moreover, a large structure can often lead 
to departmentalization where various views in terms of the design outlook might arise 
due to the desires of each team (see Figure 13). Thus, there is a need to overcome the 
time-consuming iterations between the departments, while at the same time, it is an 
equally important concern to bring experts closely together so that they can have a 
better understanding of the design (Griffin and Hauser, 1996). 
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Figure 13 An example of the desires that different departments can have during a typical 

PDP of UAVs, adapted from paper II.  

In light of the above, it can be argued that in UAV development the main challenge 
of design optimization is to be able to holistically go through numerous system and 
sub-system combinations in a timely manner that meets the planning goals of the PDP. 
Thus, it is clearly beneficial to be able to include as much information as possible about 
the system and sub-system performance during the initial iterations, rather than to 
view them as an afterthought which can result to sub-optimal results (Safavi, 2016). 
On the whole, since the product is expected to have a wide range of uses, it is crucial 
in the initial stages to consider all operational aspects, and to this end, it is important 
to take into account the potential interactions with the operating environment as well 
as the collaboration with other systems (Staack et al., 2018). 

Consequently, design optimization as an integrated activity of the conceptual stage 
has been shown to offer the possibility to speed up the process through the concurrent 
analysis of several disciplines like for example in the development of multidisciplinary 
UAV design frameworks (Tyan et al., 2017; Sepulveda et al., 2019). Moreover, design 
optimization frameworks can enable the use of models from the preliminary design like 
for example a representation of the flight controls (Perez et al., 2006; Mieloszyk and 
Goetzendorf-Grabowski, 2017) or a description of the onboard sub-systems (Allison et 
al., 2012; Prakasha et al., 2017). As far as the operational environment of the product 
is concerned, design optimization frameworks can be enhanced with a model that will 
enable to consider certain product interactions in one or more specific scenarios like 
for instance in the case of airport approach operations (Subramanian and DeLaurentis, 
2016). Lastly, design optimization can be expanded so that it can include knowledge 
from the other departments of the organization, and two examples of this can be seen 
in the consideration of marketing aspects through cost (Thokala et al., 2012) and the 
addition of manufacturing aspects through the consideration of models that enable a 
rapid prototyping plan (Ceruti et al., 2011; Dinovitzer et al., 2019). 

3.1.2 Managing complex systems  

The development of a complex engineering system is viewed traditionally as an 
iterative process of top-down synthesis that has the aim of “solving a given problem in 
an interdisciplinary and socio-technical approach while considering the entire life-cycle 
of the product” (Haskins et al., 2006). As stated before, UAVs have a number of design 
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aspects that need to be simultaneously considered, and thus, in the conceptual and 
preliminary design stage engineers have often the main task of balancing factors such 
as the overall product cost, the performance of the product, and the financial risk for 
the organization (Crawley et al., 2004).  

All the above insinuate that there is a need to analyze various aspects of the system 
as well as its sub-systems, while at the same time, everything has to be done in a 
timely manner that should not add cost to the PDP. In addition to this, there a need 
to model the product and its operational environment in detail, whereas the second 
suggestion is that all the above need to be automated or semi-automated in order to 
speed up the process and explore even more inputs (Agte et al., 2009). The goal is to 
bring more knowledge on the functional behavior and on the potentially undesirable 
effects into the process, and subsequently, to use this earlier in the design process so 
that it can assist decision makers. 

An example of the modeling complexity as well as the inputs and outputs that are 
typically encountered in system engineering of UAVs is presented in Figure 14. Here, 
there is set of variables that aim to represent the conditions that the system and its 
sub-systems will be expected to operate, and a number of parameters that define the 
expected environmental conditions and its fluctuations. To be able to find a solution 
that is holistically acceptable it is crucial to consider a framework of several disciplinary 
models, and in particular, the goal is to be able to integrate a set of sub-systems which 
can have an impact on the design requirements of each case study. Finally, depending 
on the goals of the design optimization process there are several outputs that can be 
interesting for decision makers, and those include MoP but also MoE that describe the 
product ’ s performance in its intended operational environment. 

 
Figure 14 An ideal UAV design optimization framework, adapted from paper II.  

Given the above, it becomes clear that design optimization frameworks can be a 
valuable addition towards the enhancement of the conceptual design stage. The main 
reason is that the system and sub-system models which are typically engaged in the 
preliminary design can help to find a more suitable solution at an earlier point in the 
PDP (Safavi, 2016). This can first assist in identifying designs that have desirable 
performance at a system and sub-system level, and secondly, it can point out solutions 
that can offer reliance to eventual operating environment changes.   

Overall, it has been frequently shown that design optimization as a process can 
permeate many layers of the design, and a typical example of this in UAV development 
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is to have concurrent airframe and sub-system evaluations in a suitable computational 
environment (Prakasha et al., 2017; Fioriti et al., 2018). Moreover, it can be seen that 
a design optimization framework offers information on properties such as robustness, 
adaptability, flexibility, and safety, and to this date, this can be achieved by using a 
set of appropriate process inputs like probabilistic and uncertainty constraints (Gavel 
et al., 2008; Nguyen et al., 2015). As far as modularity and scalability are concerned, 
it is once again possible to include aspects such as the marketing of the product, and 
at present, an example of this can be found in the design of aircraft families (Willcox 
and Wakayama, 2003; Zhou et al., 2018). Lastly, the consideration of SoS models can 
enable to capture the fleet capabilities and the emergent behavior at a higher level of 
product interactions, and this has been exemplified with studies on a swarm of UAVs 
which aims to improve border control (Melgar et al., 2010) or enhance a search and 
rescue mission (Roberts et al., 2016).  

3.2 Research Gaps and Trends 

3.2.1 Disciplinary modeling 

Given that the physics of the design problem need to be captured and understood, 
it is essential for the analysis process to include models that are aligned with the overall 
requirements of each application. Thus, the term “disciplinary modeling” refers to the 
type and number of models that must be developed and integrated in order to properly 
express all the aspects of the UAV that can have an effect on the system’s performance. 
To this end, a design optimization framework can be comprised of numerous system 
levels, but depending on the study, there can be models that reach downstream to the 
sub-system level or even models that investigate an upstream level of interactions with 
the operating environment. 

In light of the above, it becomes clear that the modeling process can often include 
specific solutions, but according to paper I, the common practice in design optimization 
of UAVs is to consider a set of typical aeronautical disciplinary models. This trend can 
be visualized in Figure 15 which summarizes the literature review findings that were 
presented in paper I. According to this statistical analysis on the disciplinary models 
that are encountered in design optimization of aerial vehicles, the majority of cases use 
a set of common disciplines which can then be complemented by alternative models 
depending on the requirements of each study. The reason for this is that aircraft design 
is by nature a multidisciplinary process, and thus, there is a certain number of “basic” 
models that need to be considered for extracting the desired MoPs like the fuel burn, 
the range, and the cost. In this context, a model can be either used as a “stand-alone” 
entity or it can have a so-called “supporting” function inside the framework. A typical 
case of the latter is the model for the geometry which does not directly provide any 
performance information, but instead, it generates a set of suitable transfer variables 
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that can be used later to support the aerodynamic or structural calculations as seen in 
the case study of Laban and Herrmann (2007).  

 
Figure 15 The common disciplines and the possible alternatives in design optimization of 

UAVs, adapted from paper I.  

Given the findings from the literature review of paper I and the findings of other 
authors in the field (Agte et al., 2009), the first research gap in design optimization of 
aerial vehicles is the limited number of studies which aim to explore the challenges of 
using further disciplinary modeling features. In particular, there is a lot of research on 
the common disciplines and how those can be integrated in a common framework at 
various fidelity levels, however, there is no knowledge on how the framework can be 
expanded with alternative models and what would be their ultimate effect in respect 
to capturing further design requirements (Simpson and Martins, 2011). 

To illustrate the above, there are several case studies that have expanded towards 
more features, and in particular, it has been shown that it can be advantageous for 
UAV design frameworks to include noise models that can identify the sound impact of 
the design towards the ground observers (Choi et al., 2008); flight mechanics models 
that can simulate the interactions between the control system and the behavior of the 
aircraft (Haghighat et al., 2012); and lastly, cost models that can give an estimation 
for developing the product ’ s marketing strategy (Sadraey, 2008). Apart from this, and 
depending on the requirements of each study, some further possibilities in the design 
of UAVs are to simulate the supporting sub-systems in order to get further data on 
their functionalities (Piperni et al., 2013); to model the electromagnetic properties of 
the sensor for capturing aspects like surveillance and communication (Neidhoefer et 
al., 2009); and lastly, to measure the radar signature for determining the performance 
in military stealth operations (Allison et al., 2012).   

3.2.2 Analysis capabilities 

A further addition of design optimization that aims to increase the knowledge on 
the product is the consideration of the so-called “analysis capabilities”. Compared to 
the discipline models, the analysis capabilities are not an independent element of the 
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framework, but instead, they have the form of functions that use the existing models 
in order to further assess the design’ s performance. Thus, an analysis capability can 
be achieved by using a more efficient decomposition architecture or by using a number 
of complex inputs. However, it is also possible that it can be in the form of simulations, 
as it is commonly done in SoS studies where information from the system interactions 
is used in order to calculate several MoE. Some examples of analysis capabilities are 
given in Figure 16 where they have been sorted based on their identified reoccurrence 
in design optimization case studies. Here, there are two main categories of capabilities, 
and those are the functions which add knowledge on complex system interactions by 
reorganizing the existing models of the framework, and the functions that add more 
information on the future product usage by simulating aspects such as the operational 
environment and the future usage. 

 
Figure 16 The typical framework analysis capabilities in design optimization of UAVs, 

adapted from paper I.  

According to paper I, one indicative analysis capability is the calculation of the 
aeroelastic equilibrium which to this date has received a lot of research attention since 
it can be an important aspect in the design of aircraft with flexible wings. In a typical 
aeroelastic analysis, there is a need to organize the aerodynamic and structural models 
in a certain manner, and thus, as seen in Cavagna et al., (2011) there is a reuse of two 
existing framework elements so that more knowledge can be generated through the 
decoupling of lift loads and structural deformation.  

Apart from the above, another example of an analysis capability which is applicable 
on UAVs is the implementation of a local high-fidelity optimization process in order 
to identify an optimal wing structural layout (Gazaix et al., 2011). Moreover, there is 
a possibility to modifying the framework models in order to have uncertainty inputs 
which can deliver knowledge regarding robustness and unwanted system effects as in 
the example of Yao et al., (2011). Finally, two further capabilities for capturing the 
future performance of the product are the consideration of the market evolution and 
the operational environment. Regarding the former, one common solution is to add a 
simulation process at the end of the analyses in order to estimate the market response 
to new designs (Van Tooren et al., 2011), whereas one of the most notable examples 
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of the latter is to use the existing framework structure for a new optimization process 
which can subsequently identify the optimal designs for a given collaborative scenario 
(Davendralingam and Crossley, 2014). 

3.2.3 Level of fidelity 

The fidelity of the models is directly coupled to the accuracy of the results that a 
design optimization framework can deliver, and as such, it should be an important 
consideration when deciding the tools that will be used (Safavi, 2016). Models of low-
fidelity have the benefit of being fast, but nonetheless, they are based on simplified 
equations which typically illustrate deviations from the real world values. Conversely, 
the high-fidelity models are able to deliver accurate answers that are based on a full 
representation of the problem physics, but as expected, the process of solving large sets 
of equations requires more computational effort and it is bound to increase the total 
analysis time. In addition to this, at the early stages of development there might be a 
lack of available data regarding the product, and therefore, it can often be difficult to 
derive a sufficiently detailed model of a system or a sub-system. Overall, the degree of 
maturity that needs to be achieved is an issue that has been stressed in many case 
studies (Gazaix et al., 2011; Piperni et al., 2013), and hence, it is a factor that should 
be always examined in the development of optimization frameworks.  

According to paper I, there is a general tendency in both academia and industry to 
choose tools based on availability rather than suitability, while at the same time, it 
can be seen that the majority of authors who work with design optimization choose to 
abstain from specifying the development stage that they aim to enhance. Nevertheless, 
there are instances where the issue of fidelity has been leveraged as a critical factor, 
and in fact, it has been stress that tools should be able to capture the correct physics 
of the problem (Reuter et al., 2016) and be as computationally efficient as possible in 
order to enable even faster design evaluations (Henderson et al., 2012). To build further 
on the above, a modular framework is often presented as an efficient solution, and a 
common example of this application is to offer the user the possibility to swap models 
in order to adapt to each design stage (Ghoman et al., 2012). 

Nevertheless, a central gap that was identified in paper I as a critical hinder towards 
the implementation of design optimization in the PDP is the lack of a list with the 
available and potentially fitting software solutions for each design stage. According to 
the present research, this can delay the application of design optimization frameworks 
for developing complex products, and thus, in order to address it, paper I presents an 
example of this list of tools which was based on the literature sources that comprise 
the descriptive study (see Figure 17). In this list, there are three represented levels of 
fidelity denoted as L1, L2, and L3 that correspond to low, medium, and high fidelity 
respectively, while in addition to this, there is the intermediate option of L1.5 and L2.5 
which indicates that there is a possibility to develop and use metamodels as a means 
to transfer knowledge between the levels.  
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Figure 17 Example of the tools that are commonly used in the design optimization of 

UAVs, adapted from paper I.  

On the whole, a statistical analysis of the literature showed that in the majority of 
design optimization cases the preferred approach in conceptual design is to use low-
fidelity tools since this solution is able to offer a fast exploration of the design space. 
The main argument in favor of low-fidelity is that during concept development it is 
important to understand the general tradeoffs and trends, and therefore, having a 
sufficient level of knowledge is adequate as long as it does not hinder the exploration 
or optimization process (Agte et al., 2009). Nonetheless, it is also acknowledged that 
low-fidelity models can also be usuitable under certain circumstances (e.g. in the more 
detailed design applications), and one example is when the empirical equations are not 
able to capture the complexity of innovative or unconventional configurations like for 
instance in the UCAV study of Choi et al., (2010).  

In these cases, it is important to bring higher fidelity into the process, and this can 
be done either by using direclty a model with a better representation of the physics as 
seen in Allison et al. (2012) or by using a metamodel of the computationally expensive 
aerodynamic, structural, and radar signature models as shown in Wu et al. (2014). In 
particular, metamodels can be trained to represent specific areas of an uncharted design 
space, and hence, they enable the computations to include this additional knowledge 
while maintaining a reasonable loss of accuracy, as seen in the UCAV example of Jeon 
et al. (2007). Apart from the above, there has been a significant amount of case studies 
on the so-called multi-fidelity schemes where it has been shown that the coupling of 
two independent processes with different levels of fidelity can have many benefits in 
terms of handling unconventional designs. This can be seen in the study of Zill et al. 
(2013) on a flexible aircraft example as well as in the study of Lukaczyk et al. (2015) 
on an unconventional blended wing body. In the above cases it was possible to have 
an initial and fast exploration of the design space with low-fidelity tools, and then, use 
the results in order to engage into a higher fidelity process which allowed to perform 
search over a narrower area of the design space. 
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3.3 Implementation Roadmap 

3.3.1 Overview of the structure 

The state-of-the-art that was presented in the descriptive studies of papers I and II 
was further analyzed and reorganized into thematic groups in order to introduce a 
collective roadmap for enabling the design optimization of UAVs. The primary function 
of this roadmap is to define a set of guidelines regarding the use of design optimization, 
and in this respect, it should be viewed as a contribution which attempts to promote 
the integration of this method in the PDP. Overall, the aim is to collectively present 
the knowledge from the review papers in order to standardize the process, while at a 
secondary level, the goal is to create a reference point that academia and industry can 
build upon in order to improve their practices.  

A simplified visual representation of the roadmap is presented in Figure 18, whereas 
the complete version that includes a detailed description of all the blocks can be found 
in paper I. The foundation of this roadmap aims to reflect the existing methods that 
are available in literature, but it has also been enhanced with the elements that were 
identified as potentially critical by the reviews of papers I and II. On the whole, the 
roadmap that is presented here covers the development of several types of aeronautical 
products, and thus, it has been delivered as a framework that can be easily adapted in 
the development of both manned aircraft as well as UAVs.  

 
Figure 18 A simplified representation of the proposed application roadmap for 

implementing design optimization on aerial vehicles, adapted from paper I. 

In total, the proposed roadmap has three different blocks (denoted in Figure 18 as 
A, B, and C) which aim to give a general and quick overview of the involved people, 
the fundamental elements, and the process iterations. At first, the roadmap presents 
the eventual connections within each one of the blocks, while at secondary level, it is 
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built in a way that aims to show the couplings which exist in-between the blocks. For 
example, a typical design optimization process can start with the activities which are 
presented in the “optimization requirements” section of block (B), and more specifically 
with the problem formulation and the development of the models as well as the analysis 
capabilities. According to block (C) of the roadmap, there is an iterative process that 
needs to continue until the desired functionalities have been achieved, while according 
to block (A), the people who should be involved are discipline experts working together 
with software and conceptual engineers.  

3.3.2 Description of the blocks 

Block (A) is placed in the beginning of the roadmap and it is a representation of 
the three typical groups of people that should be involved in the design optimization 
process in order to guarantee its successful completion. In this approach, the focus is 
not just on enabling engineering and programming skills which cover only the technical 
aspects of the process, but instead, this roadmap takes into account the contributions 
of several dedicated groups of experts that have a much broader spectrum of tasks. 
More specifically, in this implementation the conceptual engineers are responsible for 
guiding the overall project and communicating the central objectives, while at the same 
time, the technical tasks of model development, integration, optimization, software 
development, interface operation, and system maintenance are cascaded and assigned 
to the domain-specific experts.  

Block (B) is in the middle of the roadmap and it is comprised of 9 entries that aim 
to represent the core elements of the design optimization process. For each one of the 
entries, there is a specific topic which corresponds to an instruction, and then this is 
followed by a description of a non-exhaustive list of the possible alternatives as well as 
recommendations (see paper I). The aim here is to present and standardize a number 
of critical elements that should be considered in the process, and to give practitioners 
a set of guidelines that will allow them to create a functional framework. In this version 
of the roadmap, steps 1 to 3 are about setting up the problem based on a list of design 
requirements, steps 4 to 6 are about integrating the models and analysis capabilities 
based on a suitable strategy, and finally, steps 7 to 9 are about executing the process 
of optimization and the management of the results.  

Block (C) is the last block of the roadmap and it is a brief summary of the typical 
activities that are expected from the involved teams in a design optimization process. 
The main issue is that the implementation process requires a number of iterative steps 
in order to ensure that the desired functionalities have been achieved, and therefore, 
the aim of this block is to give an overview of the feedbacks that should be anticipated 
in the development of a design optimization framework. Here, 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 a set of necessary changes for achieving improved results 
(see paper I). Overall, the considered activities is a list which includes short actions 
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that are within the same block of activities as well as actions that are spread over the 
entire framework and may require a total restart of the process.  

3.4 Improvement Directions 

3.4.1 General research assessment 

The primary objective in design optimization of aeronautical products is to enable 
the concurrent consideration of various models so that all aspects of the system can be 
captured. This goal has been shared by many researchers as seen in one of the early 
reviews in the field by Sobieszczanski-Sobieski and Haftka (1997), while nowadays, it 
is known that in addition to the above the models should also have an adequate level 
of fidelity in order to be able to include knowledge from the preliminary design. To 
this end, it is important to strive to include even more models as well as analyses of 
higher resolution, however, a further and particularly critical consideration is to also 
strive for a computationally efficient framework (Wang et al., 2014). 

Despite the fact that significant steps have been achieved in all the above directions, 
there are still several gaps in design optimization, and more specifically, it has been 
argued that the most common shortcoming of this method is still the “breadth and 
depth” of the disciplinary models (Agte et al., 2009). In addition to this, there is lack 
of research on how design optimization can be integrated in the practices of the PDP 
(Simpson and Martins, 2011), and in particular, it can be seen that there is currently 
a shortage of technical publications, an absence of training in the higher education 
system, uncoordinated research, problems with industrial adaptation, and barriers in 
the transmission of knowledge due to corporate secrecy (see Figure 19 left).  

 
Figure 19 The research gaps (left) of design optimization, adapted from Simpson and 

Martins (2011); and the improvement directions (right), adapted from Agte et al. (2009). 

The front and back end of the PDP are two typical examples of modeling limitations 
that the review of paper I identified. Depending on the requirements of each case study, 
it can be argued that these elements can have a profound effect on revealing the design 
tradeoffs, however, the identified trend is to overlook aspects like the manufacturing 
process, the product maintenance, the market evolution, and the “intangible” entities 
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like the aesthetics of the design. To this date there have been several research efforts 
to expand the traditional frameworks with further modeling elements, but those have 
been studied independently rather than in a concurrent manner that could enable a 
holistic assessment of the design (Simpson and Martins, 2011). 

As far as the analysis capabilities are concerned, the outlook according to paper I 
is the same as above, and in particular, there is a need to develop methods for enabling 
the consideration of even more functions in the design optimization process. To this 
end, it can be seen that aspects like aeroelasticity, structural optimization, uncertainty 
inputs, and the operational environment can be instrumental towards understanding 
complex system interactions and towards predicting the future behavior of the product. 
Due to the complex dependencies between aeronautical products, the latter has been 
leveraged as an especially critical requirement, however, as an emerging field it is still 
a partially explored analysis capability that raises further challenges both at a technical 
and at an organizational level (Agte et al., 2009).  

3.4.2 Possibilities in UAV design 

Given the above premises, it becomes clear that in UAV design frameworks there 
is a need for an expansion both in terms of system and sub-system models but also in 
terms of higher level analysis capabilities. On one hand, the former will allow designers 
to acquire a complete picture of the system, and as such, it will bring more knowledge 
from the preliminary stage into conceptual design. On the other hand, the latter will 
allow the framework to capture the high level interactions with other systems as well 
as the operating environment, and in turn, it will offer better insights on the product’s 
performance in various operational conditions.  

In general, if there is a requirement for operating in a non-friendly zone it is vital 
to evaluate the radar signature of the UAV airframe, while if there is a requirement 
for surveillance, there is also a need to model the on-board sub-system units that are 
used to ensure the success of this mission. To this end, an undetectable design can be 
an important feature for both military and governmental UAVs, but nonetheless, in 
the majority of studies which address stealth this design aspect is either omitted or it 
is assessed through oversimplified equations. Accordingly, the accurate knowledge of 
sub-systems like for example the sensor and the electrical architecture can be essential 
in the modeling of the system and can help to identify useful MoE, however, in the 
majority of studies the operation of the above sub-systems is often neglected or it is 
represented with statistical regression models.  

Apart from the above, the operation of UAVs requires the engagement of other 
complementary systems, whereas its performance can also vary depending on the needs 
of the mission, the alternative applications, the customer demands, and the governing 
regulations. This means that UAVs need to demonstrate some sort of resilience to the 
above aspects, and therefore, it is important that the above elements are modeled and 
expressed in the design optimization process. To this end, one function that can add 
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further knowledge into the design of UAV for search and surveillance missions is to 
include a trajectory analysis, while as a step further, the consideration of simulations 
at the higher SoS level can provide additional insights on the possible collaboration 
effects and the performance fluctuations in different scenarios. 

In an effort to enhance the design optimization of UAVs, this research focuses on 
expanding the traditional optimization framework with more modeling features at a 
system and sub-system level as well as with further analysis capabilities at a product 
level (see Figure 19 right). Simultaneously, the emphasis is also on developing methods 
that can support the integration of design optimization in the industry, and thus, this 
is addressed here in two ways which include an investigation of how the framework 
performance can be improved and how the results can be used in a meaningful way by 
the decision-making team. 

Overall, the improvement possibilities of design optimization have been divided into 
two directions which were inspired by the review of Agte et al. (2009). These directions 
are represented by an orthogonal axis system (see Figure 19 right), and their primary 
aim is to define the ideal next steps for applying a set of changes that can enable better 
processes. In this context, the horizontal direction focuses on improving the existing 
practices like for example the organizational and integrational aspects of the method, 
while the vertical direction is about extending to entirely new and even more powerful 
capabilities like for example novel modeling and analysis features:  

• Horizontal expansion: development of a design optimization framework for enabling 
the development of UAVs by using common aeronautical disciplines; exploration of 
known efficient computing solutions like for example an asymmetric architecture 
(see paper III), metamodels of the system level disciplines (see papers III and VI), 
and a multiple metamodeling methodology (see paper IV and VII); assessment of a 
data management as well as a visualization tool (see paper III and V).  

• Vertical expansion: consideration of modeling aspects that can be useful in design 
optimization of UAVs which consider surveillance and survivability requirements; 
development of models such as the radar signature and sub-system models like the 
sensor performance (see papers III and IV); expansion of the framework with inputs 
such as the future customer demands through the trajectory (see paper IV) and the 
product collaboration through the SoS interactions (see paper VI and VII). 
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Having identified the potential directions for improvement and given that there is 
an established roadmap for facilitating the implementation of design optimization, the 
aim of this chapter is to use the above knowledge in order to develop a framework and 
subsequently investigate the effects of new enhancements. In general, the expansions 
which are proposed here are based on the research work which was presented in papers 
III, IV as well as V, and the general aim is to provide answers to RQ2 as well as RQ4 
by assessing a number of improvement strategies. The effect of the proposed additions 
is measured through the use of quantitative results from two exploratory case studies, 
while comparisons to literature are presented in parallel throughout the text in order 
to qualitatively assess the discussed concepts.  

Overall, this chapter focuses on the improvement of the design optimization process 
at a system and sub-system level, and in this respect, it aims to present a number of 
expansions that will allow to explore the design space and integrate the optimization 
results in the PDP. First, this chapter presents the basic as well as case-specific models 
that are needed in order to carry out a MDO of UAVs, and secondly, it elaborates on 
the analysis capabilities that can give supplementary information on the design space. 
In addition to this, to address integration in the PDP, this chapter discusses a number 
of solutions that can help to increase the computational efficiency of the framework; 
then, it comments on the obtained optimized UAV designs; and finally, it proposes a 
management and visualization solution for assisting decision makers.  
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4.1 Framework Development 

4.1.1 Basic and case-specific models 

As stated in the previous chapters, aircraft design is a multidisciplinary process, 
and therefore, an important element of design optimization frameworks is to consider 
models that are able to capture the system and sub-system interactions. To this end, 
some typical disciplinary models which are used in UAV design are the aerodynamic 
evaluation, the weight estimation, and the propulsion assessment, while on top of that, 
it is a very common approach to couple everything together through a mission analysis. 
The latter is an especially essential addition since it allows to compute key MoP like 
for example the fuel consumption and range in various missions, whereas at the same 
time, it enables also to compute the basic airworthiness characteristics and the field 
performance of each design configuration.  

 Given the above, the preparatory phase before integrating the proposed modeling 
and analysis enhancements, involved the development of a basic MDO framework. 
This included models for the aerodynamics, the weight, the propulsion, the stability, 
and the mission, while in addition to these, a CAD geometry model was also added as 
a support in order to enhance the calculations of the other disciplines (see Figure 20). 
In this conceptual application it was deemed unnecessary to increase the computational 
time with CFD and CSM calculations, and hence, the considered modeling solutions 
were comprised of low-fidelity tools that provided a sufficiently good overview of the 
design space trends at a reasonable computational speed. 

Figure 20 Overview of the proposed UAV optimization framework, adapted from paper III.  

Apart from the development of the above basic framework, the additional objective 
and thus the contribution of papers III and IV was to investigate a number of modeling 
expansions. In particular, the main consideration here was to develop and integrate 
models for capturing the surveillance and survivability requirements since those can 
often be vital for the market success of UAV products that are expected to perform in 
search missions over unfriendly territories. The aforementioned requirements can have 
a number of possible interpretations which may extend beyond the sub-system as well 
as system interactions, however, a simple representation that is used in this research 
is to assume that they are directly coupled to the effectiveness of the sensor system 
and the radar signature of the airframe. On the whole, a high-power sensor is expected 
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to conflict with the operation of the engine due to cooling and power requirements, 
while conversely, a low-power sensor may lead to inadequate surveillance, insufficient 
communication, and decreased situational awareness. Similarly, a stealth design may 
give a very low signature to the ground radars and in turn more chances to complete 
the mission, however, this may require a compromise in respect to structural weight, 
aerodynamic efficiency, and placement of the sub-systems. 

In this work, the model for representing the operation of the sensor was a MATLAB 
script that was developed by considering a set of electromagnetic equations which are 
available in literature (Balanis, 2002). An alternative possibility to the above is to use 
a finite element solver (Neidhoefer et al., 2009), however, the fidelity of such an analysis 
would have been disproportional to the rest of the models as well as to the purpose of 
this application. The emitter and the receiver of the sensor system were modeled as a 
generic flat antenna which offers good directivity, while at the same time, this type of 
aperture complies also with the stealth requirements since it can be integrated in the 
skin of the aircraft without any protruding objects. 

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 𝐷𝐷𝑔𝑔. 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 like for example the effective detection range or the 
target detection probability (see Figure 21). 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, but if spatial information is available like in the application of paper 
IV, then multiple and thus more time-consuming computations are typically necessary 
in order to complete the calculations.  

 
Figure 21 The functions of the sensor performance model, adapted from paper III. 

As far as the stealth requirements are concerned, those are represented in this work 
by a radar signature model which is based on the computed value of the Radar Cross 
Section (RCS). The RCS is measured in square meters and it reflects how big is the 
area that the ground radars “see” upon sending and receiving an electromagnetic pulse 
in the direction of the aircraft (Raymer, 2012). Depending on the view angle between 
the aircraft and the ground radar a different RCS value will be calculated, and thus, 
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a common approach in these studies is to compute the RCS at one (Mäkinen et al., 
1999) or two (Tianyuan and Xiongqing, 2009) angular “threat” sectors. Compared to 
the other models, the radar signature model cannot be based on empirical equations 
since it depends highly on a precise representation of the geometry, and as shown in 
the example of Allison et al. (2012), complex optical codes that require a significant 
amount of analysis time are necessary in order to predict it.  

In this case study the Physical Optics (PO) tool GRECO (Rius Casals et al., 1993) 
was used as the basis for the radar signature model, and it was then integrated into 
the conceptual design framework by using the computationally faster alternative of 
metamodels. Here, metamodels were the only solution given the lack of suitable low-
fidelity options for predicting the RCS, and their development process consisted of an 
offline training that was based on a set of DoE. For reasons of simplicity and speed, 
the approach of analyzing one angular sector was followed in the case study of paper 
III, while the strategy of analyzing multiple points was followed in the second and 
more advanced study of paper IV (see Figure 22). In the aforementioned approach, the 
computational process starts by discretizing the chosen trajectory and identifying the 
activated angular sectors, and then, it continues by calculating the RCS at each one 
of them so that the average value can be estimated. 

 
Figure 22 The calculation of the RCS by using multiple points, adapted from paper IV. 

4.1.2 Advanced analysis functions 

In addition to the new models, the basic framework that was presented above was 
enhanced with a further analysis capability that aims to complement the calculations 
and bring more knowledge on the product ’ s future operation. The main motivation is 
that the sensor performance and radar signature models have a strong dependency on 
the examined angular sectors, while accordingly, the mission analysis model can also 
be affected by eventual changes in the three-dimensional flight path and the amount 
of maneuvers that need to be executed. 

As already described above, the sensor performance and the radar signature are 
calculated by indicating one or more critical directions of interest, however, this can 
be a big simplification because in reality the ground radars and the surveillance targets 
may appear in different positions. Similarly, the mission performance is simulated by 
using a two-dimensional scenario that takes into account only the vertical changes of 

40 



Expanding the Modeling and Analysis Capabilities 

the flight, however, this approach omits the horizontal movement and in turn fails to 
include the potentially important couplings between the system and its environment. 
Overall, it becomes clear that the surveillance, stealth, and mission performance will 
ultimately depend on the angular sectors that can be “activated” in each scenario, and 
as a result, there is a need to enhance the predictions of the models by including an 
analysis of the flight trajectory into the optimization problem. 

According to the review of paper I, there have been examples where the trajectory 
has been included in design optimization as a means to optimize the mission cost (Yan 
et al., 2012) or for satisfying the radar constraints (Norsell, 2005). Nevertheless, in the 
former the limitation was that the analysis was restricted to two dimensions, while in 
the latter, the calculations were performed with simple equations which did not allow 
to capture the physics of the scenario. In the aforementioned case studies the chosen 
approach, that is also followed in this work, was to first discretize the trajectory into 
segments, and subsequently, to perform an evaluation at each one of them in order to 
assess the entire mission through MoP or MoE.  

In the case study that is presented in paper III there is no analysis of the trajectory, 
but instead, the calculations apply only to a small number of angular sectors which 
were deemed critical in that particular mission (see Figure 23 left). On one hand, this 
traditional approach enables the framework to produce fast optimization results, but 
on the other hand, it overlooks several aspects of the operating environment which in 
reality can have a big effect on the survival chances and the success of the mission. In 
contrast, in paper IV there is dedicated trajectory analysis that includes a vertical as 
well as a horizontal description of the flight path, and in total, there are four types of 
trajectories which are tested as input constraints to the design optimization process 
(see Figure 23 right). As expected, this significantly more advanced strategy offers a 
more holistic assessment of how well the aircraft meets with the requirements of fuel 
efficiency, surveillance, and stealth, but at the same time, it also creates an additional 
computational burden and raises new challenges in respect to problem decomposition, 
model development, and efficient computing solutions. 

  
Figure 23 The simplified scenario of paper III (left) and the considered trajectories in the 

case study of paper IV (right), adapted from papers III and IV.  
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To enable the evaluation of the trajectory, an independent computational “module” 
that coordinates the framework models was developed in MATLAB and it was in turn 
integrated in the design optimization framework of paper IV. Here, the principle idea 
of operation is based on trajectory discretization, and in particular, the module starts 
by dividing the flight path into several segments which then export the spatial position 
and attitude of the aircraft to the rest of the models. More specifically, the models of 
aerodynamics, stability, trim, sensor, and radar characteristics are evaluated at all the 
discretized points of the trajectory, and therefore, this allows to calculate the mission, 
surveillance, and stealth performance over the entire scenario. Compared to paper III 
where there are only two angular sectors (see Figure 24 left) the trajectory analysis of 
paper IV reveals numerous activated points (see Figure 24 right), and thus, it can be 
inferred that this capability can be an essential addition when considering models that 
require spatial information.    

  
Figure 24 The radar and target positions in the simplified analysis of two critical directions 

(left) and in the trajectory analysis (right), adapted from paper IV. 

4.2 Computational Performance 

4.2.1 Efficient optimization strategies 

The consideration of new models in the MDO process adds further computational 
complexity due to the significantly larger problem formulation, and as a direct result, 
there is an increased number of input and transfer variables that need to be efficiently 
coordinated. More specifically, in papers III and IV there are design variables which 
describe both the airframe configuration and the sensor properties, and therefore, this 
raises a need for an efficient decomposition architecture that can tackle both a large 
number but also a diverse sample of parameters. 

As a response to the above and as a measure towards increasing the computational 
performance of the framework, paper III investigated the implementation of a more 
efficient decomposition architecture. In particular, a promising strategy that has shown 
benefits when there is an analysis process with an increased number of variables is the 
hybrid asymmetric approach between the MDF and CO architectures (Chittick and 
Martins, 2008). The principle of this multi-level methodology is that the disciplinary 
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models that are relative to the airframe (e.g. aerodynamics) are put on a higher (global) 
level, whereas the parameter-heavy models (e.g. wing structural layout) are optimized 
as a separate problem on a lower (local) level. The local optimizations are performed 
independently for each one of the global evaluations, and thus, each level is controlled 
by specific variables, objectives, and constraints. At the end of each local process the 
coupling variables are exported in order to recalculate the responses of the global level, 
and once convergence has been reached, the global optimizer evaluates the objectives 
by using information from both the local and the global level analyses. 

An adaptation of the above multi-level architecture was developed in paper III (see 
Figure 25), and it was evaluated against a MDF approach where the decoupling was 
based on the use of iterative processes and feasibility constraints. At the beginning of 
the proposed process there is a number of iterative loops which are used to decompose 
several of the disciplinary model dependencies like for example mission fuel to total 
weight and wing positon to static stability. Once the decoupling iterations are finished, 
the local optimization process begins, and the sensor is optimized for a fixed airframe 
configuration by taking into account the cascaded variables of available space. Given 
this information, the local optimizer seeks to find the best sensor system for the chosen 
mission in terms of effective scanning range, and once the local optimization is over, 
the final sensor specifications like weight and power consumption are exported so that 
the previously calculated performance of the UAV can be refined. When this iterative 
process is completed, the objective values are assessed by the global optimizer, or they 
can be omitted from it if the design team decides that the range of the sensor system 
should not be part of the optimization problem. 

 
Figure 25 The multi-level hybrid architecture showing the iterative MDF loop and the local 

CO optimization process, adapted from paper III.  
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As far as the obtained results are concerned, it was shown in paper III that both 
the single- and the multi-level architectures were able to tackle the design optimization 
problem. However, there were differences in the time that each strategy required, and 
in particular, the multi-level architecture proved to be much faster because the global 
optimizer had to tackle a much simpler problem. More specifically, it can be seen that 
the single-level architecture required almost 5000 function evaluations to converge (see 
Figure 26 left), while the multi-level managed to reach an even better objective value 
𝑓𝑓(𝑥𝑥) in less than 2500 (see Figure 26 right). On the whole, the above results show the 
applicability of the proposed architecture in the concurrent optimization of system and 
sub-system levels, and they indicate that the consideration of decomposition methods 
can often have a significant effect on the efficiency of the framework. 

  
Figure 26 The convergence performance of the single-level (left) and multi-level 

architectures with (right), adapted from paper III. 

4.2.2 Applications of metamodels 

The second performance issue that was identified in both papers III and IV was the 
alignment of the model fidelity with the development stage that the framework aims 
to enhance. More specifically, the problem is that there are no low-fidelity solutions 
for the sensor performance and the radar signature models, and therefore, the use of 
higher fidelity tools is the only alternative for capturing the design requirements and 
closing the optimization loop.  

In this light, the proposed approach for increasing the computational performance 
of the design optimization process and in turn enabling the method to become more 
attractive for the PDP is to develop metamodels of the complex analyses. The ultimate 
aim is to have sufficient knowledge about the system and sub-system performance into 
the conceptual design stage, and thus, different metamodeling methodologies have been 
explored in order to identify the best alternative in terms of development time and 
prediction accuracy. As stated before, the focus is on the sensor performance and radar 
signature models which may be relatively fast with single calculations, but nevertheless, 
they can become computationally expensive when numerous angular sectors have to 
be evaluated. In addition to this, both models depend on a detailed representation of 
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the aircraft ’ s outer surfaces, and as a result, they require the support of the geometry 
model which has to be also updated at every iteration. 

In the simplified scenario of paper III, there is a small number of critical angular 
sectors that need to be evaluated, and therefore, the view angles 𝜃𝜃 and 𝜑𝜑 were set as 
constants in the training process. 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 much better accuracy. For both 
the sensor performance and the radar signature models the process is based on the 
development of one metamodel for each critical angular sector by gradually expanding 
an initial training sample until an acceptable accuracy has been achieved (see Figure 
27). This approach enables to minimize the prediction error depending on the desired 
level of each application, but on the downside, it requires a significant amount of time 
to be spent on the processes of training, adjustment, and integration.  

 
Figure 27 The proposed multiple metamodeling methodology.  

In the more advanced case study that was presented in paper IV it is not known 
which angular sectors will be activated during a trajectory analysis, and therefore, a 
novel metamodeling strategy was developed in order to provide the responses of the 
sensor performance and radar signature models. Similarly as in paper III, the proposed 
approach is based on excluding the view angles 𝜃𝜃 and 𝜑𝜑 from the inputs since it was 
identified that these can have a negative effect on the predictions. Nevertheless, in a 
trajectory analysis there is a need to evaluate multiple directions (see Figure 24 right), 
and therefore, one way of capturing the model space without using 𝜃𝜃 and 𝜑𝜑 as an input 
is to develop one metamodel for each angular sector that comprises the sphere around 
the aircraft (see Figure 28). As the final step of this approach, the generated multiple 
metamodels are integrated in the framework in the form of a list, and then, they are 
managed as a look-up table which is activated only at certain points depending on the 
view angles that have to be analyzed. 

 
Figure 28 The proposed multiple metamodeling methodology for capturing the complete 

response of the position- and attitude-dependent disciplines, adapted from paper IV. 
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4.3 Optimization Results 

4.3.1 Validation of the framework 

A number of optimization runs was carried out in paper III in order to evaluate the 
functionalities of the MDO framework and the potential benefits of this approach in 
improving the mission, surveillance, and stealth performance of UAVs. In total, this 
study considered four optimization problems which have the same design variables but 
different objectives, while in all cases, the solution followed the multi-level architecture 
which was presented in the previous section. To enable quick evaluations which can 
be applied in conceptual design, the framework included the more efficient alternative 
of metamodels, which were in turn validated at the optimum points and showed a low 
prediction error that ranged from 1% to 9%. 

In general, the three first objectives are indicative metrics of design requirements 
such as the MTOW, the RCS, and the sensor effective range, whereas the fourth is an 
aggregated objective function that sums all the above under equal weight factors. As 
expected, depending on the chosen objective there is a different “optimal” design that 
can fly the mission, and a visual representation of the optimized UAV configurations 
is presented in Figure 29. Compared to the baseline, the optimization process was able 
to improve the design relative to each objective, and in fact, the combinatory objective 
function identified a design with a reduced MTOW by 9.8%, a reduced RCS by 85.7%, 
and an increased sensor range by 35.9%.  

 
Figure 29 The optimization results for four different objectives, adapted from paper III. 

In addition to the validation of the framework ’ s functionalities and the metamodels’  
accuracy, the obtained results revealed that there is also a strong coupling between the 
design requirements for improved mission, surveillance, and stealth capabilities. More 
specifically the optimal designs which are presented in Figure 29 show that optimizing 
for one objective can have a negative effect on the other two, and as an example, the 
maximization of the sensor range 𝑅𝑅 results in a penalty of 7.1% in the weight 𝑊𝑊 as 
well as a penalty of 2.4% in the radar signature 𝜎𝜎. Accordingly, the same trend can be 
seen in the values of the compromise function 𝑓𝑓 where the improvement may be better 
than the baseline design in all the constituent objectives, but it is much lower when 
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compared to the optimization results of each objective in isolation. Overall, the above 
results are a proof that the consideration of models like the radar signature and sensor 
performance can be essential in the design optimization of UAVs, and thus, this is a 
further indication that supports the idea of modeling expansions as a logical next step 
for achieving process and framework improvements. 

4.3.2 Assessment of the capabilities 

To add further on the work of paper III the case study of paper IV included the 
additional capability of the trajectory analysis, and similarly as before, its effect on the 
design was assessed by means of different optimization runs. Compared to the previous 
application, the aim here was to evaluate different trajectories in order to identify the 
optimum design that corresponds to each scenario, and therefore, for this validation 
process the objective function and the problem decomposition were kept the same in 
all optimization runs. To illustrate the framework applicability in conceptual design, 
the computationally faster alternative of metamodels was also considered in this case, 
and as before, the comparison of the results against those obtained with the original 
models showed the same low prediction error of 1% to 9%. 

In total, four commonly used trajectories from search missions were evaluated (see 
Figure 23), and in general, it was shown that the best UAV design configuration can 
differ considerably depending on the chosen scenario (see Figure 30). More specifically, 
there is a different best wing and fuselage configuration that corresponds to each one 
of the studied scenarios, while similarly, there are also specific power, position, and 
orientation requirements for the installed scanning sensor system. Overall, this shows 
the importance that the additional analysis capabilities can have on the acquisition of 
more knowledge on the design, whereas at a higher level of abstraction, it is a further 
indication that the operating environment of UAVs can be a key factor in exploring 
the system’ s future performance. 

 
Figure 30 The optimal configuration of the UAV for each one of the four different search 

scenarios, adapted from paper IV. 
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Despite the fact that it was possible to identify the most fitting designs for each 
scenario, it can be observed that the optimum configurations have several differences 
in the calculated performance metrics such as the total weight 𝑊𝑊, the average radar 
cross section 𝜎𝜎�, and the detection probability 𝑃𝑃(𝐷𝐷). The reason for this is that there 
are different boundary conditions in each scenario, and thus, there is a certain limit 
that even the “best” solution cannot exceed. In this respect, the best 𝑃𝑃(𝐷𝐷) value was 
achieved in the first scenario (SC1) since the search pattern was able to cover a large 
part of the search area, while the lowest 𝜎𝜎� was achieved in the third scenario (SC3) 
since this trajectory exposed fewer critical angular sectors of the aircraft. 

Finally, as a further investigation of the trajectory effects, paper IV presented an 
analysis where the identified best designs from a traditional optimization like that of 
paper III were simulated in the four considered trajectories. Here, the principal idea is 
to take a design that has been optimized as “hanging from a thread”, and in turn, to 
test it in more realistic scenarios in order to quantify the eventual changes in the MoP 
and MoE. On the whole, the obtained results showed that the optimal design of paper 
III will underperform in all the scenarios of paper IV, and in fact, it was shown that 
the performance of this seemingly “best” design can be up to 24% lower compared to 
the cases where the trajectory constraints were included in the problem formulation. 
This is an additional proof that complex aeronautical products like UAVs are bound 
to underperform in operating environments outside their range of applications, and as 
such, it is a further indication that the consideration of more operational inputs can 
increase resilience to a wider range of requirements.  

4.4 Visual Analytics 

4.4.1 A simple tool for data visualization  

Aside from the technical challenges of developing a MDO framework, a further and 
often critical consideration that has been leveraged in many instances is to provide a 
set of support functions that can help decision makers in the exploration of the design 
space (Salas and Townsend, 1998; Padula and Gillian, 2006). This can be an important 
element towards the integration of design optimization in the PDP, and hence, it has 
been argued that the framework and the results should be presented in a way that is 
meaningful to the whole organization (Ziemer et al., 2011).  

In this light, an identified research gap in the literature review of paper I that has 
also been reported by Simpson and Martins, (2011) is the lack of visualization tools 
which will allow designers to get a better overview of the design space and explore the 
effects of different requirements. To this end, and as a first step towards this direction, 
the design optimization framework of paper III was complemented by a visualization 
tool which provided basic functions for understanding the design space (see Figure 31). 
The aforementioned tool was developed by using the MATLAB GUI platform, and its 
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aim was to demonstrate how the results of an optimization process can be represented 
in an interactive environment that is useful to all the involved teams.  

 
Figure 31 The first version of the visualization tool, adapted from paper III.   

For this data management and visualization tool there is no specific development 
methodology, but instead, it is proposed to build the interface at the end of the process 
as an activity for “wrapping” optimization results. As expected, this approach offers 
limited flexibility in an eventual expansion of the framework with new models or when 
considering new inputs, but on the other hand, it is a straight-forward development 
process that does require any advanced programming skills or company resources. As 
such, it can be fitted to multiple cases without the need of involving computer experts 
in the optimization process, and thus, it is argued that it can be an inexpensive addition 
for enabling a better integration of the method and the results in the PDP.  

In this example of the GUI, the included functions allow the user to interactively 
change the weights of each attribute, and then, the management tool will return the 
exact values of the objectives as well as the corresponding design variables. Moreover, 
there is an additional visualization feature in the form of an automatically generated 
“bubble” chart that aims to provide a better perspective regarding the relative position 
of the selected point in the design space. Overall, it is argued that with this addition 
the non-technical actors of the PDP can explore several configurations, and hence, this 
tool is presented here as one of the potential expansions that can promote the use of 
design optimization by more departments of the organization. 

4.4.2 An advanced tool for data visualization 

Although the above solution makes it possible to achieve some level of integration 
in terms of using the optimization results in the PDP, its main limitation is that it can 
only be applied to one particular type of case study. Hence, it can be argued that there 
is a need to formulate a methodology that will allow more optimization results to be 
included in the decision-making process, and a need to provide further functions that 
will enable to adapt the tool to various cases. To address the former, paper V proposes 
a strategy for populating the design space and for generating data that can be used in 
decision-making (see Figure 32). The process starts with a user input that defines the 
bounds of the design space including the systems and the scenarios which comprise it; 
then it continues with the optimization or the analysis part; and finally, it collects the 
performance data of each evaluated design in a database.  
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Figure 32 The proposed methodology for design space exploration, adapted from paper V. 

Once sufficient data has been retrieved, the next step is to develop the visualization 
functions, and in particular, it is important to present everything in way that is easily 
understood and managed by the rest of the organization. As a proof of concept, the 
above methodology was implemented in the development of a “design configurator” 
tool in MATLAB GUI by using a number of management and visualization features 
(see Figure 33). Compared to paper III, the main novelty is that the above features 
can be easily modified, which means that the user can design and then add functions 
according the needs and requirements of each case study.  

As far as the current features of the configurator are concerned, it was shown in 
Arruda et al. (2014) that there is a number of visualization elements which should be 
typically considered in aerospace applications. Therefore, in the advanced version of 
the configurator which is presented in paper V (see Figure 33) there are functions for 
data import (A), for design selection (B, C), for quick visualization (F, G), for data 
analysis (D, E, H), for advanced visualization (I), and lastly, for export and archiving 
(J). In this proof of concept, the user can explore the design space by navigating several 
operational scenarios together with various systems, and as such, it is argued that this 
can be a potential way for involving even more non-technical groups in the process of 
decision-making.  

 
Figure 33 The advanced visualization (“design configurator”) tool, adapted from paper V. 
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5 Exploring the System of   
Systems Design Space 

In order to address the gaps as well as the trends of design optimization in terms 
of considering the operational environment, this chapter delves into the study of the 
high level interactions and how those can be included in the framework computations. 
Compared to the previous chapter, the focus here has shifted from the system and sub-
system level disciplines to the modeling of entire SoS, and therefore, the design is not 
analyzed any more in isolation, but rather as an integral part of a complex solution 
that is comprised of several constituent systems. 

The chapter begins by presenting the two different scenarios which will serve as 
case studies for analyzing the effects of the operational environment and the product 
interactions. In the second part, the chapter presents the decomposition challenges of 
SoS problems, and in turn proposes two different approaches for studying the design 
at a higher level. In the third part, this chapter elaborates on the necessary analyses 
at a system and sub-system level that are needed in order to capture the CS and SS 
performance, while in the fourth part, it presents two different simulation alternatives 
for evaluating the SoS level capabilities in the chosen mission. To conclude, this chapter 
presents the results of three case studies, and it discusses the possibilities of considering 
a SoS context in terms of enhancing the design of UAVs.  

Overall, the work that is presented in this chapter is based on papers VI and VII, 
and the main aim is to provide answers to RQ3 as well as to show potential methods 
that can help to address RQ4. The findings and the discussions which are presented 
here are grouped together based on whether they come from paper VI or paper VII, 
and thus, each section of this chapter is divided into two parts which correspond to 
the aforementioned papers. Similarly as before, case studies are the main tool that is 
used to quantitatively assess the proposed enhancements, and the text is accompanied 
by observations which aim to discuss the effect of the proposed methods and tools on 
the development process and the design of UAVs. 
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5.1 Operational Scenarios 

5.1.1 Large area surveillance 

The operational scenario which was used in paper VI is a mission that includes the 
use of multiple number and types of UAVs in order to enhance the operations over a 
large sea area with a number of capabilities. In general, the primary aim is to be able 
to provide good surveillance over the region, and this is measured here by the average 
coverage time 𝑆𝑆𝑐𝑐𝑇𝑇𝑐𝑐 of all the points which comprise the search area. Moreover, some 
additional considerations include the ability to quickly deliver a high payload of first 
aid supplies 𝑤𝑤𝐸𝐸𝑇𝑇𝐸𝐸; to conceal the operations from other actors in the area 𝜎𝜎𝑇𝑇𝑐𝑐𝑇𝑇, and to 
keep the fleet acquisition and operating costs 𝐶𝐶𝑇𝑇𝑐𝑐𝑎𝑎 and 𝐶𝐶𝑇𝑇𝐸𝐸𝑇𝑇 as low as possible. In this 
application, the search zone has a rectangular shape, and the UAVs are expected to 
fly around it by following a racetrack pattern (see Figure 34). In first variation, the 
mission is simulated by considering two types of UAVs (denoted as A and B), whereas 
in the second variation, the fleet is expanded by considering the deployment of a “yet-
to-be-designed” UAV (denoted as C). 

 
Figure 34 The details of the large sea area surveillance mission, adapted from paper VI. 

5.1.2 Search and patrol 

The two scenarios which were used in paper VII are based on the use of a UAV 
fleet for achieving a number of capabilities in a Maritime Search (MS) and a Forest 
Patrol (FP) mission (see Figure 35). For the MS scenario the first desired capability is 
to maximize the probability of detection 𝑃𝑃𝑃𝑃 which indicates how well the area has been 
scanned, whereas in the FP the first desired capability is to minimize the elapsed time 
to complete the mission 𝑇𝑇𝑠𝑠. In both scenarios, keeping the cost of operations as well as 
maintenance at low levels is a common desired capability, while in addition to this, it 
is also beneficial to be able to have high payload capabilities in order to provide the 
option of delivering first aid supplies or fire retardant chemicals. 

  
Figure 35 The MS (left) and FP (right) operational scenarios, adapted from paper VII. 
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 The MS scenario aims to represent an accident with a certain number of survivors 
who are spread over a large sea area and are gradually being drifted away by strong 
sea currents. Here, the task of the UAV fleet is to quickly identify the survivor positions 
so that the rescue vehicles, which are assumed to be operating in the area, can retrieve 
them. Accordingly, the FP scenario is about the surveillance of a large mountainous 
area where there is currently a forest fire that is quickly spreading to new as well as 
old points. Here, the task of the UAV fleet is to quickly identify the locations of the 
fire sources and the particulars of the terrain, so that the other fire-fighting assets can 
be better coordinated and protected.  

5.2 Decomposition Methodology 

5.2.1 Optimizing yet-to-be-designed UAVs 

The first case study is about enabling the design optimization of UAVs in a SoS 
context, and its decomposition was inspired by the studies of Jansen and Perez (2012) 
as well as Davendralingam and Crossley (2014). The aim here is to develop a yet-to-
be-designed UAV by considering the effects that its interactions with other existing 
UAVs can have on a set of desired and undesired capabilities. In this scheme, a design 
optimization and analysis framework, similar to those which were presented in chapter 
4, is combined with a mission simulation that calculates a number of MoE which are 
then used as objectives (see Figure 36). Therefore, in this decomposition the problem 
is divided into two levels which are executed at every evaluation of the optimizer, and 
in particular, there is a level which evaluates the system and sub-system levels like a 
MDO process, and a level that simulates the mission performance of the UAV fleet in 
the user-defined operational scenario. 

 
Figure 36 The decomposition architecture for optimizing a yet-to-be-designed UAV showing 

the global level (left) and local sizing process (right), adapted from paper VI. 

In the adaptation of the method that is presented in paper VI, the process starts 
with the global optimizer which generates the vector of SoS variables 𝑥𝑥𝑔𝑔 that define 
the fleet composition and how each one of the assets will fly. Based on the generated 
𝑥𝑥𝑔𝑔, the nest step is to initiate the new aircraft sizing process which will try to find a 
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UAV design that has the best performance 𝑔𝑔 with respect to a vector of local variables 
𝑥𝑥𝑃𝑃 and subject to a vector of constraints 𝑆𝑆. Once the sizing process is over and the yet-
to-be-designed aircraft has been fully defined, its endurance 𝐸𝐸𝐶𝐶, weight 𝑊𝑊𝐶𝐶, and RCS 
𝜎𝜎𝐶𝐶 become available, and finally, all the UAVs are simulated together in the chosen 
mission so that the monitored MoE can be evaluated by the optimizer. 

5.2.2 Populating the SoS design space 

The framework that was presented in paper VI enables the decision-making team 
to explore the design interactions in a SoS context, however, its applicability is limited 
to case studies which aim to develop one yet-to-be-designed UAV. As stated before, it 
is through the exploration of the design space that value can be added to the product 
and reduce the risks for the organization, and thus, there is a need to define a general 
methodology for analyzing even larger SoS design spaces starting from the needs and 
reaching down to all system levels as in the examples of Biltgen and Mavris (2007) as 
well as Bagdatli et al. (2010). On the whole, this methodology should enable to take 
into account problem formulations that include different types and numbers of systems, 
while at the same time, it should offer scalability in terms of analysis and simulation 
models; it should allow to consider the operational scenario and the tactical behavior; 
and lastly, it should enable the use of multi-fidelity tools according to the requirements 
of each development stage. 

To address the above issues, paper VII proposes a methodology for populating the 
SoS design space when a set of capabilities has already been defined (see Figure 37). 
This methodology is aligned with the engineering approach for aeronautical product 
development which was introduced by Staack et al. (2018) and which is presented in 
Figure 11. The aim here is to provide answers about the performance of various SoS 
combinations, and more specifically, to evaluate how well each SoS can address the 
desired capabilities of a hypothetical operational scenario.  

 
Figure 37 The proposed methodology for populating the SoS design space given a set of 

needs and capabilities, adapted from paper VII.  

In this problem decomposition, there is a lower level that is comprised of analyses 
which aim to evaluate the CS and SS performance, while similarly as before, there is 
also a higher level that simulates together all the CS in order to provide answers on 
the MoE. The process starts with the definition of the SoS combinations 𝑟𝑟 which have 
to be analyzed, and then, these are further broken down into 𝑙𝑙 CS which are comprised 
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of 𝑀𝑀 SS. For each one of the candidate SoS combinations, the SS are analyzed first by 
using dedicated analysis models, and then, the demands from the CS level (couplings) 
are exported so that they can be used in the sizing of the CS. Given this information, 
the performance of the CS is analyzed right after, and eventual backwards demands 
from the SS level (couplings) are resolved by means of an iterative loop as in the work 
of Prakasha et al., (2017) and Van Tooren et al. (2011). At the end of the process the 
performance as well as the “soft” constraints are saved in order to be used later in the 
SoS simulation. In this context, the simulation module enables to capture the aspect 
of CS collaboration, while at a secondary level, it also allows to import the details of 
the operational environment as well as the tactics of the fleet. 

Compared to the methodology that was presented in paper VI, and similar works 
on yet-to-be-designed aircraft (Jansen and Perez, 2012; Davendralingam and Crossley, 
2014), the present methodology is not restricted to the number of disciplinary models 
or their computational fidelity, and hence, it offers the advantage of adaptability to a 
variety of scenarios, fleet compositions, asset tactics, and product development stages. 
As far as the computational performance is concerned, the aforementioned approach 
implements the concept of databases where existing or already analyzed designs can 
be stored to reduce the analysis time, while finally, the couplings between SS and CS 
are resolved with both iterative loops and constraints which reduce the decomposition 
complexity and the total evaluation time. 

5.3 Model Development 

5.3.1 A basic conceptual design framework 

In paper VI, the analysis of the SS and the CS is performed by a design optimization 
framework which is a modified version of the framework that was presented in papers 
III and IV. For this case study, the SS level is expressed by two analysis models which 
compute the propulsion characteristics and the sensor performance. More specifically, 
the former is a scalable (rubber) engine model that gives a description of the propulsion 
characteristics based on available statistical data, while the latter represents a generic 
flat antenna system by using electromagnetic equations. In general, the sensor system 
is defined first so that its power, volume, and weight can be identified, and then this 
information is used to scale the propulsion system by taking into account the losses for 
generating electrical power and cooling. The rest of the SS are expressed by means of 
analytical formulas which are built on the aircraft empty weight (Raymer, 2012), and 
in particular, there is a loop which iteratively sizes the miscellaneous SS based on the 
identified demands of the CS.  

For this application, the disciplines of the system level consisted of aeronautical 
models which compute the aerodynamics, weight, stability, and mission performance 
of the UAV, while in addition to these, the framework was also complemented with a 
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radar signature model since survivability was an important requirement of this design 
case study. Here, the tools for the basic aeronautical models were the same as those 
which were described in papers III and IV, however, the RCS model was based on a 
MATLAB code called POFACETS that was developed by the US Naval Postgraduate 
School (Chatzigeorgiadis and Jenn, 2004). To reduce the computational time, the view 
angles were limited to the critical angular sectors of the mission, and finally, separate 
metamodels were created by using the approach of paper III.  

5.3.2 An advanced multifidelity framework 

Compared to the design optimization framework that was presented in paper VI, 
the proposed decomposition strategy of paper VII for tackling SoS problems dictates 
that there should be a clear distinction between the SS and the CS level. This has been 
also stressed by other authors in the field (Rocca and Van Tooren, 2009; Chiesa et al., 
2012), and the reason is that this distinction can enable the expansion of the framework 
with new models according to the requirements of each case study and the integration 
of different tools at various levels of fidelity. As stated before, the SS pose a number 
of demands on the CS which can in turn affect negatively its performance, and hence, 
by having the SS level as a dedicated analysis it becomes possible to explore how an 
existing or a future technology can steer the SoS capabilities.  

In line with the identified directions for improvement (see Figure 19), one of the 
aims in paper VII was to evaluate an expansion of the design optimization framework 
even further by including more SS models. Compared to paper VI, the novelty is that 
the framework takes into account the performance of the communication system and 
the effects of the electrical architecture. The former was based on a Line Of Sight 
(LOS) data transmitter which operated as a Radio Frequency (RF) omnidirectional 
antenna, and it was developed as a MATLAB code by using electromagnetic equations 
(Balanis, 2002). The latter was developed with the System Architecture Engineering 
Workbench of PACE labs which provided a full representation of the various electrical 
components such as batteries, generators, and transformers, and generated a plan for 
the cable routing and the pathways (see Figure 38).  

 

  
Figure 38 Examples of electrical system architectures with different redundancy (left), and 

component/cable/pathway placement (right) in PACE, adapted from paper VII. 
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As far as the analyses at a CS level are concerned, the aim is to be able to assess 
the performance of the system and its components against the monitored objectives 
and constraints (see Figure 39). According to the proposed decomposition strategy, the 
output of the SS becomes directly the input of the CS, unless there are SS that depend 
on the CS which then requires the decoupling of the models. At the end of the analyses, 
the CS performance specifications will be used in the higher level of the design in order 
to simulate the SoS and export the monitored MoE. As discussed previously, there is 
a typical set of models that are commonly used in aeronautical applications, and some 
examples of this are functions for generating the geometry; for estimating the weight; 
for calculating the aerodynamics; and for assessing the mission performance. The above 
list can be expanded with more elements depending on the requirements of the design, 
whereas the fidelity of the models can be adjusted according to the stage of the PDP 
that the framework aims to provide support for. 

 
Figure 39 Example of the disciplinary models, the inputs and outputs, and the coupling 

variables at a CS level, adapted from paper VII. 

In contrast to paper VI, the CS analyses of paper VII were entirely integrated and 
managed by the System Architecture Workbench which was developed by PACE labs. 
Similarly as before, the majority of the analyses were based on low-fidelity tools, and 
more specifically, the aircraft sizing process was based on empirical formulas, statistical 
regressions, and analytical expressions (Raymer, 2012; Torenbeek, 2013). At a primary 
level, the main benefit of using an integrated solution was that the decomposition of 
the framework in terms of disciplinary couplings was automatically handled by means 
of iterative loops, while at a secondary level, the calculations were also enhanced by 
further functions which increased the knowledge on the clearances of the propeller and 
landing gears; the placement of the components; the costs of acquisition and operation; 
and the airworthiness characteristics. 

As in other SoS studies, the multifidelity solution which was used in paper VII in 
order to increase the computational efficiency and allow for a faster exploration of the 
design space was to develop metamodels (Bagdatli et al., 2010; Roberts et al., 2016). 
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This becomes especially critical when computationally heavy models are considered, 
but also when the decoupling process is expected to make numerous reevaluations of 
the framework models.  

For the SS models the proposed metamodeling development approach is straight-
forward, and it involves the offline training by considering a set of expected inputs (see 
Figure 40). Those inputs can include design variables that the user has defined as well 
as inputs from the CS level that are used to define the demands of the CS on the SS. 
Overall, the result of the above process is one metamodel for each one of the SS which 
can then be integrated directly in the framework by using the exact same input and 
output variables as in the original model.  

 
Figure 40 The metamodel development methodology that was used at a SS level, adapted 

from paper VII. 

In addition to the above, metamodels were also considered as a lower fidelity, and 
hence, a faster computational tool for capturing the physics of the CS level. Compared 
to the SS level, the problem is that there is a presence of discrete variables in the input, 
and therefore, the solution here was to divide the design space in segments by using 
the approach of multiple metamodels (see Figure 41). In principle, the aforementioned 
solution is based on excluding the discrete variables from the input, and it was inspired 
from the work that was presented in paper IV on the radar signature metamodels. In 
particular, the discrete variables of engine type and electrical system architecture are 
excluded from the metamodel input, and thus, this leads to the creation of a specific 
metamodel for each combination of engine and electrical system architecture. After the 
offline training is finished, the metamodels are integrated in the framework as a look-
up table, and then, a different one is activated depending on the inputs of the design 
space exploration. On the whole, by reducing the training inputs this approach allows 
to achieve significant improvements in the prediction accuracy, however depending on 
the available resources, one potential downside is that it can require a considerable 
amount of time to be spend on development and integration. 

 
Figure 41 The multiple metamodel development methodology that was used at a CS level, 

adapted from paper VII. 
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5.4 Mission Simulation 

5.4.1 Discrete-event simulations 

A DES module was used in paper VI in order to capture the interactions of a UAV 
fleet in a surveillance scenario over the sea. As in the similar research works of Jansen 
and Perez (2012) as well as Davendralingam and Crossley (2014), the objective was to 
simulate how different types of CS perform in a collaborative mission, and in turn, to 
derive the necessary MoE which will determine the feasibility and capabilities of each 
SoS. The DES simulation module was developed in MATLAB by using equations of 
motion, and its function was to break down the mission in discrete time steps so that 
it can calculate a set of time-averaged properties that defined the success on the given 
scenario. For each time step within the total mission time, the simulation module used 
the CS and SS performance in order to compute the time coverage that each point in 
the area receives from the UAV sensors, and then, this was used in order to complete 
the computations regarding the estimation of the first objective which was the average 
coverage time of the area 𝑆𝑆𝑐𝑐𝑇𝑇𝑐𝑐 (see Figure 42). 

The advantage of the DES that was presented in paper VI is its development and 
operating simplicity, however, it is limited by the fact that it can only be applied to 
one specific mission scenario. This module offers fast computational times and quick 
integration, however, it cannot capture important aspects of the SoS interactions like 
for example the different operational environments (e.g. weather or terrain) and the 
different tactical approaches. As far as the latter is concerned, the DES module allows 
users to implement a certain level of coordination which has to be defined in advance, 
but on the downside, this is a fixed input and it cannot be adjusted according to the 
level of communication among the UAVs. 

 
Figure 42 Example from the DES module showing the coverage calculations at different 

time steps, adapted from paper VI. 

5.4.2 Agent-based simulations 

To be able to capture the collaboration between different types of systems, an ABS 
module was developed in paper VII by using the NETLOGO programming language. 
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In NETLOGO, there is a “world” that represents the mission map and several types 
of “agents” which are set to interact with other “agents” as well as the “world” through 
a number of behavioral rules that express the operational tactics. For this application, 
the general concept of the simulations is based on the coordination of different assets 
for searching lost objects in a dynamic environment (Bagdatli et al., 2010; Roberts et 
al., 2016). In this scheme, there is a Probability Distribution Function (PDF) which 
represents a “belief” that the lost objects are located on a certain position on the map 
(Bourgault et al., 2004). This PDF is based on known information or assumptions that 
can change dynamically according to the weather and other unexpected events, and it 
is updated at every time step by using the information that is communicated between 
the operating assets (see Figure 43). More specifically, each UAV performs a scan of 
the area by using its search SS, and then it updates the belief map of the points which 
are within its Field of View (FoV). If the image resolution of a point is higher than a 
predefined threshold of detection, then the probability that the lost object is at that 
particular location is lowered according to the achieved scanning quality. 

   
Figure 43 Example of PDF in the MS scenario showing the evolution of detection 

probability at different time steps, adapted from paper VII. 

An example of the search concept is exemplified in Figure 43 where the evolution 
of the PDF (belief map) and the value of the cumulative probability of detection 𝑃𝑃𝑃𝑃 
are presented at different time steps 𝑆𝑆𝑇𝑇 of the MS mission. In this example, the points 
which have the highest probability of containing a search object are depicted with red 
color, whereas the points with zero probability (outside the search area or already fully 
scanned) are depicted with dark blue color. Depending on the PDF, the resolution of 
the images, and the time in the mission, a point of the search area can have different 
probabilities of containing an object, and in this visualization, this is illustrated with 
color contours which go from high to low by following the colors orange, brown, yellow, 
green, and ciel. On the whole, when the UAVs approach the search area the 𝑃𝑃𝑃𝑃 is zero 
since nothing has been scanned yet, but when more time has passed, 𝑃𝑃𝑃𝑃 increases and 
eventually reaches 81.8% at 3200 sec. 

Compared to DES where the outcome is always the same, the main advantage of 
ABS is that they enable to analyze the feasibility and MoE of the SoS by taking into 
account dynamic interactions that have a non-deterministic nature. In the real world, 
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there is inherent uncertainty in the operational environment as well as in the operator 
decisions, and therefore, ABS can help to increase the overall understanding of the SoS 
by providing information on the effects of communication as well as on the influence 
of environmental factors.  

Nevertheless, the consideration of ABS can be a computationally expensive process 
when compared to the rest of the framework, and the reason is that they have to be 
executed several times in order to remove stochasticity from the results. This can be a 
hinder to an eventual implementation in a conceptual design application, and hence, 
the proposed solution is to have a metamodel of the ABS simulation. To achieve good 
predictions, the multiple metamodeling approach of paper IV was also used here, and 
more specifically, there was a specific metamodel for every combination of operational 
scenario 𝑟𝑟 and number of deployed UAVs 𝑙𝑙 (see Figure 44). Similarly as before, this 
increased the time which had to be spent in training, but on the other hand, it offered 
relatively good predictions which in turn enabled the exploration of the SoS capabilities 
in a much broader design space. 

 
Figure 44 The multiple metamodel development methodology that was used at a SoS level, 

adapted from paper VII. 

5.5 Design Space Exploration Results 

5.5.1 Development of a new UAV 

A framework for performing design optimization by considering the interactions at 
a SoS level was presented and tested in paper VI. As a point of reference, the mission 
was first simulated by considering the collaboration of only existing UAVs (types A 
and B), and then, the mission was reevaluated by including the optimization of a yet-
to-be-designed UAV (type C) in the loop. At the SoS level, the problem was analyzed 
through a Pareto front that shows the tradeoffs between the desired 𝑓𝑓1 and the non-
desired 𝑓𝑓2 capabilities (Figure 45 left). More specifically, 𝑓𝑓1 is an aggregated objective 
function that combines capabilities which are positive and must be maximized (average 
coverage time, total carried payload), whereas 𝑓𝑓2 is an aggregated objective function 
that combines capabilities which are negative and must be minimized (acquisition and 
operating cost, average radar signature). For each one of the above Pareto points there 
is a best yet-to-be-designed UAV which can enhance the operations of the fleet, and a 
visual analysis of its configuration is given in Figure 45 (right). 
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Figure 45 The Pareto front between the positive 𝑓𝑓1 and negative 𝑓𝑓2 objectives of the mission 

(left), and the corresponding optimal design of type C (right), adapted from paper VI. 

On the whole, the obtained results show the functionality of the framework in terms 
of studying the higher and more abstract level of product interactions, but at the same 
time, they also reveal that this enhancement strategy can be an important enabler for 
considering further operational knowledge during the design optimization of UAVs. 
The blue points in Figure 45 (left) represent the Pareto front when a type C aircraft 
is taken into account, and interestingly, it can be seen that it has moved to the right 
and hence towards better capabilities when compared to the Pareto front of the existing 
UAV combinations. Here, there is an improvement in the entire range of the studied 
capabilities, and in particular, it can be seen that for a certain value of the positive 
objectives 𝑓𝑓1 the corresponding value of the negative objectives 𝑓𝑓2 is much lower in the 
UAV combinations that include all three types (A, B, C) when compared to the cases 
that only consider types A and B. 

As far as the PDP is concerned, it can be argued that the obtained results can offer 
assistance during decision-making since they show that for a specific set of customer 
requirements better capabilities can be achieved by considering an entirely new design. 
More specifically, in the improved Pareto front there is always a UAV of type C, while 
in addition to this, the analysis of the results revealed that there is a specific number 
of vehicles and a specific way of collaboration (see Paper VI). As expected, depending 
on the desired capabilities the optimal yet-to-be-designed UAV can differ a lot, and 
this is shown in Figure 45 (right) where the different colors represent the various UAV 
configurations that correspond to each Pareto point. 

5.5.2 Identifying SoS capabilities 

As a validation of the framework ’ s operation and a proof of concept, paper VII 
elaborates on two UAV design case studies that are approached at two different levels 
of fidelity. In this design space exploration the aim was to identify the Pareto front 
among mission costs and a desired MoE that represented the success of the mission, 
while at the same time, further investigations were carried out to validate the accuracy 
of different fidelity approaches and the influence of different fleet tactics.  
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In the first case study, ten existing commercial UAV designs were tested against 
the MS and the FP scenarios in order to identify how different combinations of three 
UAVs perform. The performance of the CS and SS was analyzed once for each one of 
the ten UAV designs, and then the ABS were executed for each combination of UAVs 
so that the MoE can be computed. The results of this analysis were presented by means 
of 4D Pareto fronts, and the two main outcomes of the subsequent analysis were that 
better capabilities translate into higher costs and that there are specific types of UAVs 
that are optimal for each particular scenario (see Figure 46).  

Furthermore, what is important for decision makers and in turn the PDP was that 
the Pareto front revealed a “stagnation” area in the MS scenario, and more specifically, 
the results showed that there is no significant improvement in the success probability 
if the cost increases more than 2000$ (see Figure 46 left). Accordingly, the analysis of 
the other desired capabilities such as the total payload (size of the bubbles) showed 
that combinations away from the Pareto front could be desired in a different mission 
context. In particular, it was shown in the FP scenario that for a fixed value of elapsed 
mission time it could be beneficial to select a SoS with a higher mission cost because 
this combination can deliver a higher payload (see Figure 46 right).   

   
Figure 46 The SoS design space for different combinations of existing UAVs in the MS 

(left) and FP (right) scenario, adapted from paper VII. 

In the second case study the design space was further expanded in order to explore 
new combinations of CS and SS configurations, whereas at a SoS level it was possible 
to change the number of the concurrently operating units between two and four. For 
this particular application, the low-fidelity solution of metamodels was implemented 
at all levels in order to enable a fast exploration of this significantly larger design space. 
The overlapping Pareto fronts for each fleet size in the MS and the FP scenario are 
presented in Figure 47, and similarly as in the first case study, it can be seen that the 
desired mission capabilities like the success probability or the elapsed mission time can 
be traded so that the operating costs can be reduced.  

Here, one important finding for the decision makers and in turn the PDP is that 
increasing or decreasing the number of operating units does not significantly improve 
the performance of the SoS, and hence, it can be avoided unless some other capability 
like delivering a high payload or having a low yearly fixed cost is sought after. Apart 
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from this, the overlapping Pareto fronts revealed that a certain set of capabilities can 
be better achieved with certain combinations of CS and SS. More specifically, it can 
be seen in the MS scenario that a combination of three UAVs is more efficient since it 
can reach a 96% success probability for 2000$ cost, whereas for the same cost, the 
combination of four UAVs can reach only 90% (see Figure 47 left). Finally, this study 
revealed also several “stagnation” points in the FP scenario, and in particular it was 
shown that a combination of two UAVs cannot not achieve any improvement in terms 
of mission time even when the cost is over 1500$ (see Figure 47 right).  

  
Figure 47 Overlapping plot of the Pareto fronts from different fleet sizes in the MS (left) 

and FP (right) scenario, adapted from paper VII. 

In general, the above results should be seen as an indication that SoS can help to 
identify numerous design combinations which fit the primary mission requirements and 
desired capabilities. At the same time, they constitute a further proof that the study 
of product interactions can help to find combinations which offer resilience to changes 
in the operational environment as well as in the customer demands. Overall, this case 
study showed that the use of multiple metamodels allowed to capture the trends of the 
design space, and despite the violation of a small number of airworthiness constraints, 
the comparison of the obtained results against those from the real models revealed that 
this can be a viable approach with an expected accuracy loss of less than 10%. On the 
whole, it should be noted that the aim of the above findings is to give a brief overview 
of the SoS exploration that was based on the advanced multifidelity framework, and 
in this respect, a more detailed discussion on the validity of the results, the accuracy 
of the metamodels, and the effects of tactics on the design of UAV as well as on the 
SoS capabilities can be found in paper VII.
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6 Discussion and Conclusions 

The first part of this chapter begins with an assessment of the approaches which 
were followed to validate the methods and tools, and then, there are four sections that 
discuss the work in respect to the research questions. These discussion sections delve 
into the current and future possibilities of UAV design optimization; the strategies for 
expanding the MDO capabilities at a system and a sub-system level; the framework 
enhancements that can enable to capture the tradeoffs at a SoS level; and finally, the 
additions that can allow to integrate the methods and the tools in the PDP. Overall, 
the scope of this first part is to compare this work with other studies in the field, while 
at a secondary level, the aim is to bring forward the possible generalizations as well as 
the potential limitations. 

The second part of this chapter builds upon the previous discussions as well as the 
project findings, and subsequently, it presents a brief but yet clear answer to each one 
of the research questions that were initially posed. To achieve this, the four research 
questions are restated, and then, they are answered in a simple manner which has here 
the form of a closing remark that aims to provide the reader with the most important 
elements of this work. In addition to the above, and as a further concluding point, this 
chapter presents the identified directions for future work according to the identified 
gaps as well as needs of the current project, while finally, it provides several possible 
ideas that can be used as an inspiration by other research groups in order to pursue a 
further continuation. 
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6.1 Discussion 

6.1.1 Validating the proposed methods and tools 

The validation of the proposed design methods and tools of this thesis work was 
achieved by following the approach of Yin (2013) which builds upon the concepts of 
“internal” (logical verification) and “construct” (verification by acceptance) validity. 
In internal validation, the criterion is to be able to explain or reject all the observed 
phenomena by comparing them against the existing theory and the established state-
of-the-art, whereas in construct validation the criterion is to be able to deliver methods 
and results that can be accepted by experts in the field. 

As far as internal validation is concerned, the results and findings of this research 
showed no conflict between the theoretical elements; they were obtained through the 
use of established methods; and they can be explained by means of the existing theory. 
In this work, the models were developed by using verified tools or validated analytical 
formulas that are available in literature, whereas the optimization techniques and the 
integration of the framework models were based on the strategies and the techniques 
which are suggested by other authors. Moreover, the proposed frameworks generated 
results as well as trends that are reasonable and values that can be directly compared 
to existing UAV designs, while overall, the enhancements and the contributions that 
are elaborated in this work are in line with the current academic research directions 
and the identified needs of the industry.  

As far as construct validation is concerned, the research work that is presented here 
has been accepted by both the scientific community and the manufacturing industry. 
In particular, all the appended papers have prior to publication gone through a double-
blind review process by experts in the field, while in addition to this, the findings of 
papers II, III, V, and VI have also been presented at conferences and discussed in front 
of an international scientific audience. Moreover, the proposed methods and the tools 
have been developed in order to address real design problems and needs, and in this 
respect, it should be noted that this research has been conducted in close collaboration 
with the industry since the beginning. On the whole, the findings of this thesis have 
been completely accepted by the project’s industrial partner SAAB AB Aeronautics, 
and more specifically, the proposed frameworks were identified as valuable design tools 
that can improve the company’s development processes. 

6.1.2 Identifying the current and future possibilities 

In this thesis, the basis for identifying the criteria of success and the foundation of 
the descriptive study were the two literature reviews which were presented in papers I 
and II. Given the vast amount of literature, a structured review methodology was first 
developed by following the approach of progressive paper elimination according to their 
relevance against a number of user-defined criteria. Due to the resemblance of products 
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in the aeronautical sector, the search considered case studies of both UAVs as well as 
manned aircraft, while the examined time period was initially restricted to the last 
decade and then it was further expanded thought a “snowball” process. In this light, 
the presented directions for improvement as well as the gaps and trends are only the 
ones reflected in the literature, and as such, the assumptions of this work cannot be 
generalized beyond those boundaries.  

The first conclusion from papers I and II is that the aerodynamic evaluation, the 
propulsion assessment, the weight estimation, and the mission performance analysis 
are the most common models in the design optimization of aeronautical products. In 
this work, the focus is on UAVs for deployment in search operations in a non-friendly 
operational environment, and therefore, it is crucial to study the aforementioned design 
aspects in parallel with the requirements for increased survivability and surveillance 
capabilities. Although there can be many interpretations of the above in aircraft design, 
the delimitation of this work is that it considers these requirements to be represented 
at the system level by the radar signature of the airframe configuration and at a sub-
system level by the scanning performance of the sensor.  

Apart from that, the second conclusion of papers I and II is that there is a need to 
expand the design optimization framework beyond the system and sub-system level. 
In view of this, there is a need to expand towards both the front (market and customer) 
and the rear (manufacturing and testing) ends of the PDP, while accordingly, there is 
also a need to enhance the framework with further simulations that can give a better 
understanding of how the design will perform in different operational environments. 
Here, it should be noted that the aforementioned design aspect can be expressed with 
various types of analyses, however, in this work it was represented by the study of the 
trajectory as a means to explore the system level tradeoffs and by the study of fleet 
interactions as a means to capture the SoS level collaborations. 

Finally, the last conclusion from papers I and II is that the technical part of design 
optimization has evolved disproportionally compared to the organizational and cultural 
aspects of integrating this method. To this end, the first approach that is proposed by 
this thesis in order to deal with this issue is to work towards more efficient solutions, 
whereas at a secondary level, the dissemination of the results and the mapping of the 
process can be the next step towards a better integration in the PDP. Consequently, 
it should be noted that the socio-technical aspects of using design optimization methods 
were considered to be outside the scope of this work, and hence, additional research is 
required in order to evaluate their effect on the organization. 

6.1.3 Enhancing the system and sub-system design 

As a first approach towards improving the MDO capabilities, this thesis explored 
the benefits of expanding the system and sub-system level with two new models (papers 
III and IV) as well as a supplementary analysis capability (paper IV). In this work, 
the new models were the operation of the sensor as well as the radar signature, whereas 
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the additional analysis capability was the assessment of the performance on different 
trajectories. Since the focus was on the addition of the new features, the operation of 
the other sub-systems was represented by analytical expressions, while at the system 
level the framework considered also the traditional aeronautical disciplines in order to 
be able to capture the mission performance.  

As far as the new disciplinary additions are concerned, the optimization results 
showed dependencies between the mission, surveillance, and survivability, and hence, 
it was concluded that the radar signature and the sensor performance models have the 
potential to add more knowledge on the design tradeoffs. Here, it was identified that 
the computational burden of the above modeling elements can become a hinder towards 
the integration of MDO in the PDP, but nonetheless, it was shown that one possible 
way to address this is to combine an efficient decomposition with metamodels. On the 
whole, the proposed expansions can be beneficial when similar requirements have to 
be evaluated, and in view of this, a possible generalization is that the framework can 
also be applied to the design of other aerial systems. 

In a similar manner, the consideration of the trajectory can be a key feature in the 
design of UAVs, and the reason is that it can increase the knowledge of the design by 
including the operating conditions in the computations. Here, it should be noted that 
the trajectory analysis is not a SoS model since it does not consider the interactions at 
a product level, but instead, it is a model that can provide more information about the 
system and its sub-systems. Similarly as before, a trajectory analysis can increase the 
time per evaluation, and in this light, the use of metamodels is an enabler for allowing 
such studies during concept selection. In this context, the trajectory analysis should be 
viewed as a function that can capture the future usage and the customer preferences, 
while overall, this addition can be applied to various aircraft models when position- or 
attitude-dependent disciplines have to be considered. 

In general, the expansion of the present framework took into account the principles 
of modularity and scalability so that it can enable users to swap tools according to the 
needs of each PDP. In this work, the majority of models is based on freeware tools, 
however, there are also models in the frameworks of papers III and IV which are based 
on in-house proprietary codes. More specifically, the analysis of the mission and the 
radar signature were calculated by using software which was provided by the project’s 
industrial partner, however, it is possible to replace them with freeware alternatives as 
seen in papers V and VI. Overall, the technical work of this thesis was carried out in 
an academic setting by using tools which are also available to the industrial partner, 
and therefore, one conclusion is that the framework can be adapted to the PDP without 
the need of using further software resources. 

6.1.4 Capturing the system of systems interactions 

The higher dimension of SoS interactions was a further enhancement since it is an 
aspect that can enable the organization to study the product collaboration effects and 
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the performance of the design at different operational scenarios (papers VI and VII). 
Here, it was shown that the collaboration of UAVs can bring forward new capabilities 
which are beyond those of each individual system, while it was also identified that the 
performance of the SoS can differ depending on the operating conditions. In this work, 
the collaboration is expressed as a result of following specific tactical approaches, and 
in this respect, it is assumed that the UAVs are either autonomous entities which are 
acting on a set of predefined rules or controlled by operators who are executing orders 
based on a set of strategies and policies.   

The framework for optimizing a yet-to-be-designed UAV in a SoS context is the 
first example of how the product interactions can be studied in order to identify the 
best designs for each operational scenario. Here, the proposed method is comprised of 
a MDO process combined with a mission simulation module, and given that the MDO 
framework already exists, this approach can be viewed as an addition which does not 
require complex decompositions. In total, the obtained results illustrate the feasibility 
and effectiveness of this method in design optimization, and despite the increase in the 
computational time, they prove that both the mission and the desired fleet capabilities 
can have a profound effect on the optimal UAV design. 

In contrast to the above, the framework which was presented in paper VII was able 
to handle a varying number of yet-to-be-designed and existing aircraft, while at the 
same time, this solution made it possible to deliver answers in respect to much more 
complicated operational scenarios and tactics. The main advantage at the sub-system 
level was the modeling of the communications and the electrical architecture, whereas 
at the SoS level, this work introduced ABS for capturing the effects of communication 
and coordination. Here, the analyses of the constituent systems were limited to aerial 
vehicles and their sub-systems, however, the simulation module enabled to consider 
the collaboration with other types of aerial, sea, and ground vehicles. On the whole, 
the results show a strong effect of the scenario, tactics, and communication on the SoS 
capabilities, and they indicate that this framework has the potential to be used in the 
development of both manned aircraft and UAVs. 

As far as the PDP is concerned, it was shown that the study of SoS can expand the 
design space, and as such, there is a need for a visual representation of the results. A 
tool such as that of paper V could offer the possibility to change the needs and follow 
the effects of the requirements down to the sub-system level, while accordingly, it could 
also allow designers to work in reverse and explore the achieved SoS capabilities when 
a new sub-system is introduced. Furthermore, it was identified that the population of 
SoS design spaces can be a computationally challenging process to consider in the PDP, 
and in this respect, metamodels were once again the main enabler for achieving fast 
evaluation times at a reasonable loss of accuracy. Here, it was shown that a SoS offers 
a number of capabilities which may be irrelevant in one context but can be valuable 
in another operational scenario, however, the implications of this on the final choice of 
design and in turn the PDP were not investigated.  
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6.1.5 Supporting the product development process 

The first step towards using design optimization to support the PDP was to review 
the field and present an overview of the common activities in the form of a roadmap 
(paper I). Here, the focus was solely on aeronautical products, however, the roadmap 
was built as a flexible tool that can also be modified in order to adapt to other complex 
engineering products. In this view, this work can benefit by further expansions towards 
modeling the activities of more organizational departments, while accordingly, it can 
also be improved with additional analyses that go beyond the engineering disciplines. 
Overall, the benefits of the roadmap were assessed through its application on design 
optimization case studies, and then, its potential to support the PDP was verified by 
the project’s industrial partner through an expert evaluation. 

The second step towards promoting the use of design optimization in the PDP of 
UAVs was to develop methods which can help to make results more attractive for the 
industry. Here, the considered strategies are to increase the computational efficiency 
of the framework and to develop tools for making the optimization results understood 
by all the departments of the organization. The motivation is that the computational 
performance of the models has traditionally been the bottleneck, and as a result, this 
has generated a negative attitude in the industry. In addition to this, it can be seen 
that most case studies abstain from specifying how the results can be disseminated in 
a meaningful way, and as such, a frequent phenomenon is that the potential benefits 
for the PDP are not sufficiently stressed.  

As far as metamodels are concerned, their main function was to serve as an efficient 
analysis solution which can align the speed of the computationally heavy models with 
the needs of the conceptual design stage. In particular, the goal of papers III and IV 
was to bring adequate knowledge on the radar signature and the sensor performance 
which could only be captured by high-fidelity tools, while in papers VI and VII, the 
goal was to have quick models at all system levels in order to enable the study of SoS. 
Here, the use of multiple metamodels enabled to increase the accuracy by breaking the 
system into smaller parts, but their limitation was that they required additional time 
to be spent in development, testing, and integration. Overall, the proposed approach 
was successfully verified through its application on various types of models, and in this 
respect, one conclusion is that it can be easily adapted to further disciplines, framework 
architectures, and types of vehicles.  

As far as the management of the results is concerned, it was argued in papers III 
and V that the use of visualization tools can make design optimization more attractive 
for the company and the involved teams. The benefit of the proposed tools is that they 
give all members of the organization the opportunity to explore in the design space, 
while at the same time, it was identified that these can be an inexpensive addition that 
does not require an increase in the development time or use of further organizational 
resources. In this work, the practicality and usefulness of the above tools were verified 

70 



Discussion and Conclusions 

only by the project’s industrial partner, and hence, it should be noted that there is a 
need to follow up this enhancement with further studies in order to evaluate its effects 
on the organizational integration and the success of the PDP. 

6.2 Conclusions 

6.2.1 Answers to the research questions 

• RQ1: Which are the current research gaps, the general trends, and the potential 
improvement directions in design optimization of UAVs? 

At present, the research trend in design optimization of UAVs is to concurrently 
consider a number of models that represent the different disciplines of the engineering 
department, however, aspects like for example the marketing and the manufacturing 
have typically been omitted from the framework. Moreover, in the traditional design 
optimization process the focus is mainly on the aeronautical models which can compute 
the mission performance, whereas additional features that can enable to capture further 
design requirements are either overlooked or represented via simplified analyses. Apart 
from this, the majority of research studies has only addressed the technical challenges 
of design optimization, and hence, a particularly important gap is the lack of literature 
regarding the organizational and cultural integration in the manufacturing industry. 
In this light, the first improvement direction is the addition of further models as well 
as analysis capabilities in the framework, while at the same time, an equally important 
consideration is to strive for more computationally efficient solutions that will allow to 
obtain better knowledge even earlier in the development process. On the whole, design 
optimization should be able to work together and not against decision makers, and in 
this respect, the second improvement direction is to have a stringent mapping of the 
process as well as supporting tools that will promote the dissemination of the results 
within the organization. 

• RQ2: Which are the critical additions at a system and sub-system level, and how 
can those models be included in the design optimization of UAVs? 

Two key design requirements that should be considered in design optimization of 
UAVs are surveillance and survivability, and in particular, it is important to be able 
to quantify how well the search area is being scanned and how detectable the aircraft 
is to the observing radars. To this end, it is essential for the design optimization process 
to include features that can capture the aforementioned aspects, and thus, two critical 
additions at a system and sub-system level are the sensor system performance and the 
airframe radar signature models. Compared to the typical aeronautical disciplines, the 
above models are strongly dependent on the positon and the attitude of the aircraft, 
and therefore, this raises a need to introduce the concept of the operational scenario 
as part of the optimization problem. In this respect, the framework computations of 
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the system and sub-system level must be complemented by a further analysis model, 
and more specifically, a key capability towards the evaluation of design effectiveness 
is to include a model for the analysis of the trajectory. Aside from the above benefits, 
the enhancement of the design optimization framework with the trajectory module can 
bring forward valuable knowledge regarding the future usage of the system and its sub-
systems. Consequently, this can be viewed as an approach for assessing more diverse 
customer demands as well as a tool that can assist in formulating the future marketing 
strategy of the company. 

• RQ3: How can the interactions of the system of systems level be captured by the 
framework, and what is their effect on the design optimization of UAVs? 

The operational environment can have a significant effect on the performance of 
aeronautical products, and thus, it is an aspect that should be considered in the earliest 
stages of the development process. By taking into account this higher dimension in the 
design optimization process, it becomes possible to identify how each system and its 
sub-systems will respond to different design requirements and different collaborative 
scenarios. In a system of systems formulation, each aerial vehicle is not examined in 
isolation against a fixed set of requirements, but instead, the design is viewed as part 
of a fleet that includes various constituent systems and sub-systems. Thus, this enables 
the decision-making team to perform tradeoff studies on a larger design space, and in 
turn, it allows the manufacturing industry to deliver products which are aligned with 
the anticipated governmental policies, the expected technology developments, and the 
potential future customers. To this end, it is possible to optimize a UAV design for a 
deployment in a predefined scenario together with a set of existing assets, or to perform 
a design space exploration in order to assess the performance of various combinations 
against a set of metrics. On the whole, the consideration of product collaborations can 
enable designers to identify combinations with high resilience to various requirements, 
and consequently, this can help to bring forward new capabilities that are beyond those 
of each individual system. 

• RQ4: How can the design optimization process be integrated in the manufacturing 
industry in order to provide additional support during the development of UAVs? 

The computational performance of the framework has been the main reason behind 
the skepticism of the manufacturing industry against design optimization, and hence, 
a critical consideration towards its eventual integration in the development process is 
to investigate solutions that will enable an efficient exploration of the design space. To 
this end, the two proposed strategies in the above direction are to develop metamodels 
of the computationally expensive disciplinary models and analysis capabilities, and to 
implement advanced architectures for decomposing complex problems. The ultimate 
aim is to create a framework which will allow to bring more knowledge of the product 
interactions earlier in the process, and more specifically, the idea is to offer the decision-
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making team sufficient performance data that will in turn help them to evaluate the 
design before it advances to the next stage. Apart from this, a further strategy towards 
the adaptation of design optimization in the industry is to structure the process as a 
roadmap, whereas another desired feature is to be able to visualize the results in a way 
that is meaningful to all the involved actors. In general, the roadmap will enable the 
standardization of the uncharted method of design optimization for newcomers in the 
field, while accordingly, the proposed visualization tool will exemplify the benefits of 
this approach for everyone in the organization regardless if they have a technical or a 
managerial background.   

6.2.2 Outlook and future work 

Over the past decade, the benefits of design optimization have been exemplified in 
several UAV case studies, and to date, there are many instance which have illustrated 
the potential of this method in terms of improving the overall product performance as 
well as in terms of reducing the development time. Nonetheless, despite the advances 
in software tools and computational capabilities it can be seen that design optimization 
is still limited in respect to its technical possibilities, and more specifically, there are 
several gaps in both the modeling and the framework performance. Apart from that, 
the integration of design optimization in the manufacturing industry has been typically 
overlooked, and as a result, there is at present a gap regarding the possible approaches 
for including it in the product development process.  

To this end, the aim of this work is to implement additional modeling features and 
further analysis capabilities at both a system and sub-system level, and subsequently, 
to investigate their feasibility in extending the range of design requirements that can 
be captured by the framework. By the same token, this research aims to complement 
the framework with supplementary modeling functions for identifying the higher level 
interactions, and in turn, to explore the benefits of including inputs that can add more 
information on the effects of the product collaboration and the operational scenario on 
the performance. Overall, the ultimate aim herein is to be able to integrate the above 
elements into the activities of the development process, and hence, efficient computing 
methods and visualization solutions are also proposed as a further approach to make 
design optimization more relevant to the industry. 

In light of the above, two obvious future improvement directions, that are also the 
main pillars of this work, are to enhance the traditional design optimization framework 
with more powerful but also more efficient features. As far as the former is concerned, 
one possible way forward is to take into account more disciplinary models as well as 
more analysis capabilities, and therefore, an interesting continuation is to consider the 
effects of manufacturing and marketing into the computations. As far as the latter is 
concerned, it was identified that there is margin for improving the performance of the 
framework, and consequently, two potential strategies are to continue research on the 
efficient analysis tools and the decomposition architectures.  
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In general, the integration of design optimization in the industry should become a 
central consideration by all the practitioners in the field, and in this respect, one of 
the possible future research steps is to create a holistic mapping of the process including 
all the organizational functions and all the available methods. Apart from this, more 
studies of socio-technical nature are needed in order to investigate how the integration 
of the different design tools that were presented in the previous chapters can be used 
by both the organization and its engineers in order to support the product development 
process in practice.  

On the whole, the discussed contributions are the outcome of the author’s doctoral 
research work, and as such, it can be argued that the two areas of continuation are to 
apply the framework and the models at a broader scale and to evaluate the results in 
settings which are beyond those of the project’s industrial partner and the academia. 
Similarly as in every scientific experiment, repeatability and reproducibility should be 
two essential concepts towards the validation of the proposed methods and tools, and 
therefore, other researchers in the field are encouraged to carry out additional studies 
in order to further validate this work.
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