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Introduction

This report will take a systems engineering approach to a problem given to the author in 2023, however given the timescale and the work completed to date on said problem the report will go beyond the real-world example to more fully examine what is meant by a systems engineering approach. The report will begin by outlining the problem as it was set, provide some context to the initial thought process and then examine this from a systems engineering perspective, providing some overview to the discipline as a whole. The report will then move into examining the process of design, with sections broadly looking at Quality Function Deployments (QFD) 1 and 2. These terms will be explained and broken down as part of those sections. Finally, the report will move on to looking at process controls and manufacture, but with the caveat that given the number of component parts for the system that no one manufacturing route is going to be possible to fully describe, instead a general discussion of manufacturing considerations will be had. Throughout the report references will be made to a design workbook completed to collect, organise and where possible quantify these stages. The design book will be included as annex A in its entirety, but formatting and assignment submission limits mean that should further information be required it is best to contact the author directly. Screenshots will be taken to highlight relevant points and processes throughout the report. 
The challenge

In the introduction it was stated that this report takes as its base a real-world challenge given to the author. The Weapon Sector Research Framework (WSRF) has created an annual conference in order to encourage people in their early careers to work across industry and to showcase developments. To encourage working together a competition has been established with a goal of having teams present on the following:
“For a problem of importance to the Weapons Sector, using cross-function, cross-organisation teams, agree, propose and present a compelling approach towards solving the problem”

As can be seen from the wording of the problem it is both very broad and very vague, allowing teams the widest possible scope to come up with solutions, but not providing clear customer requirements. The first part of the work of the team therefore began by trying to provide solutions, this was done without a knowledge or understanding of systems engineering and it is important to state that at this point. 
1.1 [bookmark: _Toc176889847]The Context

The challenge was set in 2023 a year after the Russian Federation’s invasion of Ukraine in February 2022 [2]. This was not explicitly stated in any part of the WSRF materials, however for the author and indeed the organisations present, it provided a context for the kind of war and weapons that might provide significant advantages on the battlefield for either side. One of developments of the war in Ukraine has been the rise in drone technology on the battlefield [3]. In a recent paper the Royal United Services Institute (RUSI) has identified that this is an area where the United Kingdom could benefit from the lessons learned by Ukrainian forces to develop a sovereign capability for systems of unmanned aerial vehicles (UAVs) [4]. A word on language, this report will primarily use the term unmanned aerial vehicles (UAVs) to refer to the platform in line with current prevailing views in academic literature, however the terms unmanned aerial systems and drones are also commonly used by researchers with terms appearing interchangeably. A clear example of both the dominance, but acceptance of different terms can be seen within the 2010 book Unmanned Aircraft Systems: UAV Design, Development and Deployment [5].
It is perhaps unsurprising therefore that the team decided to explore nano swarming UAVs as a potential solution. Nano and swarming are used throughout this report, to mean smaller systems and ones that work cooperatively. The literature lacks precision on both terms, but broadly speaking nano means less than 250g and swarming is when UAVs work together to complete a common objective [6], [7]. 
This report will now proceed to give an overview of systems engineering to illustrate how, although the initial idea was determined somewhat ad-hoc, going forward a design can be provided that follows a logical and rational approach. 
2. [bookmark: _Toc176889848]Systems Engineering: An Overview
2.1 [bookmark: _Toc176889849]An Academic Reading

“Systems engineering comprises the set of activities which together lead to the creation of a complex man made entity and/or procedures and information flows associated with its operation.”
[8]
The above quote is the definition provided by Peter Checkland, who is considered a seminal author in the field of systems engineering [9]. This definition is given alongside a second on systems thinking which is defined as: 
“an attempt, within the broad sweep of science, to retain much of that tradition but to supplement it by tackling the problem of incredible complexity with a form of thinking based on wholes and their properties which complements scientific reductionism.”
[8]
Later authors have tried to combine and simplify these definitions. In Engineering a Safer World systems engineering is described as a discipline which,
“views each system as an integrated whole even though it is composed of diverse, specialised components.”
[10]
In Systems Engineering Principles and Practice systems engineering has the function to
“to guide the engineering of complex systems”
[9]
In each view systems engineering takes in the whole as part of the process by which new things, processes or entities, are created or engineered.
The view of the ‘whole’ is perhaps best exemplified by references to the ‘Gestalt’, which is found in Systems Engineering A 21st Century Systems Methodology and is taken from the field of psychoanalysis and more specifically the work of C. G. Jung [11]. Gestalt is a German word, which does not have a one-for-one translation in English but can be roughly equated with the concept of holism and the necessity of looking at situations as having impacts on and being impacted by the complete structures in which they find themselves. This broad understanding of the need to careful of reductionism can be found within most academic disciplines, particularly following the development of complex mathematical modelling in the 1950s [11] [10]. It is the author’s experience that these concepts can be found within the humanities and early theorists such as Durkheim and Weber from those disciplines are also referenced as influences to development of systems engineering [12]. 
2.2 [bookmark: _Toc176889850]Systems Engineering and Design
The previous section gave an overview of the definitions and academic underpinnings of systems engineering, with reference to systems thinking as being a broader concept around structuring and organising thought. Now however it is necessary to focus the definition and use it to influence the design process in particular. 
If the overall design of a particular solution is customer driven, with requirements being incorporated along each step of the design then it is likely that quality function deployment (QFD) is being used [13]. QFDs are done at many points along the design process and are a means of translating inputs to outputs, but also ensuring that outputs feed later parts of the design process. Each QFD can be divided into four phases, which overall are referred to as the four phase model. The four phases of the QFD are translating customer needs to design choices, from here these are developed into parts characteristics which in turn feed into process operations and finally these are put into production assurances [14]. This approach incorporates the definitions of systems engineering given before by ensuring that the overall system requirements are integrated throughout the design process so that the overall ‘whole’ is still in focus despite needing to examine and sometimes modify parts within that ‘whole’. It is noted that most institutions tend to only complete phases one and two of the QFD process [14] [13]. 
For the purposes of this paper the majority of work will be looking at the QFDs 1 and 2 and their constituent parts, in line with how industry also tends to apply these ideas. 
3. [bookmark: _Toc176889851]Systems engineering and the solution

As outlined in section 2.1, because the example used in this paper comes from a real-life competition, some things were done prior to considering a systems engineering approach. Thus ideally, the very broad question posed by the WSRF would have been interrogated by the team so a clear set of customer requirements could be gathered, which could then lead to the proposal of different solutions. 
As it is UAVs had already been identified as the ‘entity’ to be designed by the team. Furthermore because of the technological developments in this area and the competitive nature of the proposal, it was determined that where the technology could be pushed would be with the combination of different UAVs, particularly smaller ‘nano’ systems. Now however the real-life work is aligning with a systems approach and currently the team is looking to engage with end-users and industry specialists in order to research both the art of the possible, but also to refine use cases. 
This section will therefore be further broken down to discuss some broad approaches to UAV design, which themselves may incorporate a systems approach and then a specific use case and application of QFD 1 to this process. It is worth noting that the specific use case is hypothetical, and the author will be acting as the customer in the initial stages to set requirements to later structure the design. 
3.1 [bookmark: _Toc176889852]Systems engineering and UAVs: An approach

UAVs are a rapidly developing technology that can have applications to many different areas of modern life, both civilian and military [5]. One way therefore to begin a design a new UAV system has been to take a ‘mission led’ approach [15]. In the civilian space a mission could be crop surveillance [16], in the military space it may be target neutralisation [17] and an approach to designing a new type of drone for either of these or a myriad of other activities could be the mission itself. In this way the mission of the UAV is in itself systematised, and a feedback loop occurs between the of actions required and the UAV chosen to fulfil the task [18]. This approach is very useful when taking an existing UAV solution and putting it in a potentially new scenario, meaning that planners and engineers can assess, examine and evaluate the safety, operation and effectiveness of the system in the new role. 
3.2 [bookmark: _Toc176889853]Systems engineering and UAVs: The Authors Approach

The use case for this particular design was to neutralise targets at range. The use case was conceived prior to the mission planning, with an emphasis on a long-range strike capability. As mentioned, due to the starting point of this research and given that the work is continuing concurrently with the writing of this report, this is a hypothetical use case. In reviewing the literature and considering a systems approach it is likely that the order of the concept generation would have changed considerably. One clear example of this would have been better engagement at the start to determine whether given the use case that UAVs were the solution that the customer really required to meet that goal [11] [12]. This would have led to a better gathering of customer requirements and a better base on which to analyse them. However, given that the proposal to the WSRF committee was on nano swarming UAVs, it is this technological solution that is being analysed as part of this report. 


4. [bookmark: _Toc176889854]Customer requirements
4.1 [bookmark: _Toc176889855]Requirements list

As noted in section 4.2 the use case for the UAV design has been generated after UAVs have been selected as a solution. Furthermore, the customer requirements have been gathered without engagement with a specific customer and are instead generated from the author’s own knowledge and application of the technology to a particular problem. Nevertheless, an open mind was kept throughout the process and an attempt has been made to best capture the different necessities that a system would have to fulfil to meet with the overall use case of ‘neutralising targets at range’. This capturing, detailing and in cases simplifying the customer requirements is part of the QFD 1 process mentioned in section 3.2. Through articulating a clear set of requirements these can then be analysed to generate the functions of the proposed system [13]. A requirement set for the customer in this example is outlined below in figure 1.
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[bookmark: _Toc176686388][bookmark: _Toc176888674]Figure 1: The user requirements for a use case "neutralise a target at range".
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As figure 1. shows the requirements have been grouped according to different headings; performance, cost, availability, etc, and the group most effected by the requirement have also been identified e.g. user, MoD, other units etc. This forms the start of analysing the requirements and the process is actually very similar to the design of the UAV mission parameters as illustrated below in figure 2. 

[image: A diagram of a mission definition

Description automatically generated]
[bookmark: _Toc176686389][bookmark: _Toc176888675]Figure 2: A table showing the stakeholders and functions in a system approach to mission planning taken from [15].

Similar to figure 1., the purpose of figure 2. is to identify the different stakeholders, but a key difference is that in figure 1. functionality is not being discussed, this is to be analysed in QFD 1 following an evaluation of the customer requirements.
The evaluation of customer requirements essentially means analysing the priorities of a particular customer. Within software engineering a popular approach to examine this has been to do a pairwise comparison, which was likewise completed as part of this study as well. 
4.2 [bookmark: _Toc176889856]Pairwise Comparison

5.1. outlined the customer requirements and demonstrated that requirements tend to fall under particular themes and effect certain stakeholders more than others. It can therefore be necessary to evaluate and measure the importance of certain user requirements overall in order to assess where particular focus and effort should be put as part of the design process. One way to prioritise is to conduct a pairwise comparison, which has become particularly popular in software engineering [19]. In this way the requirements can be looked at in pairs and a particular preference can be assigned, allowing for an overall graph to be plotted outlining the importance of each requirement. The graph for the pairwise comparison for the customer requirements for this project is displayed in figure 3. with the full table shown in annex A. 
One of the key generations of the pairwise comparison is an importance score. The importance score is a value that gets taken into QFD 1 and helps determine which functions are going to be critical to focus on during the next part of the design process. It should be noted the tools mentioned so far and those in subsequent sections are developments on the ideas taken from [8], with an attempt to rationalise and standardise the methodology for designing complex systems [9].   With the requirements gathered, use cases examined and analysed, and the priority areas identified, it is now necessary to focus on functionality. 
According to the Cambridge Dictionary functionality may be defined as:
“any or all of the operations performed by a piece of equipment or a software program”
[20]
In systems engineering a more specific definition can be taken as:

“A function is defined by the transformation of input flows to output flows”
[11]
Functionality and definitions are important when preparing QFD 1 as it is these functional relationships that are measured against the customer requirements.  In fact, functionality is so important within systems engineering that it has led to the development of an entire discipline called ‘function-based systems engineering’ (FUSE) [21]. What is important to establish at this point are the verb noun relationships are necessary to meet the different customer requirements.   In some cases, this may have a one-to-one relationship e.g. the user requirement to “identify targets” could be translated a verb noun pairing of “identify” and “target”. However other user requirements comprise of many different verb noun pairings for them to be achieved. In the UAV example the customer requires that an effect is delivered, but to achieve that a UAV first must fly to its destination, thus “generate lift” is one of the functional relationships necessary to achieve the overall goal. 
An important note for the reader for the rest of the report is the requirement for the effect to be delivered at range. This cannot be achieved with nano-swarming UAVs alone as the systems themselves have limits in terms of flight times and distance, however during the original proposal it was always argued that a ‘launch system’ would be incorporated into the overall solution. This report is concerned primarily with the ‘effect delivery’, which is why this launch system is not covered. Current work in this area by the team is still determining how best to achieve this aim and again now that systems engineering approach has been adopted, it is something that can also be used in researching and solving this part of the challenge too. 
[image: A graph of text and a bar of text
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[bookmark: _Toc176686390][bookmark: _Toc176888676]Figure 3: Pairwise comparison showing the relative importance of each of the customer requirements.
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Functionality can become a very broad topic with complex relationships being formed at different levels. For the purposes of this study the author identified the following as the functional relationships to be looked at as part of QFD 1.
[bookmark: _Toc176888716]Table 1: Functions needed to meet the user requirements.
	Generate lift

	Provide power

	Plot course

	Maintain course

	Maintain altitude

	Identify target

	Manoeuvre position

	Engage target

	Send communications

	Receive communications

	Hold position

	Arm effect

	Deploy effect



Overall these requirements were similar to those discussed by [18] as part of the overall mission planning for UAVs, but they also map broadly onto the more detailed work on UAV design shown in [5] [22]. One study in particular that is worth mentioning as being similar in its approach to UAV design is [23], who mapped the functionality using the diagram below.
[image: A close-up of a chart
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[bookmark: _Toc176686391][bookmark: _Toc176888677]Figure 4: Function mapping for a UAV system taken from [23].
Although the above diagram is similar, it does not reduce the functions completely to simple singular verb noun relationships as shown in figure 5.
[image: A diagram of a power supply system
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[bookmark: _Toc176686392][bookmark: _Toc176888678]Figure 5: A function flow for a hydraulic system taken from [21].
Therefore, the author’s choices reflect a compromise. It is hoped that whilst a UAV is a very complex system and swarming UAVs even more so that the functions described in table 1. provide a method to generate concepts without creating a solution for a particular outcome.

5. [bookmark: _Toc176889857]QFD 1
[image: A table with numbers and a number of text
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[bookmark: _Toc176686393][bookmark: _Toc176888679]Figure 6: QFD1: Customer Requirements to Functions.
The results of QFD 1 are shown above in figure 6., the purpose of QFD 1 is to relate functionality to the customer requirements [13]. As can be seen from figure 6., different functions have been given a score of either 1, 3, or 9 in order to quantify their relationship to a particular requirement, the higher the number the stronger the effect. This has then also been related to the importance score derived from the pairwise comparison which prioritised the different customer requirements themselves. In order to better display the results of QFD 1 they have been put into a graph shown in figure 7. 
[image: A graph with a bar chart
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[bookmark: _Toc176686394][bookmark: _Toc176888680]Figure 7: The relative importance of each function as derived from the customer requirements taken from the results of QFD 1.
QFD 1 demonstrates that the overall ability of the nano swarming UAVs to receive communications is the most important functionality. This is perhaps unsurprising as the communications network for the UAVs ultimately allows them to work cooperatively, navigate to the target and to work with other systems to provide safety and assurance. On the other end of the scale, hold position is relatively less important as it is mainly required as a means of stabilisation for the effect deployment, thus only impacting user control, which may have other means to overcome such as increased training. This look at QFD 1 already begins to guide where the design team should focus in terms of concept generation and evaluation in later stages.
6. [bookmark: _Toc176889858]QFD 2

Looking ahead to QFD 2 it is now important to conduct a function means analysis. This process looks at the different ways in which a function may be achieved. At this stage nothing should be removed from the potential design and any means of achieving the functionality should be documented. The function means analysis is shown in figure 8.
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[bookmark: _Toc176686395][bookmark: _Toc176888681]Figure 8: Function Means Analysis for the functions examined in QFD1.



From the function means analysis a designer can begin to consider the different ‘parts’ of the system that form the overall entity. This is part of the overall concept generation. At this point in the design process the author decided to re-examine some of the basic requirements for the design and to try to compare these to different solutions, thus evaluating the concept overall. For this particular report this was done as a check trying to account for not having the opportunity to better understand the customer requirements before nano swarming UAVs were chose. 
To evaluate the concept the author used a System Pugh matrix which compares the requirements gathered across a range of systems that would be capable of meeting the overall goal. Figure 9. displays this data, and it is clear that quadcopter UAV and swarming UAVs are tied in their appropriateness as a solution. This is perhaps to be expected given the similarities of the technologies, however it is worth noting that swarming technology is becoming more and more prevalent and represents a significant advantage over a single system in being able to overwhelm enemy defences [24]. Even though not explicitly stated, requirements such as ‘be resilient to enemy countermeasures’ are similar and as enemy countermeasures are not static the designer must be mindful of developments in the field and how these may impact on the concepts being generated. This is perhaps especially true with military systems where long procurement cycles and rigorous testing and legislative regimes can create delays between concept generation and entering it into general service [25]. Content that whilst the process had not been ideal, the solution of swarming nano UAVs was a viable option for the customer requirements the author returned to QFD 2.
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[bookmark: _Toc176686396][bookmark: _Toc176888682]Figure 9: System Pugh looking at different means of achieving the overall goal.

Section 3.2 noted that QFD 2 relates critical components of the design to the functions they are expected to perform. This is demonstrated in figure 10. 
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[bookmark: _Toc176686397][bookmark: _Toc176888683]Figure 10: QFD 2
Perhaps one of the more surprising findings from QFD 2 was the importance of stabilisation features. In QFD 1 the ability to hold position was identified as a relatively low importance function however the parts that enable this impact on a lot of other requirements, thus they become more important to the overall design. To illustrate this more easily the results were plotted in a graph similar to QFD 1 and are shown in figure 11.
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Description automatically generated]
[bookmark: _Toc176686398][bookmark: _Toc176888684]Figure 11: Results of QFD 2 showing relative importance of different system parts.
Following QFD 2 a failure modes effects analysis (FMEA) was conducted and the results of this is included in annex A along with the full workbook. As a lead into the manufacturing it is now necessary to examine an N-squared analysis.
7. [bookmark: _Toc176889859]N-Squared Analysis

N-squared analysis provides a means of grouping particular parts of the system to view which parts may have a high degree of dependence on each other [26], [27]. From the N-squared diagram it is possible to see areas that where it is critical to control the noise factors, or elements external to the system that effect output. By looking at these different factors it is possible to determine control features that can mitigate against them so that the system can still function as intended and ultimately provide a satisfactory outcome for the customer. The control features for the critical components can also then be turned into process controls for the manufacturing, a point that will be highlighted in section 9.
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[bookmark: _Toc176686399][bookmark: _Toc176888685]Figure 12: N-Sqaured analysis for nano swarming UAVs.
Figure 12. illustrates the areas where there is convergence between different elements of functioning of the system. In the case of nano swarming UAVs it appears that target acquisition and defeat target are two areas where there is significant overlap in the different functions required. Therefore, parts associated with these functions need to be manufactured carefully. 
7.1 [bookmark: _Toc176889860]P-Diagrams

A P-Diagram is a way of displaying the input and outputs of a system, whilst also accounting for the noise factors that may affect this process. By plotting the noise factors, process controls can be easily identified and analysed in terms of their effectiveness. 
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[bookmark: _Toc176686400][bookmark: _Toc176888686]Figure 13: P-Diagram for N-Squared diagram.
 [image: A screenshot of a computer
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[bookmark: _Toc176686401][bookmark: _Toc176888687]Figure 14: Analysis of P-Diagram and proposed controls.



Figure 13. shows a P-diagram for this particular system. At the centre is one of the functions needed for the system to meet the customer requirements. It demonstrates all inputs to the system that are trying to meet those goals, with the outputs being the delivery of that overall customer requirement. Note that at this stage the function is a broader category than in QFD2 and is an attempt to check the overall system ability not individual parts. The noise factors that have been identified can be grouped under the headings, external i.e. not part of the system design, unit to unit meaning they can vary between entities included in the design, and deterioration which accounts for wear that the system can expect to experience within its lifetime. 
For swarming nano UAVs it may be that a number of systems are one-way attack drones, meaning that their wear factors, for example, may have a limited impact on their ability to complete the mission and satisfying the customer requirements. By contrast the fact that the system will be operating on battlefields means that it will come into areas that have contested radio frequencies is guaranteed. This is why in figure 14. certain weightings have been provided to the different controls. These then have been looked at across the different noise factors in order to see their effect in minimising impact. This process is repeated for any other broad functional requirements of the system. As is shown in figures 15 and 16, once the swarm of nano UAVs has acquired its target it still has to defeat it and the second P-diagram with its controls and noise factors accounts for this. 
Graphs are included in annex A for figures 14. and 16, providing another representation of the relationship between the noise factors and their control measures. 
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[bookmark: _Toc176686402][bookmark: _Toc176888688]Figure 15: P-Diagram for defeat target.
[image: A screenshot of a computer
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[bookmark: _Toc176686403][bookmark: _Toc176888689]Figure 16: Noise and control factors for defeating targets



One of the outputs from the N-squared and subsequent P-diagrams is that it can begin to suggest process controls required during the manufacturing of the system. As noted in the introduction, this report is not going to focus on manufacturing, but the next section will look at some of the stages that could be involved and some of the things that would have to be considered to make the nano swarming UAVs. 
8. [bookmark: _Toc176889861]Manufacturing nano swarming UAVs – an overview

In section 8 it was shown that a number of the noise factors effecting the system performance could be influenced by the manufacturing process. Unit to unit variation caused by differences in manufacturing tolerances, or issues in the explosive performance due to the raw materials used, are factors that must be accounted for in the production of the final design.
In the case of nano swarming UAVs the production would require the complex integration of a number of different manufacturing processes. It would have to be decided early on at what point the components should be made by a singular company or brought in from outside manufacturers to be integrated at the final site. This inherently involves a level of risk as the noise factors mentioned, for example in microprocessor quality, can only be controlled if a facility has complete oversight of this process. QFD 3 would begin to address this in looking at the process operations required for the manufacture of the component parts and QFD 4 could provide the quality assurance for the production requirements [13].
Another method could be to return to QFD 1 and 2 but looking specifically at the manufacturing requirements. These are separate to the customer requirements but are related through the shared objective in the creation of the completed design. By returning to looking at QFD 1 and 2 but for manufacturing specifically, different requirements can be gathered and evaluated before any concepts are generated and in turn analysed, helping find the most appropriate method of manufacturing. At QFD 3 the two sets of requirements would be harmonised again with the process operations providing the controls outlined in the P-diagrams and QFD 4 providing overall quality assurance for the completed product. In this way the customer requirements would be carried through the design and through the manufacturing processes in order to ensure that the final entity did meet with expectations and was arrived at efficiently and cost effectively as per the original intentions of the implementation of a systems engineering approach.
Looking at current production methods for drones it is apparent that there are many opportunities to use 3D printing for different components, which offers a consistent way of creating components cheaply [28]. Figures 17 and 18 show a simple drone model where certain parts could be made using this method, which would also assist in meeting the customer requirements to manufacture at scale. Additionally, 3D printing, if not used in the final construction, can still have an advantage in prototyping, which helps see issues in new design changes earlier [29]. These may be apparent between QFD 2 and 3, or even between QFD 1 and 2 of the manufacturing process.  This could be an effective way to ensure a high level of consistency for the manufacture for critical components. However the process would still require tight controls to ensure that the overall quality of critical components was not jeopardised by the standardisation and convenience offered in the manufacturing approach. These are elements that may be discovered during the manufacturing QFDs and would hopefully not be carried through beyond QFD 3 where the requirements reconcile. 
The final point to note with manufacturing is the scale of the UAV destruction and change occurring currently. Estimations place Ukrainian UAV losses at around 10,000 a month and rapid developments mean that design changes are having to be produced within six months, meaning that rapid prototyping and manufacturing is certainly an issue [30] [4]. For the development of nano swarming UAVs for the United Kingdom this may not be at the same urgency, but being able to produce the UAVs at rate, at scale and with an eye to future updates are still meaningful considerations that will influence the manufacturing solutions chosen.
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[bookmark: _Toc176686404][bookmark: _Toc176888690]Figure 17: 3D model of a UAV for reference.
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[bookmark: _Toc176686405][bookmark: _Toc176888691]Figure 18: Figure 18 partial exploded view showing the different components of a 'simple' UAV.
9. [bookmark: _Toc176889862]Conclusion
This report has given definitions for systems engineering and tried to use this approach to design a solution to a problem. Due to challenges encountered in the real-world example analysed as part of this report some sections have had to have been based on hypothetical ideas rather than a concrete solution. However, part of the advantage in exploring this has been the ability to be reflexive over the decisions made and how these may have been different should the process been a little different. The author is of the opinion that taking the lessons learned from a systems engineering approach will provide significant benefit as the development of the nano swarming UAV concept is taken further and developed in the real-world.
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[bookmark: _Toc176888692]Figure 19: Customer Requirements list
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[bookmark: _Toc176888693]Figure 20: Pairwise part 1
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[bookmark: _Toc176888694]Figure 21: Pairwise part 2
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[bookmark: _Toc176888695]Figure 22: Graph of pairwise results showing importance of different requirements
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Description automatically generated][bookmark: _Toc176888696]Figure 23: (Above) Functionality list, (Right top) concept sketch, (Right bottom) exploded view of concept sketch
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[bookmark: _Toc176888698]Figure 25: Graph showing the functional importances as derived from QFD 1.
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[bookmark: _Toc176888699]Figure 26: Function Means Analysis
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[bookmark: _Toc176888700]Figure 27: System Pugh Matrix.
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[bookmark: _Toc176888702]Figure 29: Feature Importance Chart from QFD2
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[bookmark: _Toc176888703]Figure 30: Failure Means Effect Analysis (FMEA) Part 1. (Generate Lift)
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[bookmark: _Toc176888704]Figure 31: FMEA Part 2. (Provide Power, Plot Course, Maintain Course, Maintain Altitude, Identify Target)
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[bookmark: _Toc176888705]Figure 32: FMEA part 3 (Maintain Position, Engage Target, Send Communications).
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[bookmark: _Toc176888706]Figure 33: FMEA part 4. (Receive Communications, Hold Position, Arm Effect, Deploy Effect)
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[bookmark: _Toc176888707]Figure 34: N-Squared Analysis
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[bookmark: _Toc176888708]Figure 35: P-Diagram Target Acquisition
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[bookmark: _Toc176888710]Figure 37: Control factors graph
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[bookmark: _Toc176888711]Figure 38: Noise Factors Chart
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[bookmark: _Toc176888712]Figure 39: P-Diagram Defeat Target.
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[bookmark: _Toc176888713]Figure 40: Noise and Control factors derived from P-Diagram Defeat Target.
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[bookmark: _Toc176888714]Figure 41: Control factors graph
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[bookmark: _Toc176888715]Figure 42: Noise Factors graph
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