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EXECUTIVE SUMMARY
Wildfires have always been a problem; but, with human migration all around the world, this problem has signifi-cantly increased its importance and impact. Themounting challenges facing wildfiremanagement, together withits increasing demand, have necessitated research into technological advancements and methods to increasewildfire management efficacy. As Unmanned Aerial Vehicles (UAVs) become more and more widespread, de-velopment has skyrocketed and is applied to all kinds of areas, such as surveillance, military, and commercialfilming. Fire surveillance is the area of interest for this project. The main goal of this report is to offer a conciseoverview of the preliminary design of the fire monitoring swarm system. This report will touch upon the mainproblems encountered while working on the design and the solutions of these problems. The report ends withsome recommendations for the future.
Forest fires happen all over Europe; however, the Mediterranean region is most affected by these forest fires.Combined with global warming, the occurrence of forest fires will increase, which will lead to an increase of theannual economic and environmental damage caused by these fires. Both fire fighters and operational centreshave been searching for years to effectively combat forest fires, thereby minimising the damage done by forestfires. Different systems have been used in the past, some as simple as fire lookout towers and some as complexas optical-based smoke detection systems. However, none of these systems has been able to provide real-timedata to firefighters. This is where this fire monitoring swarm comes into play.
The swarm system is composed of a searching and a tracking element. The searching element has 5 PenguinB UAVs and has two operating modes. The first mode is detection of fires and confirming upon detection, whilethe second mode consists of acting as a mothership for that specific fire. The tracking element has 10 Alba-tross UAVs which can perform three functions, namely high altitude tracking; low altitude tracking; and scouting.Members of the swarm will have a communication system for communication among swarm members and forcommunication with the operational centres. All UAVs will be launched using a catapult and are capable of a fullyautonomous landing.
Due to the different functions of the searching, tracking, and scouting UAVs, different sensors had to be selectedfor each role. For the searching UAVs, the first function is to detect fire. For fire detection it was determined thatboth RGB and infrared cameraswere required. The infrared camera selected is the Optris Pi 640, and the first RGBcamera is a the HDR S1000 Mini CCTV camera. The second function of the searching UAV is fire confirmation.For this, an RGB camera is also required, but since the first camera alone has an insufficient pixel resolution, a1000TVL 12mm Mini CCTV camera was added. These cameras are all mounted on the UX1 - 3 axis brush-lessgimbal for stabilisation and fire confirmation.
For the tracking and scouting UAVs, the primary function is to track the fire front. Once again, RGB and infraredcameras are required, but due to the difference in flight altitude, different cameras had to be chosen. The cho-sen infrared camera is the Optris Pi 160, and the chosen RGB camera is the 600TVL HD Colour CMOS. Thesecameras were once again mounted on the UX1 - 3 axis brush-less gimbal. Members of the swarm will have acommunication system for communication among swarm members and with the operational centres.
For the fire detection algorithm, a 2-layer artificial neural network is employed, which takes spectral; spatial; andtemporal inputs for visual and infrared images together with four ancillary data sets. The outputs of the algorithmare simple: flame, smoke, or neither. The algorithm classifies pixels in certain groups. Positive fire confirmationsare sent to the operational centre.
The data obtained from the UAV sensors differs from the required data at the operational centre. In order toconvert the data as required, data handling was integrated in the tracking UAV. This subsystem is critical as,without it, the mission functionality once a fire has been detected would be at serious risk.
In order to let the UAVs fly autonomously, autopilots have to be included in the design. One possibility to obtainthis was by designing the autopilots specifically for the UAVs. Due to the fact that the project group has limitedknowledge on control systems, it was chosen to buy commercially available autopilots, which are configurablewith the chosen UAVs. This resulted in the choice of the Piccolo Nano autopilot for the Penguin B UAV, and thePixhawk Mini autopilot for the Albatross UAV.
The production cost of the swarm system is just shy of e400k while the expected average annual cost for a 10year lifetime period is around e65k. Evaluating the value that the swarm brings to table, the impact the swarmhas in minimising the economical damages caused by forest fires and the total production cost, the swarm iscertainly a worthwhile investment.

FMUS-FR-2017 ii



PREFACE
The work of this report is that of the final project for a group of 3rd year bachelor students, fromthe Faculty of Aerospace Engineering at TU Delft. Having already produced both a baseline and amidterm report, this final report is the culmination of the work performed during the entire project.An initial conceptual design for a swarm of small, low-cost Unmanned Aerial Vehicles (UAVs), whichautonomously scans for and monitors wildfires, is presented. The many problems associated witheffective firemanagement are being compounded by climate change and prior inapt fire suppression;correspondingly, the issue has become a hot topic with much effort going into tackling it. The rapidgrowth of cheap UAVs has presented an attractive opportunity to effectively address the problem.Most current developments concern themselves with relatively small-scale swarm prototypes of just2 or 3 members; however, the design and development executed by our group during the span of theproject has resulted in a swarm of 15 members, easily deployable in a large region the size of manyEuropean prefectures.
The layout of this report adheres to a systems engineering approach; to this end, the chapters areordered accordingly. It is important to bear in mind, however, that this engineering process is highlyiterative. As such, the cyclical methods employed can be difficult to convey in a strictly sequentialfashion. Therefore, the authors have attempted to place earlier in the report much of the project’siterative elements, especially in the systemengineering chapters of Parts III, IV, V, and VI, the proposedsystem and subsystem design; leading on from these chapters, our actual final design specificationis presented in each of these parts, after all iterations were completed. However, in Part VII, thequality assurance of the proposed design, various techniques that generally have a cyclical natureare detailed, in particular the verification and validation process; the reader is made aware of this nowso that he or she may better anticipate some of the anachronistic elements of the report.
Although the project is limited in the sense that its 11-week span is insufficient to perform a full con-ceptual design, it is fondly hoped that the work may eventually attract the necessary funding to betaken into the preliminary and detailed design phases in the future. Indeed, the group has alreadymade contact with one party that showed a potential interest in developing a business framework forthe concept; such an endeavour would be facilitated by our tutor, Dimitrios. Those readers that areinterested in this further development of the concept are encouraged to read Part VIII, in particularChapter 33, the proposed design and development logic for further work; Chapter 34, the proposedproduction plan that must be implemented to assemble the final product in a factory; and, for theespecially business-minded individuals, Chapter 37, the market analysis. Furthermore, TU Delft isrenowned for its endeavours in engineering sustainable, environmentally friendly products; as such,those readers for whom this issue holds particular appeal are encouraged to read the sustainabledevelopment strategy found in Chapter 31.
The journey for Group 10 now draws to a close. Graduation is upon us and the next episodes in ourlives await. It has been an enlightening and exciting adventure, albeit punctuated with the occasionalhardships. Indeed, under the pressure to deliver quality work with demanding deadlines, the waves ofstress have at times thrown us to and fro; in spite of this, we have steadied the course, battened downthe hatches, and emerged all the better for it as well-rounded engineers. As a Chinese proverb goes,‘A gem cannot be polished without friction, nor a man perfected without trials’. Throughout, DimitriosZarouchas has been there to steer us in the right direction; for this, and much more, we are deeplyand unreservedly grateful to him. We also thank our coaches, Linyu Zhu and Zeno Belligoli, for thecontinuing support and invaluable feedback they have lent us. Finally, we express our appreciation toall the professors, organisations, and companies that provided us with help along the way.

Delft, July 2017
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NOMENCLATURE
Physical Variables
A Arbitrary transformed value of 8-bitgreyscale space [-]
B Blue value of 24-bit RGB colour space[-]
b Normalised blue value of 24-bit RGBcolour space [-]
Bλ Spectral radiance per unit wavelength[kW·sr-3·m-2·nm-1]
C1,2,3 Arbitrary weighting coefficient for fea-ture extraction [-]
f Frequency [Hz]
G Green value of 24-bit RGB colourspace [-]
g Normalised green value of 24-bit RGBcolour space [-]
R Red value of 24-bit RGB colour space[-]
r Normalised red value of 24-bit RGBcolour space [-]
T Absolute temperature [K]
α Absorptivity [-]
ε Emissivity [-]
η Colour index relative weighting factor[-]
λ Wavelength [µm]
ρ Density [kg·m-3]

Physical Constants
b Wien’s displacement constant 2.898 ·10-3 m·K
c Speed of light 2.998 · 108 m·s-1
h Planck constant 6.626 · 10-34 J·s
k Boltzmann constant 1.380 · 10-23

J·K-1
σ Stefan-Boltzmann constant 5.670 ·10-8 W·m-2K-4

Acronyms
AGL Above Ground Level
ALU Arithmetic Logic Unit
ANN Artificial Neural Network
BLE Bluetooth Low Energy
BP Backpropagation
BRAN Broadband Radio Access Network
COTS Commercial Off-The-Shelf
CPU Central Processing Unit
DFS Dynamic Frequency Selection
DOT Design Option Tree
DSE Design Synthesis Exercise
EFF IS European Forest Fire InformationSystem
EIRP Equivalent Isotropic Radiated Power

EMF Electro Magnetic Frequency
ExG Excess Green Index
FBS Functional Breakdown Structure
FDI Fire Detection Index
FFBD Functional Flow Block Diagram
FFDI Forest Fire Detection Index
FMUS Fire Monitoring UAV Swarm
FN False Negative
FP False Positive
GCP Ground Control Point
GIS Geographical Information System
GNSS Global Navigation Satellite System
GPS Global Positioning System
HFOV Horizontal Field of View
IMU Inertial Measurement Unit
IR Infrared
k-NN k-Nearest Neighbours Algorithm
LIDAR Light Detection and Ranging
LOS Line Of Sight
MIMO Multiple Input, Multiple Output
MNSS Mission Need Statement
MODIS Moderate Resolution Imaging Spec-troradiometer
MS Mission Statement
MTBF Mean Time Between Failures
MTTF Mean Time To Failure
MTTR Mean Time To Repair
NASA National Aeronautics and Space Ad-ministration
PCA Principal Component Analysis
POS Project Objective Statement
RADAR Radio Detection and Ranging
RAM Random Access Memory
RBFNN Radial Basis Function Neural Network
RC Remote Controlled
RF Radio Frequency
RFID Radio Frequency Identification
RI Responsible Innovation
RID Research Innovation and Develop-ment
RIF Responsible Innovation Framework
RoHS Restriction of Hazardous Substances
ROI Return On Investment
RSPG Radio Spectrum Policy Group
Rx Receiving
SNR Signal to Noise Ratio
TN True Negative
TP True Positive
TPC Transmit Power Control
TPM Technical Performance Measure-ment
TRL Technology Readiness Level
Tx transmitting
UAS Unmanned Aerial System
UAV Unmanned Aerial Vehicle
V I Vegetation Index
W BS Work Breakdown Structure
W FD Work Flow Diagram
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1 INTRODUCTION

The uncontrolled combustion of vegetation, otherwise known as wildfire, began 420 million years ago with thefirst appearance of terrestrial plants [1]; wildfires have since formed an integral part of the Earth’s ecosystemsand biodiversity [2]. As humans learnt to ignite and manipulate fire, they gradually became the prime causeof wildfires, disrupting the natural rhythms of paleontological wildfires; today, more than 95% of all wildfires inEurope are attributed to human activity [3]. The rapid expansion of human settlement, especially across Europe,has necessitated the implementation of comprehensive fire management principles in order to reduce the risksto human life, the environment, and wildlife [4]. However, a number of new challenges face the fire managementefforts of today. Historically overzealous fire suppression combined with intensive, pernicious agricultural andlogging practices have led to unnatural and dangerous conditions in rural areas [5, 6]. To compound this further,human-induced climate change is causing summer periods to be longer and hotter, which is more amenable tothe ignition and spread of fire; this results in more frequent and more severe wildfires [7, 8]. In the face of thesemounting challenges, the authors are striving to design a swarm of Unmanned Aerial Vehicles (UAVs) that canprovide a low-cost solution to the problem ofmonitoring European forests and grasslands for wildfires. The workoutlined in this report represents the group’s efforts primarily throughout the final phase of the project; in additionto expanding upon the specification of the selected concept from the midterm phase, the report aims to providea thorough treatise on the entire scope of the system design from the start of the project to its potential futuredevelopment, using a systems engineering approach.
Early and effective detection is essential to successful fire suppression, thereby allowing the deployment of fire-fighting assets to contain and extinguish fires whilst they are still in their initial, controllable states [9]. As such,the mission objective of the UAV swarm is to search for and detect wildfires in their incipient stages, alert therelevant authorities, and track active fires, providing fire suppression forces with useful real-time data. The en-gineering of such a system typically follows the lifecycle stages indicated in Figure 1.1. This student project liesin the initial portion of the Conceptual Design stage; the project was split into four distinct phases. A projectplan was drawn up in the first phase [10], followed by a literature study and development of design options dur-ing the second phase (baseline) [11]. The third phase (midterm) involved whittling down the number of potentialconcepts, as derived from design option trees of the baseline phase, to one single candidate for development inthe final phase. The current phase, the fourth and final phase, involved advancing the selected design from themidterm. Systems engineering methods, such as functional analyses and technical risk assessments [12, 13],were employed iteratively and concurrently to the design specification activities.
The report is broadly divided into nine parts. Part I concisely defines the wildfire problem and how the associatedmission needs translate into mission objectives. Having identified the stakeholders, Part II derives the key stake-holder requirements and, based on the concept trade-off from the midterm, derives the system and subsystemrequirements. Part III presents an overview of the entire UAV swarm system, namely detailing how the actualOperation (Figure 1.1) takes place. Parts IV, V, and VI provide subsystem level detail of the system, according tothe three elements that the system can be trichotomised as: operational centre, searching UAVs, and trackingUAVs. Part VII lays out a series of quality assurance techniques that were utilised in order to assess the feasibil-ity and robustness of the system in design and off-design conditions. Part VIII details the proposed design anddevelopment logic, which concerns itself with how the Preliminary Design and Detailed Design (Figure 1.1) shouldbe performed; furthermore, it provides a plan for Production and operational management strategies during Op-eration (Figure 1.1). Finally, conclusions are drawn and specific, achievable recommendations for improving theproposed system are put forth in Part IX; future work, that significantly deviates from the proposed system andmerits an entirely separate project, is touched upon.

Figure 1.1: Simplified system lifecycle flow diagram.
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2 BACKGROUND
Forest fires are a global problemwithmany economic and social impacts. Theworld has been battling forest firesfor ages with some success and failures. Due to global climate change, scientists estimate that the amount offorest fires will continue to grow and the impacts will becomemore severe. This chapter enlightens the reader onthe different fire situations around theworld andwhy it is necessary to develop a systemwhich can solve some ofthe current experienced problems encountered with wildfires, with a broad introduction to the background behindwildfires, Section 2.1 followed by key terminology in use throughout the rest of the report, Section 2.2.

2.1 Wildfire
Wildfires, uncontrolled fires burning in rural areas, occur in any terrestrial biomes possessing combustible vege-tation, such as forests, shrubland, and even tundra [14]. Europe is home to six main terrestrial biomes; each ofthese biomes is uniquely distinctive in the type and volume of combustible vegetation exhibited across forestsand grasslands [15]. Figure 2.1a displays the spread and distribution of these areas across Europe.

(a) Europe’s six main terrestrial biomes. Adapted fromSEDAC [15]. (b) Typical regional fire risk map [16].
Figure 2.1: Maps of Europe, relevant to wildfire study.

Temperate broadleaf forests dominate much of Western, Central, and Eastern Europe. Montane forests covermostly the Alps, parts of the central Slavic states, and the Scottish highlands. Taiga, also known as boreal forests,are found throughout Scandinavia and much of Russia, stretching to Siberia. Ukraine is famous for its temperatesteppes, a biome found on Europe’s easternmost edge by the Black Sea. Alpine tundra stretches along the lengthof Norway. The extreme variety across these biomes makes the design of monitoring policies and algorithmsmuch more challenging than simply keeping a focus on only one type. On account of this, the authors’ workhas focussed on the southern states of Europe where Mediterranean vegetation is the most common biome,namely Greece, Italy, Southern France, Spain, and Portugal [15, 17]. It is this region that experiences the majorityof wildfires, estimated at 85% of all European wildfires on average [18]; the similarity in environment as well asdensity of human settlement allows for tailoring the system to be operationallymost efficient in this region.
Whilst there are actually a number of benefits associated with wildfires, such as the stimulated growth of newplants; release of nutrients stored in dead litter; and opening forest canopies to sunlight, the vast majority of wild-fires today are human-induced, thereby tipping the balance unfavourably for mother nature and her biodiversity.Population growth and the expansion of human settlement and industrial development [4] has led to an increasedrisk of wildfires due to human activity, as well as an increased risk of human fatalities. This also poses increasedcomplexities in the fire management and fire suppression effort across the world. Furthermore, the irresponsiblefire suppression, agricultural, and logging practices of the past two centuries has resulted in a severe build-up
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of dry, particularly flammable vegetation the world over [5]. Finally, climate change is arguably having one of thebiggest effects on wildfires to date through the complete alteration of fire regimes: conditions are hotter anddrier than ever before, and hence much more amenable to fire ignition and spread. The human capacity to man-age fires is imperfect and always has been. Hence, these factors make it increasingly important for advancedsystems, such as a UAV swarm, to provide better quality, enhanced data to the firefighting effort [6, 8, 19].

Figure 2.2: Visual description of how a generic UAV swarm fits into the current fire management system.
In European countries, fire management is typically administrated in a hierarchical structure at three levels: na-tional, regional, and provincial [16]. At the national level, government ministries devise the national fire manage-ment policy. Next, at the regional level, the regional authority implements the fire suppression activities bymeansof a single regional operational centre. It possesses the majority of the firefighting assets, such as fire-fightingpersonnel, aircraft, helicopters, and ground vehicles; furthermore, it is responsible for other sensor systems, suchas lookout towers and helicopter patrols. At the provincial level, community groups and local firefighting stationsmay provide volunteers and additional resources.
Based on this tripartite system, it is the regional operational centre that is responsible for centralising meteoro-logical data and vegetation indices for that region; utilising this data, corresponding fire risk maps are generated.Therefore, for this project, it is assumed that, based on this regional risk mapping, the regional operational centre,which is in possession of a single fire monitoring unmanned aerial system (UAS), deploys the swarm to a 50 kmx 50 km mission area as it sees fit. Figure 2.2 provides a visual representation of how a generic UAV swarm fitsinto this current system of fire management.

2.2 Fire Monitoring Terminology
Literature in the incipient field of unmanned airborne fire management has not yet conformed to a consistentstandard of terminology. As such, this report defines the following terms in order to assuage any potential mis-interpretations the reader may have with respect to various modes of operation in fire suppression. Consideringthe functional terms used in wildfire management (coloured text above the trees in Figure 2.2), the following ter-minology is defined. Prediction relates to the endeavour of anticipating wildfire through the means of generatingfire risk maps in order to coordinate fire prevention measures. Searching is the activity of monitoring an area,where a fire does not yet exist, in order to be able to localise wildfires as early as possible when they do breakout. Hotspot detection pertains to the actual event of identifying a possible fire with a certain level of confidence;this couples with confirmation which is the means of checking that the detection event does indeed relate to anactual fire, rather than a false alarm. Adapted searching is simply a search activity that has been modified to takeinto account that there is a confirmed fire in the search area. Tracking is the means by which a confirmed activefire is monitored, in order to provide valuable data to fire suppression forces. Note that the term, firemonitoring, isused as an umbrella term in this document, encapsulating the tasks of prediction, detection, and tracking. Finally,post-fire is the set of actions that are undertaken after a fire has been fully extinguished; this includes tasks suchas damage assessment of the burnt area.
Chapter 2 Background FMUS-FR-2017 4
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3 NEED & OPPORTUNITY
Having researched the relevant background to the problem, the first step in the systems engineering process be-gins by assessing the need and opportunity ascribed to the problem. The need to solve the problem is describedin Section 3.1, whilstmethods that already exist in attempting to deal withwildfires are summarised in Section 3.2.The recent developments in the application of Unmanned Aerial Systems (UAS) to wildfires are examined in Sec-tion 3.3. Finally, based on all these factors, the opportunity that presents itself is identified in Section 3.4, in termsof the design of an original solution that adds value.

3.1 Need

There is a compelling case, based on a variety of environmental, economic, and societal factors, for possessingan effective means of addressing wildfires. While it is important to take into account the important ecologicalrole of naturally-caused wildfires, extensive human settlement necessitates perspicacious attitudes towards allwildfires, regardless of their ignition cause.
Every year, 4000 people die in Europe as a direct result of wildfires alone1; astonishingly, a recent global studyposits that around 340,000 premature deaths annually are the result of smoke inhalation from forest fires [20].A notable, recent example of the tragedy that uncontrollable fires bring is that of the 2017 wildfires of centralPortugal, where 72 people died and many more were seriously injured2.
Economically speaking, wildfires are devastating as well. The annual economic costs for the Mediterranean re-gion is an astounding €2.5bn [21]. Large wildfires especially impact local labour markets, as they amplify theseasonal variation in employment. This effect is especially noticeable in sectors like tourism and natural re-sources.
The environmental impact of a wildfire can be disastrous, as it can permanently damage the habitat of the localenvironment. After a wildfire, the soil in the area is completely destroyed, the fire smoke causes air pollution, lossof wildlife, and all vegetation that got caught by the fire is now taken away. Moreover, due to the destroyed soil,the area burned can experience severe erosion in the aftermath.
Only 2% of the wildfires are responsible for over 80% of the burned area in the Mediterranean region, where thetotal average annual area burned in Southern Europe is over 445.000 km2 [21]. In order to disembarrass Europefrom its largest wildfires, a need for early detection is required as then fires can be controlled and extinguishedbefore it reaches its devastating sate. Also, fire extinguishing tends to be ineffective as relevant informationregarding the fire is missing, which indicates a need for real-time fire data.
More details about the need for an effective fire monitoring system is given in Chapter 37.

3.2 Existing Methods

There are a vast variety of different fire detecting and monitoring systems currently available and being used.These systems can range from something simple as local fire lookout towers to more sophisticated systemslike optical based smoke detecting systems. Although aerial measures are taken in the fire fighting process, onlyfewer than 1% of the number of fires detected is performed by airborne vehicles [22], which indicates room for im-provement. All existing fire detectionmethods used in Portugal, are only responsible for 12% of all fire detections.In Spain, this percentage is already significantly higher, but 44% are still not even half of all fire detections donein the country [22]. Clearly, it can be stated that the percentage of fire detections performed by the responsibleorganisation has to be improved.
1http://firesafeeurope.eu/resources (Acccessed: 27/06/17)
2http://www.bbc.com/news/world-europe-40316934 (Accessed: 27/06/17)
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3.3 Current Developments
In recent years, there have been a number of efforts aimed at expanding the fire management system into theautonomous domain. A recent addition to the set of existing methods, the Unmanned Aerial System has brokenonto the scene. The numerous benefits promised by such a system has led to extensive researching and proto-typing for addressing the issues of early fire detection and, to a lesser extent, monitoring of active fires.
At higher altitudes, at a strategic level, monitoring of multiple wildfires over a large area has been tested usingonly one UAV; NASA’s military-grade Ikhana is an example of this application, which supported Californian firemanagement in providing real-time monitoring of multiple, active wildfires [23].
Closer to the budget anticipated by this project, a variety of small-scale swarms have been prototyped. In 2005,Martinez-de Dios et al. successfully demonstrated detection, localisation, confirmation, and measurement offorest fires with a two rotary wing UAVs, each equipped with infrared and visual cameras [2]. A 2-member swarmwas employed in 2011 to detect and localise fires, performed by van Persie et al. [24]. More recently, Merino etal. developed and validated a 3-member UAS in 2015, consisting of a blimp and two helicopter UAVs, for firedetection and tracking [5].

3.4 Opportunity
As a consequence of the need and the limitations of existing methods, there is high demand for unmanned aerialsystems (UAS) in the field of wildfiremonitoring. Broadly, there are three reasons for such demand: performance,cost, and safety [2]. In terms of performance, a UAS typically allows for higher resolution imaging of target areasthan current satellite solutions, as well as higher scanning efficiency compared with current ground and mannedaerial solutions. For the cost aspect, manned aerial systems are generally very expensive to operate for prolongedperiods; furthermore, the minimal number of human personnel for operating such a system yields desirable costsavings on wages. The reduced costs are especially important for southern European countries which werehit particularly badly in the wake of the 2008 financial crisis [25]. Finally, unmanned systems remove the riskassociated with using human operators to perform aerial missions above fires.
On top of this, the opportunity that presents itself is further embellished by the fact that all current developmentsof UAS have been limited in size and scope. Many of the systems designed, some of which were previouslytouched upon in Section 3.3, only consist of 2 or 3members and often only perform adequate detectionmissionsover short time periods, due to their reliance of rotary UAVs. These factors culminate in a promising opportunityfor the team to pursue, and has been instrumental in the motivation for the work of this report; this opportunitymanifests itself in two primary respects that have been lacking in UAS designs to-date: a swarm with a relativelyhigh number of members (greater than 10), and one which can continuously monitor a large area for fire.

Chapter 3 Need & Opportunity FMUS-FR-2017 6
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4 OBJECTIVE
This chapter presents the Project Objective Statement (POS) and the Mission Statement (MS) of the project, asderived from the need and opportunity identitified previously. These were used throughout the design, to keepthe team focussed on designing the FMUS project such that it met the objectives stated here.

4.1 Project Objective Statement
The POS describes what goal the system is trying to achieve during its mission. The POS reminded the engineersthroughout the DSE period, what they initially wanted to achieve throughout the project. The POS is defined asfollows:

Design a swarm of autonomous unmanned-aerial-vehicles thatmonitors the progress of forest fires and provides online data toforest rangers & firefighters.

4.2 Mission Statement
The MS describes how the team visions the future of the project, taking into account different aspects such aswork ethics, and environmental impacts. The MS of the FMUS is shown below:

The Fire Monitoring UAV Swarm (FMUS) is committed to ensuringthat the security of human life is the highest priority. All of thepartners that we carefully selected meet the highest internationalstandard, ensuring top quality, work ethic & conditions, andenvironmental friendly manufacturing processes; to design andproduce low-cost, but high quality, swarm systems that are easy touse while incorporating the highest technology available. We showthat saving lives and suppressing wild fires can be done in a muchmore effective and efficient manner.

FMUS-FR-2017 7
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5 STAKEHOLDERS AND REQUIREMENTS
Equipped with a clearly defined project objective statement and mission statement, the potential project stake-holderswere identified in Section 5.1. Thiswas crucial for choosing clear stakeholder requirements for the project,as discussed in Section 5.2. This formed the foundations in determining the system requirements.

5.1 Identification
Stakeholders are parties who affect or that can be affected by the system. They are identified, and categorisedeither as customer, user, or other [26].
• Customer: regional governmentThe legislative and executive bodies in charge of the region use public funds from the region’s budget forfire suppression to purchase and operate the swarm.
• User: normal operators and maintenance operatorsThose who shall be performing the daily operation and maintenance activities for the swarm. These arethe personnel in the operational centre, firefighters on the ground, and technicians in charge of maintainingthe swarm.
• Other: financial beneficiariesPrimary financial beneficiaries are those that may have potential damage to property lessened by use ofthe swarm. Furthermore, since the swarm will be made of COTS items, suppliers are important since thedesign will depend on what the supplier has to offer.
• Other: political beneficiariesPoliticians in national and regional government have an important stake in the swarm’s success or failure.
• Other: social beneficiariesLocal communities in fire regions can derive benefit if the swarm is successful in reducing the number andseverity of wildfires. Likewise, they may also be affected by negative effects of the swarm; this must betaken account of.
• Other: functional beneficiariesThe TU Delft and the Faculty of Aerospace Engineering are stakeholders since they funded this 11-weekproject and set some initial requirements. Furthermore, the project tutor and coaches, who play a pivotalrole in the project, have a functional interest in the outcome of the project.
• Other: safety and environmental regulators and charitiesUAV, airspace, and fire regulators are stakeholders due to the necessity for these elements to be properlyregulated in European countries. Furthermore, environmental organisation, like WWF and Greenpeace, arelikely to have an interest in ethical implementation of the swarm system.

5.2 Stakeholder Requirements
The stakeholders were defined in Section 5.1, in which in combination with the project description provided bythe tutor and requirement discovery tree, a list of detailed stakeholder requirements was developed. Through apreliminary market analysis, needs and opportunities were defined by studying the problem of the project andexisting systems in themarket. Compared to amanned aerial system, an unmanned system is generally cheaperdue to lower operational cost. In addition, because of aUASbeing unmanned, it provides unparalleled safety levelscompared to existing solutions that requires human interaction.
Through literature, it was found that there are no systems in place that are based on UAS. The closest competitionis a stationary fire scouting towers. This information was also used to derive more requirements not only toconstrain the system into a more defined direction, but also to make the design more competitive comparedto a functionally similar system. The list of requirements can be found in Appendix A. Requirements with * arestakeholder requirements, whilst others are requirements derived from literature studies, market analysis andregulation studies.
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6 SYSTEM CONCEPTUALISATION
The first, and most important step to design a system, is to define the requirements for such system; in thiscase, the stakeholder requirements, stated in Chapter 5. Given some brief top-level requirements, the team anal-ysed such requirements, and derived more detailed requirements dedicated to different subsystems. With therequirements stated in Appendix A in mind, the team started on the literature studies to understand the need andopportunity of such systems, as well as the theoretical knowledge required to tackle the problem.

6.1 Baseline Phase
The system conceptualisation started during the baseline phase of the project. At this phase, different subsys-tems of the design are defined, then each of the subsystem has been further researched. A Design Option Tree(DOT) was then developed which contains all the options which will theoretically fulfil the mission requirementsset by the stakeholders explained in Chapter 5.
TheDOT is extremely important for the project, since it provides insight in possible design options that are feasibleconcerning other factors such as time, cost, and resources. However, it is clear that not all concept optionsare viable within the given constraints. In order to reduce the number of concepts, a preliminary trade-off wasperformed to eliminate the concepts that are not theoretically feasible, or concepts that were not suitable forthe fire monitoring mission. At the end of baseline phase, there were 6 concepts left, which will then be furthereliminated, combined or developed in the midterm phase.

6.2 Midterm Phase
In this section, two main steps taken during the midterm phase were briefly explained. Midterm design optiontree is discussed in Subsection 6.2.2, following by midterm trade off in Subsection 6.2.2.
6.2.1 Midterm Design Option Tree
During the baseline phase, the team came across an overwhelming amount of information that potentially be-comes a viable part of the concept for this mission. Options such as balloons, and visual communications meth-ods are all very capable systems. At midterm phase, there are 6 concepts left which three will be eliminated,leaving only three for further development.
A preliminary trade off will be performed to the six concepts left from the baseline phase, explained in Section 6.1.Some concepts were not completely eliminated, while some of them were combined to create a new conceptwhich is superior than its predecessor. The subsystem of the final three concepts will be further developed andthen a quantitative trade off was performed, explained in Subsection 6.2.2.
6.2.2 Midterm Trade-off
To finally decide on a final conceptwhichwould be further developed into greater detail, a trade-off was performedduring themidterm. Need & opportunity in themarket, alongwith the requirements derived from the stakeholders,were used to create a trade-off between different concepts that were generated during the process.
A quantitative concept trade-off table was generated using criteria derived from the stakeholder requirements.The criteria were then given different weights depending on the importance of that criterion in the design andperformance of the UAS. A grading rationale was then developed to quantify the final grades of each concept inorder to guide the team to fairly grade all concepts without any bias involved. Finally, a sensitivity analysis wasdone on the trade-off table to identify the sensitivity of the table with respect to changes in either weight of thecriterion, or the grade given to each specific criterion. Using the results from sensitivity analysis, the trade offtable is revised and then the trade off of different concepts are be done.
Finally, the final concept was chosen based on that which had a superior overall grading in the trade-off. The finalchosen concept was Eagle Eyes and Hyenas. Eagle Eyes and Hyenas is thus the design further developed in thisreport, to a subsystem level of detail.
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7 SYSTEM OVERVIEW
In this chapter, the overview of the entire system is given. In Section 7.1 a description of the system is provided.This section will feature the different elements that together form the full system. Then, in Section 7.3, the func-tionalities of the system are elaborated, followed by Section 7.4 where the details the flow of the design missionare explained. Finally, in Section 7.5 the communication flow and data types sent through the communicationlinks are described.

7.1 System Description

In this design, the individual tasks the system has to perform are highlighted and therefore clearly divided, result-ing in two squads devoted to one of the two elements of the mission: searching and tracking. For the searchingelement, emphasis is put on searching the designated area for forest fires as effectively as possible in a sus-tainable manner, and therefore aiming at as few as possible members for the searching mission. This can beachieved by flying at high altitude, essentially generating a powerful all-embracing eye in the sky. Since eaglesare praised for their keen eyes and they, too, are airborne, the searching UAV is called the Eagle Eye. The trackingphase requires a completely different approach, as wildfires can be an aggressive and rapidly developing phe-nomenon. Therefore, it is a necessity that the fire is hunted and monitored in a coordinated, and never endingaggressive manner. Or, in other words, having multiple coordinated UAVs flying lower with a long endurance andcapable of high manoeuvrability. Referring back to above requisite for the tracking mission, hyenas seem to bethe required animal analogy to describe to UAVs. Consequently, the tracking UAVs are called Hyenas.
Themission will be performed for an area with the size of 50 km x 50 km. This area is ideally completely level, butthe mission also has to be performed in a mountainous area, as explained in Chapter 12. The minimum missionduration is 6 hours; however, if a wildfire occurs within the area, the total mission duration can be elongated to12 hours, to accommodate for a last minute detection and for a consecutive 6 hour fire tracking. The searchingelement will be performed with 5 UAVs, of which one UAV is a redundancy, at 3.05 km altitude relative to sealevel, and at a cruise speed of 79.2 km/h. When searching, the tracking element will be on the ground on standbyposition. If a fire is detected, the tracking element is deployed. The tracking element performs its mission ata cruise speed of 64.8 km/h. The different functions of the tracking element, as explained in Section 7.3, areperformed at 1 km and at 100 m altitude. Both those altitudes are with respect to the ground level. The trackingelement has 10 members, resulting in a total fleet size of 15 members.

7.2 Member Description

In this section an overview of all the subsystems integrated into the individual members of the system is dis-cussed. The subsystem interactions are shown in Section 16.2 and are further elaborated on in Subsection 7.2.1where the subsystemsare described. Next, in Subsection 7.2.2, the subsystem interfaces are elaborated upon.
7.2.1 Subsystems
In every UAV, there are 4 broad categories of subsystems: data acquisition, data handling, control, and commu-nication. The first category, data acquisition, is further detailed in Chapter 19 and Chapter 25 and includes all thesensing systems installed on the UAV, for example an IR camera for detecting hotspots. The second category,data handling, is further detailed in Chapter 20 and Chapter 26, and describes the necessary hardware and soft-ware to process the acquired data. The hardware is described on a functional level to allow proper design of therequired processors during the detailed design phase. The next category, control, is further detailed in Chapter 18and Chapter 24 and consist of the autopilot and all necessary add-on systems that are required for determiningthe flight path. This includes the operational centre controls that allow directing of the swarm. the final category,communication, is further detailed in Chapter 15, Chapter 21, and Chapter 27 and consists of all componentsnecessary to establish the communication links described in Section 7.5. There is also a communication systemdesigned to be installed on the operational centre. This is different from all the other subsystems which are onlyinstalled on the swarm members.
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7.2.2 Interfaces
In this subsection, the interfaces displayed in Section 16.2 are discussed. The different categories are shown indifferent colours. As is shown in the diagram it is possible to have a component belonging to a different categorybe present in the design of the subsystem. The interfaces are shown using black arrows, where the data type isdescribed in the legend on the page following the diagram. All the subsystems interface with each other usingdifferent types of electrical signal wires. The types of wires are not determined as it is very likely, that theseconnection will be determined by the COTS that are finally selected during the detailed design phase. One type ofcomponent is outside the 4 categories, namely the electrical power components. These are displayed in yellowrectangles and include batteries and power management systems.

7.3 Swarm Functionalities

The system contains multiple functions, each responsible for different types of data necessary for detecting andsuppressing a wildfire. The functions can be subdivided under the searching and tracking element. First, thesearching element is discussed in Subsection 7.3.1, and after that the tracking element in Subsection 7.3.2. Forboth elements, different UAVs are used. However, the different functions within an element can all be performedby the UAV of that element.
7.3.1 Searching element
The searching element consists of two modes: searching and, upon detection and confirmation, mothershipmode. The mothership mode will be performed by the detecting member directly after a fire confirmation hasbeen made. When searching, a hotspot shall be detected by either the onboard infrared sensor or the visualcamera. Then it is processed onboard to confirm if the hotspot is a wildfire. Also, an optical zoomed-in image ofthe hotspotwill be sent to the operational centrewhere awildfire expert is present to confirm the fire. This processis further discussed in Chapter 19 and in Chapter 20. If it is a false alarm, hence the hotspot is not a fire, thedetecting Eagle Eye continues its flight path unaffected. When a hotspot is confirmed to be a fire, the respectiveUAV which detected the fire will fly back, now acting as a mothership for the fire. Within the first 2 hours of thesearching mode, a vegetation map of the designated search area shall be generated by the onboard sensors, thevegetation map stays relevant for a month and does not need to be refreshed within this period. As explained inChapter 18, the vegetation type map will allow the operational centre to predict the fire behaviour.
By introducing themothership function, immediatemonitoring of the fire is achieved, which allows the operationalcentre to deploy only the necessary number of tracking elements, namely the Hyenas for the fire size indicated bythe mothership. Furthermore, since the probability of new fires starting close to the fire increases due to embers,the searching interval of 2 hours used in searching the 50 km x 50 km area will not be sufficient anymore. Con-sidering the firefighters will be present in the area of the fire, a higher searching interval is of utmost importance.Embers causing new fires are a sudden and unexpected process, resulting in life threatening situations where firefighters can get enclosed by the wildfire; these situations can be monitored by using a mothership. As a result,new fires will be detected within 10 minutes, so that fire fighters will be warned in time and can get themselvesto safety.
7.3.2 Tracking element
The tracking element has the ability to perform three functions. First of all, high altitude tracking is elaborated,next low altitude tracking is discussed, and finally scouting. The tracking element UAV, Hyena, is capable ofperforming all three functions.
Higher altitude tracking will track the front line of the fire with an infrared and visual camera, from 1 km altitudeas elaborated in Chapter 12. The higher altitude tracking mode members shall provide the locations of the activefire front line. This information is critical for the operational office in order to determine where and how the firewill spread. Also, local wind, humidity, and temperature data will be provided at 1 km altitude. This information isrelevant for the aerial vehicles used by the fire fighters.
In the lower altitude tracking mode, the hyenas fly at 100 m altitude, tracking the fire front line. By flying at thislower altitude, local wind, humidity, and temperature data can be obtained. At this altitude, the measured dataaccurately represents the ground level conditions. This data is again of importance to the operational centre toanticipate the fire behaviour and spread. Furthermore, in lower altitude tracking, a visual camera will be used inorder to generate a different perspective of the fire. Also, since this mode is performed at lower altitude, a higherresolution of the fire can be obtained by the visual camera. With this higher resolution the operational centre is
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able to determine the fire type, as defined in Subsection 26.3.4, which is critical for accurate projections of thefire behaviour.
On request of the operational centre, a Hyena UAV can go in scouting mode. This mode is used to scan certainareas, which are found to be of critical interest. Waypoints can be set by the operational centre, along whichthe Hyena performing the scouting mode will fly. Reasons for activating the scouting mode can be for example,that the border line of a village needs to be scanned for possible hazards. Consequently, local authorities cantake action according to the information provided by the Hyena in scouting mode. Another example: checking anunhardened road, that firefighters wish to use in order to reach the fire. The scouting mode can also for instancebe activated for verifying possible escape routes for civilians and firefighters. For a smooth mission, and safeoperations, this mode will therefore be of critical assistance to firefighters and local authorities. This mode isperformed at 100 m altitude in order to generate a sufficient resolution of 0.15 m x 0.15 m, which allows theoperational centre to identify people, vehicles, and houses.

7.4 Mission Flow
In this section, the mission flow is discussed. Upon identification of high-risk provinces, based on the fire riskmapping generated by the regional administrative body overseeing fire management for that province, a desired50 km x 50 km area within the province is selected. For initial deployment of the swarm (e.g. at the start of the fireseason), the system will typically be dispatched from storage at the regional operational centre. In cooperationwith the local provincial authorities, the facility managers at the operational centre determine a suitable deploy-ment location (referred to as a staging area) within the 50 km x 50 km mission area. Once arrived at the stagingarea, the UAVs will be deployed from this location, starting with the searching element, and after that the trackingelement is prepared for deployment.
7.4.1 Searching Element
Once the searching squad is airborne, it will perform its searching mission for 6 hours. If a fire is detected, themission duration is increased by 6 hours, making the maximum mission duration 12 hours. For example, if a fireis detected after 3 hours of searching the mission duration for that specific UAV is 9 hours, whilst the missionduration for system which did not detect a fire remains 6 hours. After the mission is performed, the searchingelement will be withdrawn back to the staging area. At the staging area, the UAVs will be prepared for the nextmission. They shall be airborne again within 2 hours.
7.4.2 Tracking Element
If a hotspot is detected, and confirmed to be a fire, the tracking element is deployed. From the moment of de-ployment, the tracking mission starts, which has a duration of 6 hours. As determined by the searching UAV, therequired number of tracking UAVs will be deployed, as further explained in Chapter 12. Wildfires is a developingphenomenon, meaning that the required number of UAVs may alter during the mission. For that reason, standbyUAVs can be deployed as demanded to assist the airborne tracking UAVs. As mentioned in Section 7.3, scoutingcan be performed on request by the operational centre. This can be performed by either an airborne UAV, or astandby UAV, which has to be deployed to perform the scouting function. This choice is made by the operationalcentre. After the 6 hour mission is performed, the UAVs will be withdrawn back to the staging area, where theywill be readied to be deployed again, if necessary, within two hours.

7.5 Communication Flow
In this section, the communication flow in the entire system is shown. In Subsection 7.5.1, the communicationflow diagram is shown. Next, in Subsection 7.5.2, the data sent using the telecomnetwork is described. Followingthis subsection comes Subsection 7.5.3; here, the communication relay setup is discussed. In Subsection 7.5.4,the inter-swarm data traffic is elaborated upon and, finally, in Subsection 7.5.5 the data communicated by theswarm to the operational centre is discussed.
7.5.1 Communication Flow Diagram
The communication flow includes all data transmission and commands sent between swarm members and theoperational centre. In Figure 7.1, the different communication link channels are indicated with different colour
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arrows. For each communication link, the transmission frequency and capacity are indicated.

Figure 7.1: Communication Flow Diagram
From the diagram, it can be seen that a total of 3 different Electro Magnetic Frequency(EMF) bands are used.The main reason for using many different frequency bands are the varied channel capacity requirements. On topof this, different frequencies will reduce the amount of interference between the communication links.
7.5.2 Telecom Network
The capacity of the telecomnetwork is, as shown in Figure 7.1, undetermined. It is impossible to predetermine thecapacity of the telecomnetwork, since the capacity is completely determined by the coverage in themission area.It is possible to deploy the ground station close to a cellular network tower, however the type of infrastructureinstalled on the tower varies greatly between regions. To account for this uncertainty the data send through thenetwork is kept to a minimum. The data sent will consist only of commands, including waypoints for pathing,directed at both tracking and searching members. This allows the operator a limited amount of control over theautonomous system.
7.5.3 Operational Centre Relay Link
All the commands sent by the operational centre as received by the ground station are integrated into the trans-port system. These commands are then sent swarm-wide using all members as relay until a confirmation of thereception is sent to all members. The ground station relay system is able to reach very long distances becauseof this relay system; the downside of this is that the response time of the swarm will go down for every hopthe signal has to make. The response is still sufficient as the swarm is designed for autonomous operation andremote-controlled flight.
7.5.4 Inter Swarm Communication
The aforementioned communication relay is able to send data swarm-wide; however, the data is extremely lim-ited. for this reason, an alternative communication link is integrated into the system that allows a flexible ca-pacity. Sensed data is processed onboard all members and is then sent to the searching members. For thetracking members in normal operation, this data will consist of a map showing fire location and type updatingevery second. When a scouting operation is requested by the operational centre, as described in Section 7.3, ahigher data is necessary to allow processed visual data to be sent to the operational office. The way the data is
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processed onboard the tracking members is elaborated upon in Chapter 25. On top of all the processed data, astatus update on the individual members is communicated every second.
7.5.5 External Communication
At the end of the chain is the external communication link. Using this link, all data produced by the swarm issent to the operational centre. All the data sent using the link, discussed in Subsection 7.5.4, is relayed throughthe searching UAV. The data gathered by the searching members and their status is also sent to the operationalcentre. To increase the reliability of this communication link all data is sent through at least 2 paths. This willresult in all tracking data being sent twice from the swarm to the operational centre.
7.5.6 Data Encryption
Although the design itself has incredible value, the data produced from the design is the most important aspectandmust be protected. Themost commonway to protect the data sent and received by the operation centre is bymeans of encryption. Encryption is a process of converting given data or information into code such that unau-thorised access can be prevented. There are 2 main types to encrypt the data, namely hardware and softwareencryption. [27]
Hardware and software both use the same principle of encryption; however, hardware encryption would requirededicated hardware to process such encryption. The benefit of hardware encryption is that it will reduce thepossibility of contamination, malicious code infection, or vulnerability. However, software encryption makes upfor its diversity and upgradability. Software encryption is considered for the system due to its diversity and lowcost, relative to hardware encryption.
Among software encryption, symmetric methods and asymmetric methods exist. Symmetric encryption usesthe same key for encryption and decryption of the data. It is therefore important to keep the key safe since anyonewith such key will be able to decrypt the data. Like symmetric encryption, asymmetric encryption uses keys toencrypt the data; however, is uses a public key to encrypt the data and decrypts using a private key. Public keysare available for anyone who desires to use it while private keys are unique. A public key would mean that thereare many others of the same key, making the whole encryption more secure.
Within different symmetric encryption methods, Advanced Encryption Standard (AES) is one of the most popularand widely used in the industry. AES is also used by the U.S government to encrypt unclassified but sensitivematerials. Although AES is a symmetric encryption algorithm, which is theoretically less secure than asymmetricencryption methods, but it makes up for great encryption and decryption speed. RSA, named after their creators,is a populated encryption algorithm among the asymmetric encryption types.
According to "A Study of encryption algorithms AES, DES and RSA for security" [27] , comparing encryption anddecryption time on the same packet size using different algorithms, RSA resulted in a 4.5 times and 5 timesslower encryption and decryption time respectively. Encrypting a packet size of 153 kB with RSA would require7.3 s and 4.9 s to encrypt and decrypt respectively while using AES would result in 1.6 s and 1 s. This is criticalto the design since data needs to encrypt and decrypt with great speed to ensure that there is no delay in datatransmission and data visualisation in the operational centre.
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8 SYSTEM FUNCTIONAL ANALYSIS
This chapter presents the functional analysis which has been performed to identify and document the functionsof the swarm system. Both Functional Breakdown Structures and Functional Flow Block Diagrams have beenused as tools to present the analysis in a visual way. Section 8.1 presents the Top Level Functional BreakdownStructure and Section 8.2 describes the Top Level Functional Flow Block Diagrams. Furthermore, detailed Func-tional Breakdown Structures and Functional Flow Block Diagrams are presented in Appendix B. The numberingand naming of the functions in the Functional Breakdown Structures and Functional Flow Block Diagrams isequal; hence, the two types of diagrams can be used interchangeably.

8.1 Functional Breakdown Structures
A Functional Breakdown Structure (FBS) indicates all the functions that a system has to perform without indicat-ing the interrelations between the functions. The FBS is an ‘AND’ tree, where a higher level function is a summationof all the lower level functions listed below it.
The FBS presented in Figure 8.1 is the Top Level FBS of the swarm system. The mission consists of a total of 10functions, ranging from system activation to handling end-of-life of a UAV. The first 5 functions have been furtherelaborated upon to show the logistics and operations of the swarm in a more detailed level.
Appendix B contains two FBS diagrams worked out in detail, presented in Figure B.1 and Figure B.2. They repre-sent functions 4.1 and 5.3, indicated in Figure 8.1, which are performing a fire searching operation and performinga fire tracking operation respectively. Within these functions, the focus has been put on the communication, dataacquisition, and control subsystem of the UAVs. Since the functions of the communication subsystem are inde-pendent of the mission type, the corresponding functional breakdown has only been included in the FBS of thefire searching mission.
Although data handling is also defined in the detailed FBS of function 4.1 and 5.3, this function has not beenworked out in further detail. Since data handling is purely performed by software, software block diagrams havebeen used instead to describe the functions. These software block diagrams are presented in Section 14.4, Chap-ter 20, and Chapter 26.

Figure 8.1: Top Level FBS
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8.2 Functional Flow Block Diagrams
On top of Functional Breakdown Structures, Functional Flow Block Diagrams have been created in order to showthe interrelations between the functions indicated in the Functional Breakdown Structures. A Functional FlowBlock Diagram (FFBD) indicates the sequence of functions that a system has to perform.
A top-Level FFBD of the system is presented in Figure 8.2. It contains the same functions as the FBS presentedin Figure 8.1. One level more detailed, two FFBDs have been created to show the functional flow of logisticsand the mission flown by the UAVs. These FFBDs are shown in Figure 8.3 and Figure 8.4 respectively. TheLogistics FFBD covers functions 1 to 3 shown in the Top Level FFBD. The Mission FFBD covers functions 4 and5. Appendix B contains four FFBDs showing functions 4.1.1, 4.1.2, 4.1.3, and 5.3.3 in more detail, presented inFigure B.3, Figure B.4, Figure B.5, and Figure B.6 respectively. These diagrams correspond to the FFBDs of thecommunication subsystem, data acquisition subsystem, navigation during a fire searchingmission, and fire frontline tracking during a fire tracking mission.

Figure 8.2: Top Level FFBD

Figure 8.3: Logistics FFBD

Figure 8.4: Mission FFBD
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9 SYSTEM TECHNICAL RESOURCE BUDGET
Once themission requirements were ascertained bymeans of a thorough requirements analysis, certain key per-formance parameters were identified in Section 9.1. These parameters, also referred to as ’resources’, determinethe success or failure of a project [28]. The budgeting and allocation of these resources to various system ele-ments is collectively known as the Technical Resource Budget and is presented in Section 9.2. Technical budgetof mass would impact an allocation of different amount of mass to different elements and sub-systems of thedesign. Carrying out this entire Technical Resource Budgeting process, the risk of the final swarm design of notmeeting the performance requirements was reduced. Furthermore, successful adherence to the budget ensuredthat the swarm met the required performance with an acceptable consumption of resources [26].

9.1 Resource Identification
From the requirement analysis, several key performance parameters were identified, critical to mission success.They are explained below:
• MassMass is always a key performance parameter for any aerospacemission. In fact, it is one of themost impor-tant resources, because it influences all aspects of the design, from performance and power to structuralintegrity and stability. For each extra gram that needs to be lifted up into the air, more energy is required.This, in itself, typically leads to the need for a heavier propulsion system, thereby adding further to themassand setting off a non-virtuous cycle known as the ‘Snowball Effect’.
• Power AvailableFor this mission, the power consumption plays a much more critical role as compared to many other aero-nautical missions. The combination of the small physical size of a UAV and themission-critical importanceof on-board instrumentation leads to scarcity of available power. Additionally, for UAV concepts involvingelectric propulsion, the emphasis on endurance for this mission necessitates a power consumption whichis as low as possible. If the overall power consumption of a UAV is not closely monitored as the designmatures, it might exceed the power available from the energy source, resulting in the UAVs being incapableof successfully carrying out their role in the mission.
• On-Board Computer CapacityThe data storage and processing capabilities of each UAV play a significant role in the ability to acquire,process, and transmit data, as well as communicate with ground systems and other swarm members.Insufficient storage and processing power could well lead to the swarm being unable to meet its require-ments on communication with the operational centre. The final design is likely to exceed the maximumon-board computer capacity. This means that if the UAV is carrying instruments on board that exceed thecomputational capacity of the computer, they will simply not be activated, or the UAV will lose functionalityof some instruments.
• CostCost is one of the resources defined by the stakeholders, with a value of €250,000. Similar to mass, cost isanother resource that defined the design limitations. With limited amount of cost resources available, everydecision in UAVs, sensors, and communication systems will matter. Therefore, cost is a critical resourceand needs to be allocated accordingly. In Chapter 36 the cost resource allocation to each sub-system isexplained.
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9.2 Resource Allocation
According to Section 9.1, there are 4 main resources in this project, namely Mass, Power Available, On-boardComputer Capacity, and Cost. Different amount of each resource will be allocated to different subsystems tomeet the requirements. UAVs are still a relatively new area in the recent market. Therefore, not many studieshave been conducted on them regarding resource breakdown. Based on [29], a general mass and power budgetbreakdown is shown. However, the article studied on a UAV with a mission objective different from the one ofthe FMUS. Further resource allocation on a subsystem level can be found in Chapter 17 and Chapter 23. Afterstudying and adapting the mass and power breakdown, the following breakdowns were identified:
Mass & Power BreakdownThe total mass budget is derived from requirement FMUS-Tech-SOPS-1 and is equal to 500 kg. The total produc-tion cost budget is derived from requirement FMUS-Nontech-ORGA-1 and is defined to be €250,000.
The mass and power budget breakdown for the entire swarm system, including all of the searching and trackingelements, is shown in Figure 9.1. The cost breakdown of the system will be discussed in Chapter 36.

Figure 9.1: System Mass(left) & Power Breakdown(right)
The total mass of the swarm system adds up to 189.7 kg. A maximum power consumption of 2257.4 W wasidentified for searching and tracking element combined. The total mass is lower than the total mass budgetrequirement of 500 kg, meaning that the design satisfies requirement FMUS-Tech-SOPS-1.
On-board Computer CapacityRegarding the computational power aspect of the resource, it is hard to determine how much is exactly devotedto the different subsystems, since the team has hardly any knowledge on this subject. However, based on ageneral understanding of the system, broad assumptions are defined, regarding the amount of computationalpower dedicated to the different subsystems. These are presented in Table 9.1.

Table 9.1: On-board Computing Capacity Qualitative Estimation
Subsystem Image processing Humidity,Temperature & Wind Fire Confirmation Relay managementComputational load High Low Medium Low
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10 SYSTEMTECHNICALRISKASSESSMENT
Technical risk assessment consists of identifying, analysing, and mitigating different risks in the design phase ofthe development of the system, which is explained in Section 10.1. The risks which are identified in the assess-mentmight have an impact on different aspects of the project, such as technical performance and organisationalplanning. For this reason it is important to analyse any characteristics, technology, or conditions that may forma risk, and estimate the probability and consequence of such risk. How this risk was handled throughout thedesign is explained in Section 10.2. This chapter finishes with Section 10.3 explaining how organisational riskwas mitigated during this project.

10.1 Technical Risk Identification and Analysis
In order to analyse and mitigate the different risks, it is vital to first identify those risks. The strategy that wasused to identify these risks was by thoroughly inspecting each subsystem, locating potential areas of risk, andidentifying events associated with these risks. After identifying all the relevant potential risks, the analysis ofthese risks could be conducted.
First, the likelihood of a certain risk eventwas analysed and expressed from ’Very unlikely’ to ’Very likely’. Researchand group discussions were conducted in order to determine the likelihood of a certain risk event. Secondly, theimpact of a certain risk event was analysed and expressed from ’negligible’ to ’catastrophic’, with the latter imply-ing that the impact of this event would be detrimental for the swarm to successfully perform its mission.
The product of the likelihood and the impact of a certain risk events determines its ’Level of Risk’. This risk levelranges from ’Low’ to ’High’. This process was highly iterative: risk events were and simultaneously the designwas adapted if certain risk events were too high and without a proper way to mitigate them. The final result ofthe risk analysis is summarised in Table 10.1 and in Figure 10.1.

10.2 Technical Risk Handling
This section will lay out a risk mitigation strategy for each risk event that was identified in Section 10.1. Thefollowing points provide the mitigation procedures that shall be applied to each risk event, in order to reduce thetechnical mission risk. An updated risk map after risk mitigation is presented in Figure 10.2.
• Communication loss with 1 UAV - Risk event #1Internal communication loss is determined to be a weak communication system. The likelihood of occur-rence of this risk can be reduced by continuous monitoring and testing of the communication system dur-ing maintenance. In case of an emergency failure, to reduce the impact, a back up plan can be introduced.When a UAV loses contact with the other UAVs, it will continue trying to reestablish a strong connection; incase it fails, another protocol will allow the UAV to return to the ground base such that the damage can bechecked and repaired if possible. In case this also fails, and the UAV is lost, a number of extra UAVs shouldbe included in the swarm to ensure the mission can be sufficiently completed.
• Communication loss between multiple UAVs - Risk event #2A loss in communication between multiple UAVs can be catastrophic to the success of the mission. Forexample, if a fire is detected by multiple UAVs but it cannot be communicated, the mission has failed.Therefore, in order to reduce the likelihood of this event, a robust communication should be implemented.Continuous maintenance and monitoring of individual swarm members should also be performed. If thisdoes happen, however, similar embedded protocols as the previous item would enable the UAVs to returnto the ground station. Redundant UAVs should also be included in the swarm to ensure full capability afterthe failure of several UAVs.
• External communication loss/failure - Risk event #3To reduce to impact in case of an external communication loss, such as not being able to contact theoperational station or firefighters, a redundant system should be put in place which enables the signal tobe redirected. If the failure occurs at the end of the operational centre or firefighters, the signal should beredirected to another nearby firefighting department or operational centre if possible. In the mean time,
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establishment of a connection will be constantly tried. To reduce the likelihood of this event, a more ro-bust communication system should be used, and the system should be under constant monitoring andmaintenance. This mitigation strategy is valid for all concepts.
• Navigation failure of 1 UAV - Risk event #4The likelihood of this risk can be reduced by using and testing a robust system. Having a navigation failuredirectly leads to the UAV(s) not being able to determine their location. In this case, with the communicationsystem still intact, a signal can be sent to nearby UAVs, with this information the UAVs can track the locationof the faulty UAV and relay the location information to the ground station so that fire fighters can retrievethe UAV. This is system is also known as trilateration location determination [30]. Furthermore, while thecommunication system is still intact, the UAV can send its last location and firefighters can use the locatorbeacon to determine it’s location.
• Navigation failure of multiple UAVs - Risk event #5The failure of multiple UAV navigation systems would result in mission failure. Such a failure would likelymean the navigation system is flawed, so to reduce the likelihood of such an event, the system being usedmust be robust and testedmore thoroughly. This can be achieved through proper verification and validation.Once again, with redundant UAVs present, the impact could also be reduced.
• Power failure of 1 UAV - Risk event #6The likelihood of this event can be reduced through a thorough quality check on the product throughoutits design and production process. On top of this, to reduce the impact of the event, an emergency backup energy source can be implemented into the system such that when the main power source fails, itis still capable of performing its return protocol and reporting to the ground station. Including additionalredundancy UAVs will also ensure the swarm can function properly if this UAV fails.
• Power failure of multiple UAVs - Risk event #7 In a similar fashion to the failure of 1 UAV, the likelihood ofmultiple UAVs failing can be reduced by ensuring proper quality checks during production, and the impactreduced by having back up power sources and redundant UAVs.
• Power degradation - Risk event #8Depending on the type of energy source, degradation is inevitable, however, the impact of this problem canbe significantly reduced. One solution is to choose an energy source which has low degradation, anotherone would be to perform constant monitoring and check up to ensure that the degradation will not haveimpact on its capability to carry out the mission.
• Rotor failure of 1 or more UAVs - Risk event #9 & #10The likelihood of this risk can be reduced or eliminated through early inspection before the start of missionso it can be repaired or replaced. If it fails during flight, the UAVwill be lost, so protocol must enable the UAVto send a signal of its location so it can be recovered. Of course, the impact of such a failure can be reducedby ensuring redundant drones are present. The samemitigation method should be used for multiple UAVs.
• Structural failure of 1 or more UAVs - Risk event #11 & #12To reduce the likelihood of this event, proper quality control should be performed when the parts are beingmanufactured. However, the UAVs will be bought off-the-shelf, so a reliable manufacturer must be chosen.Proper maintenance and inspections should be performed before and during the mission to detect any po-tential weaknesses in the structure. Once again, redundant drones should be present to reduce the impactof failure. The mitigation strategy for multiple UAVs remains the same.
• Infrared camera failure - Risk event #13The infrared camera is crucial to the success of the mission, hence, to reduce the likelihood of such anevent, a thorough inspection of the functionality of the cameras is essential. To reduce the impact, othersensors such as an optical camera, a temperature sensor, and a humidity sensor should also be on boardthe UAV as they are also capable of detecting fires. If several sensors fail during operation, protocol shouldallow the UAV to return to the ground station to be inspected and repaired.
• Optical camera failure - Risk event #14For UAVs carrying an optical camera onboard, the same procedure as for the infrared camera will be carriedout.
• Temperature sensor failure - Risk event #29If the temperature of an area is high, there is a greater risk of fire, and if the temperature is significantly higher,a fire could be present. It is therefore important to carry a temperature sensor on board. A malfunctioningtemperature sensor could result in false temperature reading meaning a potential fire could be missed ora false fire could be reported. To reduce the likelihood of this, periodic calibration of the sensors before a
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mission is essential. To reduce the impact, several other sensors capable of detecting fires are also carriedonboard.
• Wind sensor failure - Risk event #30Different types of wind sensors can either only detect wind speed or detect the wind vector, which is a com-bination of wind speed and wind direction. In case of a fire, wind speed and wind direction can determinehow fast and in which direction the fire is moving. Since the wind vector will be calculated using the IMUalready on board, the failure of this unit will result in a failure of the entire UAV. To reduce the likelihood ofsuch an event, the UAV should be routinely maintained to ensure full functionality of this system. In caseof a total failure, redundant UAVs should be included to replace its position.
• Humidity sensor failure - Risk event #31A humidity sensor is capable of detecting the amount of water in the air. In theory, areas of low humidityrepresent areas of high risk, where fires could potentially start. Very low humidity could also represent afire itself, so humidity sensors are crucial. To reduce the likelihood of its failure, thorough maintenance andinspections should be performed. To reduce the impact in case of failure, other UAVs and onboard sensorsshould still be able to detect a fire.
• Catapult failure - Risk event #32The UAVs will be launched using catapults, meaning if a catapult fails, the UAVs cannot be launched andthe mission will fail. To reduce the likelihood of this event, inspections should be performed regularly andrepairs made accordingly. To reduce the impact, additional catapults should be used. Not only will theseact as a redundancy, but can also be used to decrease the launch time of several UAVs.
• Crash landing - Risk event #33Depending on the terrain, landing a UAV may not always be easy. If the terrain in harsh, a UAV may bedamaged, or even destroyed during landing. To reduce the this likelihood, a proper terrain should be chosenby the team setting up the launching/landing station, and additional landing aids such as parachutes canbe used. To reduce the impact, several redundant UAVs should be used so that the swarm can still functionproperly when missing a crashed UAV.
• Collision with VFR/IFR traffic - Risk event #34In-air collusion with other VFR/IFR traffic is an event that could be catastrophic for the swarm system aswell as for the other aircraft. This event should be avoided at all cost. The risk mitigation strategy for thisevent is to request an emergency air clearance from the local ATC for the designated area of 50km by 50km up to 4,572 m (10.000 ft) before the swarm is deployed. This emergency clearance prohibits any otherVFR/IFR traffic from flying lower than 4,572 m in that area of 50km by 50km.
• Collision with birds - Risk event #35Although a collusion with a bird can have a catastrophic impact on a member of the swarm, it is highlyunlikely that this will happen. The swarm flies at an altitude of 3,048 m, only a few birds can fly at thisaltitude. Furthermore, when there’s forest fire, birds will naturally evade that area as they don’t want to getcaught in the blaze. In conclusion, this risk can’t be mitigated, but the probability of this event is so low thatit isn’t considered a big threat.
• Cyber-attack - Risk event #36Although the likelihood of a cyber-attack is very unlikely, the impact of an cyber-attack can be reduced. Thereduction of the impact can be realised by using an end-to-end encryption strategy ensuring that no (useful)data gets stolen that could bring the swarm system in jeopardy.
• Mishandling - Risk event #37Mishandling of the UAV swarm system can lead to a drop in effectiveness of the swarm system as well asphysical injuries. These injuries can occur as a result of mishandling the swarm system, for example whensetting up the catapults. The mitigation strategy composes of providing a training day where fire fightersare lectured on the best and safe way on setting up the catapults, UAVs and loading/unloading the vans aswell on how to operate the swarm system as effective as possible. Furthermore, there will be a first aid kitin every transportation van in case an injury occurs while operating the system.
• Fire damage - Risk event #38While the terrain has to be taken into account for easy take off and landing, another factor to take intoaccount is the risk of the catapults and/or landing strip catching fire in case a fire occurs nearby. Therefore,when setting up, this should be taken into account. By placing the catapults away from trees or tall grassand by having an emergency fire extinguisher at hand. Furthermore, the low flying tracking UAVs are alsoat risk of catching fire, this risk van be mitigated by flying at a safe distance with enough airspeed.

Chapter 10 System Technical Risk Assessment FMUS-FR-2017 23



IIISystem Design

• Data loss - Risk event #39Loss in data translates to fire fighters and the operational centre not receiving the adequate amount of datathat is needed which in turn impacts the effectiveness of the firefighting strategy. A mitigation strategy forthis is by having an onboard data storage system that backs up the data.
• Interference - Risk event #40Signal interference between the swarmmembers impacts the quality between the signals sent and receivedby the swarmmembers. This risk event can bemitigated by having a strict relaymanagement systemwhichinsures the quality of the signals sent and received by between swarm members.
• Obstruction of view - Risk event #41Signal obstruction between the ground station and swarmmembers could lead to weaker signals and evento complete signal loss. A proper mitigation strategy is to keep this risk event in mind when choosing aproper location to set-up the swarm system.
• No coverage - Risk event #42The mitigation strategy for this risk event is the same as for the obstruction of view event.

10.3 Organisational Risk Assessment
The organisational risk can be split into twomain components namely, timemanagement and engineering knowl-edge. Not being able to design the swarm system in 10 weeks will mean that the project has failed in its entiretywithout even having the first UAV in the air. So it is of the utmost importance that an effective time managementstrategy is employed throughout the entire project. The risk mitigation strategy for this is by having a start andan end of the day meeting where every team member reports on the progress they have made on that day. Inaddition, a detailed Gantt chart, work break down structure and work flow diagram were designed. These toolscreated an overview of all the work required to be done and their deadlines.
Furthermore, one of the team members has been assigned to the role of planning manager, which means thathis job is to enforce the planning and making sure that weekly deadlines are met. The planning manager reportsdaily to the team on how the overall progress is and if the team is still on track. He is also responsible for devisinga strategy for getting the team back on track if the team drifts away from the planning.
The riskmitigation strategy tominimise the impact of having limited knowledge in swarm systemswasmitigatedby performing a proper literature study in to this subject both online and offline. In addition, weeklymeetings wereheld with the tutor and coaches of this project where the weekly progress is reported and feedback is receivedfrom the tutor and coaches. Moreover, outside experts were contacted in swarm communications systems. Inaddition, the local fire department and the manufacturer of the Penguin B were contacted for advice and feed-back.
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Table 10.1: Risk events and corresponding likelihood, impact, and level of risk.
Subsystem Event Likelihood Impact Level of Risk

Searching UAVs

Communications 1. Comms. Loss - 1 UAV L Cat. High2. Comms. Loss - Multiple UAVs U Cat. Med.3. Comms. Loss - Ops. Centre U Cat. Med.
Navigation 4. Navigation Failure - 1 UAV L Cat. High5. Navigation Failure - Multiple UAVs U Cat. Med.
Power 6. Power Failure - 1 UAV L Cat. High7. Power Failure - Multiple UAVs U Cat. Med.8. Power Degradation VL Crit. High
Propulsion 9. Rotor Failure - 1 UAV L Cat. High10. Rotor Failure - Multiple UAVs U Cat. Med.
Structural 11. Structural Failure - 1 UAV U Cat. Med.12. Structural Failure - Multiple UAVs VU Cat. Low
Instrumentation 13. Infrared Sensor Failure U Crit. Med.14. Optical Sensor Failure U Crit. Med.

Tracking UAVs

Communications 15. Comms. Loss - 1 UAV L Crit. Med.16. Comms. Loss - Multiple UAVs U Cat. Med.17. Comms. Loss - Ops. Centre U Cat. Med.
Navigation 18. Navigation Failure - 1 UAV L Crit. Med.19. Navigation Failure - Multiple UAVs U Cat. Med.
Power 20. Power Failure - 1 UAV L Crit. Med.21. Power Failure - Multiple UAVs U Cat. Med.22. Power Degradation VL Crit. High
Propulsion 23. Rotor Failure - 1 UAV L Crit. Med.24. Rotor Failure - Multiple UAVs U Cat. Med.
Structural 25. Structural Failure - 1 UAV U Crit. Med.26. Structural Failure - Multiple UAVs VU Cat. Low

Instrumentation
27. Infrared Sensor Failure U Crit. Med.28. Optical Sensor Failure U Crit. Med.29.Temperature Sensor Failure U Marg. Low30. Wind Sensor Failure U Marg. Low31. Humdity Sensor Failure U Marg. Low

General Miscellaneous

32. Catapult Failure L Cat. High33. Crash Landing U Crit. Med.34. Collision with VFR/IFR traffic L Cat. High35. Collision with birds VU Cat. Low36. Cyber attack VU Cat. Low37. Mishandling U Crit. Med.38. Fire Damage L Crit. Med.39. Data Loss L Crit. Med.40. Interference L Marg. Med.41. Signal obstruction L Crit. Low42. No coverage U Cat. Med.
Legend: VU, very unlikely; U, unlikely; L, likely; VL, very likelyMarg., marginal; Crit., critical; Cat., catastrophicMed., medium
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Figure 10.1: Risk map, before-mitigation.

Figure 10.2: Updated risk map, post-mitigation.
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11 SYSTEM LOGISTICS
This section will inform the reader on the logistics part of the swarm system. First, details about how the swarmis transported to the target area is given in Section 11.1. Once at the target area, details about the deployment andwithdrawal method is explained in Section 11.2. This chapter will be concluded with a reference to the functionalflow diagram, which presents a schematic overview of the logistics part of the swarm system.

11.1 Transportation
One of the advantages of the Penguin B and the Albatross UAVs is theirmodular capability. Thismeans that someparts of the UAV can be disassembled which leads to easier transportation. After disassembling the UAVs, eachUAV will be loaded into a transportation case as can be seen in Figure 11.1a for the Penguin B and Figure 11.1b forthe Albatross UAV. The cases are provided by the manufacturer of the Penguin B and Albatross and are thereforewithout doubt suitable for the UAVs. The launch catapults will be transported in a similar case which is alsoprovided by the UAV Factory. Details about the launch catapults will be presented in Section 11.2.
After disassembling all the UAVs in their respective transportation boxes, they will all be loaded into a transporta-tion van. The transportation van that is proposed for this is the Fiat Ducato. The Fiat Ducato offers enough spacefor transportation and allows room for two passengers. The customer is not obliged to buy this specific van butcan use a van of their own if they have one available. However, the Fiat Ducato is proposed as this van meets thetransportation space requirement and is low in cost and fuel consumption. Firefighters should also bring enoughfuel and batteries for the Penguin B and Albatross UAVs in order to provide the UAVs with at least 14 hrs of flighttime. This means that each UAV can perform two missions of six hours with a buffer of two hours.
After everything has been loaded in, two firefighters will accompany the driver and a first aid kit will be loadedinto the van as well in case injuries occur while operating the swarm system. During an emergency mission, sowhen there is already a fire at the target area, the transportation van will be accompanied by more firefightersand firetrucks to allow for a faster assembly of the UAVs.

11.2 Deployment and Withdrawal
After arriving at the target area of 50 km by 50 km, a suitable set-up location should be found which also providesroom for a landing spot. Once arrived at the set-up location, the unloading of the transportation van can start.Two firefighters will be working on assembling the UAVs while another firefighter works on assembling the twocatapults. With this strategy, the first 5 searching UAVs and two catapults should all be assembled within 20min-utes of arriving at location. Once the searching UAVs are in air, the assembly of the tracking UAVs can start. Eachmission will be launched with at least two searching UAVs. The UAVs will be launched using the 6kJ pneumatic

(a) Penguin B in case; 1.3 x 0.7 x 0.5 m (LxWxH) [31]. (b) Albatross in case; 1.1 x 0.4 x 0.3 m (LxWxH) [32].
Figure 11.1: Transportation cases for UAVs
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catapult from the UAV factory. This catapult will be able to launch the UAVs with a maximum launch speed of 24m/s (86.4 km/h as seen in Figure 11.3. Details about the catapult can be seen in Table 11.1 and Figure 11.2. ThePenguin B and Albatross have a fully autonomous landing capability and will therefore be able to land withoutthe help of the firefighters. As mentioned before, firefighters should find a suitable set-up location with a nearbygrass landing strip of at least 50 meter. If no obstructed landing strip can be found, then firefighters have theoption to close down (part of) a road for traffic and use that as a landing strip.
After retrieving each UAV, they will be checked for damage and notes will be made about the damage if neces-sary. All UAVs and the catapults will be disassembled and loaded in to the transportation case and van after themission. Once arrived back at the operational centre, maintenance will be performed on damaged UAVs. Main-tenance will conclude by loading the UAVs back in to the transportation van for the next mission. Figure 8.3 inSection 8.2 presents a functional flow block diagram of the process described above.

Figure 11.2: Dimensions of the 6 kJ pneumatic catapult [31].

Figure 11.3: Maximum UAV launch speed [31].
Table 11.1: Technical details of the 6 kJ pneumatic Catapult [31].

Parameter ValueRail lenght 4 mMaximum Launching Energy 6000 JMaximum UAV Weight 35 KgPackaging Rugged casePacked Weight 110 KgPacked Size 1313 x 704 x 543 mm
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12 SYSTEM MISSION STRATEGIES
This chapter explains the pathing strategies used for the different functions of the swarm. First, the pathingstrategies for the searching element are explained in Section 12.1, and secondly the pathing strategies for thetracking element are explained in Section 12.2.

12.1 Searching Element
As explained in Section 7.3, the searching element consists of two functions: searching and the mothershipmode. The pathing strategies for the searching element will be explained in this order.
12.1.1 Searching
For the searching phase, a fixed path strategy is used, namely parallel search. When performing parallel search,the UAVs will travel along parallel lanes. A regular parallel search typically has one flaw regarding repeatedsearches over a specific area: flying the path in laps necessitates travelling over area already covered. If theregular path is flown, the UAV searches the inner lanes more frequently than the outer lanes, which makes theflight path somewhat inefficient. In order to overcome this aforementioned issue, a novel search method wasdeveloped by the authors, named the Highway Principle: this is where the starting location and ending location ofa lap coincide, by means of a ’highway’ lane that is perpendicular to the other lanes. Effectively, this means thatby flying one lap, every location is scanned once exactly.
The searching strategy is designed in order to minimise the number of UAVs required for searching. By min-imising the number of operational UAVs, one reduces production costs (purchasing another UAV is expensive,as mentioned in Chapter 36), reduces operational costs and improves the sustainability of the design (lesserfuel consumption, noise, etc.). Due to the set requirements, the maximum cruising altitude is 3.05 km. Also, asdescribed in Chapter 13, the cruise speed of the searching UAV used is 79.2 km/h. The searching UAV has theability to fly faster, however, this will drastically decrease its efficiency resulting in a fuel consumption increase,which decreases the endurance of the UAV, affects the sustainability described in Chapter 31, and increases theoperational cost of the mission.
When searching the designated area, a distinction is made between a plain and a mountainous area. For amountainous area, the effective horizontal field of view is smaller compared to that of a plain area, because thedistance from ground to the UAV itself now decreases while flying at the same altitude. Note: an area is found tobemountainous if the elevation is at least 300m, with a 300melevation rangewithin a 7 km radius. Consequently,it requiresmore tracks to search amountainous areawhich results in an increase in the number of UAVs required.A plain and mountainous area will be searched with 3 and 4 UAVs, respectively.
The plain area parallel search uses 9 lanes. If one flies one lap when using an odd number of lanes, one endsup in reverse direction at the starting point. As a result, the highway will change sides once the searching UAVcompleted its lap. The process of the switching highway lane is shown in Figure 12.1. Using an even numberof tracks might seem to be the easier option, however, there are no available sensors which allow flying 8 track.The COTS sensors available, which fulfil the required resolution, do not have the required horizontal field of viewwhen flying at the 3.05 km cruise altitude. Moreover, if 10 tracks would be used, an extra airborne UAV is required,which is not beneficial for already elaborated reasons.

Figure 12.1: Search path for plain searching area.
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For a mountainous area, the searching mission will be performed with 12 lanes, as shown in figure Figure 12.2.With the usage of 4 searching UAVs, the designated area can be searched within the 2 hours for an averageelevation up to 1 km.

Figure 12.2: Search path for mountainous searching area. Figure 12.3: Example of searching flexibility.
In practice, inconsistencies in the searched area are common. Lakes, villages, and towns can all be part of asearch area, whichmakes flexibility in the pathing strategy an exigency as one is not interested in searching lakesfor wild fires for example. Also, according to the requirements as stated in Appendix A, searching for wildfiresabove an altitude of 2 km is considered unnecessary and should therefore be avoided. An example of the searchpath flexibility is illustrated in Figure 12.3, where a lake is present in the designated searching area.
12.1.2 Mothership
Once a fire is detected and confirmed, the searching UAV will now act as mothership for that fire. First of all, inorder to avoid collisions with the searching UAVs continuing their searching missions, the mothership flies at analtitude of 2.95 km. The mothership will circle around the fire in the same manner as in Figure 12.5, only with a 3km offset from the tracking line in Figure 12.5. By flying this path, the mothership searches with a width of 6 kmaround the active perimeter of the fire.
Once a searching UAV enters the mothership mode, the general searching mission gets temporarily weakenedsince searching for the 50 km x 50 km area will now be done with one UAV less. Once a searching UAV enters themohtership mode, another searching UAV located on standby in the staging area, will be deployed immediately.Resulting in fast substitution of the mothership in the general searching mode. When using the redundancy UAVas substitute, two fires can have amothersip while the 50 km x 50 km plain area still gets searched under 2 hours.For a mountainous area, only one fire can have a mothership without affecting the searching mission.

12.2 Tracking element

As explained in Section 7.3, the tracking element consists of three functions: high altitude tracking, low altitudetracking, and scouting. First, the tracking pathingwill be explained in Subsection 12.2.1, and after that the scoutingpathing is discussed in Subsection 12.2.2.
12.2.1 Tracking
The tracking path is based on the front line of the fire, resulting in a dynamically developing path. The fire rate ofspread will have a big influence on the tracking strategy, which can attain a big range of values. Maximum speedsfor grasslands can reach up to 200 m/min, however such speeds are exceptional and are not long lasting. Thenumber of UAVs required for tracking the fire is based on the fire rate of spread. The rate of spread is convertedto an interval time, meaning the time the tracking element revisits a particular front line location. In between thevisits of the tracking element to a certain location, the fire projectionmodel will be used in the operational centre tocalculate the fire propagation, as explained in Chapter 14. The fire propagation model, however, is only accuratefor shorter time frames and fire travel distances. Therefore, the maximum allowed travel distance for a fire isdetermined to be 100 m, and the maximum time a fire front location goes unmeasured is determined to be 10minutes [33]. Also, aminimum time interval of 1minute is used. Although unlikely for a longer time frame, wildfirescan travel faster than 100m/min, which results in revisiting times of less than oneminute. Nonetheless, updatingthe information for a particular fire front location less than every minute, combined with the fire propagation
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model, is considered to be too excessive and will therefore not be carried out. Instead, a limit is set on aminimumsearch interval of 1 minute. In Table 12.1 the update interval times are given for a certain fire rate of spread.
Table 12.1: Rate of spread overview for different fire types

Rate of Spread Interval Time> 100 m/min 1 min100 m/min < ROS < 10 m/min 100 m / ROS (m/min)< 10 m/min 10 min
In combination with the data obtained by the tracking element and the fire projection model, way points indicat-ing the fire front line can be generated at the operational centre. The operational centre will send those locationsto the UAVs, along which they are required to fly. The way point determination, and communication is done au-tonomously. Once the locations are received, cubic spline interpolation will by applied on board of the UAV inorder to generate a smooth path along which the tracking UAV will fly. When applying spline interpolation, a re-quirement is set on theminimum turn radius for the tracking UAV, which is 130m. Spline interpolation is preferredover polynomial interpolation since it tends to be stabler, therefore generating less wild oscillations between thetabulated locations. Moreover, cubic splines are preferred over linear splines, as cubic splines produce smootherpaths [34]. In the flight path figures of this chapter, the pink points represent the tabulated locations send bythe operational centre. The pink line going trough those pink dots represents the flight path, and the green lineson both sides of the pink line represent the horizontal field of view as seen from the UAV. The number of UAVsrequired to track the fire front line is determined by the length of the flight path obtained by spline interpolation,and by the required interval time defined in Table 12.1.
The fire size can be subdivided in three categories, which all require different pathing strategies. A fire is consid-ered small as long as its maximum width is smaller than the horizontal field of view of the tracking UAV, which is748 m. Since the fire is that small, the UAV will be unable to circle around the fire as the minimum turn radius ofthe tracking UAV is 130m. For a small fire, two UAVs are used, one tracking UAV at 1 km altitude, and one trackingUAV at 100 m altitude. The flight path for a small fire is shown in Figure 12.4. Both the higher and lower altitudetrackers will fly this path.

Figure 12.4: Flight path for a small fire. Figure 12.5: Flight path for a medium fire.
A fire is categorised as a medium fire if the UAV is unable to scan the fire in one go (the maximum fire width isbigger than the horizontal field of view), and not more than 2 UAVs are required to track the whole fire front line at1 km altitude. The required number of UAVs is determined by the maximum rate of spread attained by the frontline, hence, the rate of spread of the fire head. The flight path for a medium fire is shown in Figure 12.5. The pathis the same for both the higher and lower altitude trackers.
When tracking at higher altitude for a big fire, a novel concept developed by the authors is introduced: fire frontline prioritisation. The active perimeter will be sufficiently large for a big fire in order to build in prioritisation levels.A wildfire does not expand equally in uniform sense; the rate of spread differs for different directions. The headof the fire attains the largest rate of spread values, the flanking and backfires however, show significantly lowerrate of spread values in comparison to the head fire, as illustrated in Figure 12.6, where the length-to-breadth ratiocan be read as fire length over fire width ratio.
As a consequence, the interval demanded for the head of the fire will be smaller compared to the rest of the fire,therefore prioritising the information gathered from the head of the fire over that of the flanks and the back. Assuch, two different paths will be flown An as illustrated for an example fire in Figure 12.7. The blue dotted line, iscalled the decision line; it divides the fire head from the rest. The decision line is determined by the operationalcentre, and use is made from Figure 12.6 for distinguishing the head from the flanks and the back. The fire rate ofspread is determined from the data obtained by the tracking element, and from the fire propagation model. The
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Figure 12.6: Relative rate of spread with respect to the headof the fire as a function of the length-to-breadth ratio.
Figure 12.7: Flight path for a big fire including the decisionline.

lower altitude tracking will circle around the fire, just as for a medium sized fire. Reason for this, is that especiallythe wind data is of equal importance for the fire head and the fire back.
Once the track path is flown for one direction, the tracking UAV has to turn 180 degrees and fly the path again inreverse direction. In order to avoid collisions, the path will be flown at an offset of 100 m.
In order tomaintain the correct interval time, and considering fire constantly develops, the flight path is constantlyaltered and the distance between the UAVs is therefore changing. This would require the UAVs to update theirdirections and flight speed constantly, which results in inefficient UAV operations which possibly influences theflight endurance significantly. Consequently, the flight path will be updated according to the time intervals inTable 12.1, which are dependent on the rate of spread. If however, the operational centre is unable to communicatethe locations of the way points to the operational centre, the tracking UAVs will in a robust manner follow the firefront line for a big and medium fire, thereby circling around the fire as described for the medium sized fire. ThetrackingUAVswill keep flying the oldway points set by the operational centre if the communication link disappearswhen tracking a small fire, as circling is not possible due to the small fire size.
12.2.2 Scouting
For scouting, way pointswill be set by the operational centre. Thoseway points are communicated to the scoutingUAV, which performs cubic spline interpolation for the path planning on board. An example of a scouting pathis demonstrated in Figure 12.8. Here, a unreliable road is scanned in order verify whether the fire fighters will beable to reach to fire via that specific road. Since a fire grows, the number of UAVs required increases over time.The non-airborne tracking UAVs, which are on stand by, can be deployed at any moment.

Figure 12.8: Example of scouting flight path set by the operational centre.
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13 UAV PLATFORMS
In this chapter, several topics regarding available UAVs are discussed. Firstly, in Section 13.1 the preliminary trade-off of some of UAVs in themarket is described using the available data found during literature studies. After this, apreliminary qualitative trade-off was performed for both the detecting and tracking UAVs in Section 13.2. Furtherthe sensitivity analysis of the trade-offs is explained in Section 13.3. Then the quantitative trade-off is shown inTable 13.6, which was carried to choose the final UAVs for searching and tracking. Finally the chosen UAVs areexplained Subsection 13.5.1.

13.1 Available UAVs

One of themost important aspects of the design of the swarm are the UAVs which will be used. Due to the boom-ing UAV industry in the recent years, there are a large number of potential UAV to choose from with wide rangeof different specification and characteristics, however, some specifications of UAVs from certain manufacturers,and statistical data about the UAV industry is still lacking. In Subsection 13.1.1, a list with gathered specificationsof different potential UAVs is presented. This is followed by a specification estimation of the Albatross UAV inSection 13.4.
13.1.1 Preliminary Trade-off
Although there weremany potential UAVs that were suited for themission of this project, after thorough research,it was established that certain technical specifications of many UAVs were either not available or not meeting therequirements. For this reason, some of the UAVs had to be eliminated of the list. Table 13.1 shows the preliminaryqualitative trade-off. Here the first UAV elimination round took place. Inside the table, Y means that the value isavailable and meets the requirements while X means that it is either not available or that it does not meet therequirements.

Table 13.1: Reasons of Elimination.
UAV Price On-board Power Endurance PayloadJump 15 N N Y YArcturus T20 N N Y YInsitu Integrator & Scaneagle N Y Y YMartin Super Bat Da-50 N Y Y YA-techSYN Panda XLW N N Y YSilent Falcon N Y N YBlueBird ThunderB N Y N YSunbirds SB4 Phoenix Y N N NAtlantiksolar N Y Y NBlueBird WanderB N Y N Y

13.2 Quantitative Trade-off Method

In this section, the quantitative trade-off is presented. This trade off was done to further eliminate UAVs andselect the ones that are the most fitting for the mission. First, the list of trade-off criteria will be presented andexplained, followed by the grading rationale.
• On-board PowerOn-board power provides an indication of how much power can be provided to all subsystems. This iscritical information for the subsystem choice.
• Payload WeightPayloadweight is another aspect which will affect subsystem choices. Due to the nature of themission, thepayload weight can be estimated to result in a higher weight than for normal consumer electronic products.
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• CostCost is another important criterion due to the cost requirement set by the stakeholders. The UAVs areexpected to cost more than all other subsystems for which the UAV cost criterion is very important, inorder for the system to end up within the cost budget.
• Payload CompatibilityPayload compatibility enables the UAV to be able to use a wide variety of sensors and/or communicationsystems. Also since thiswould enable future updates, a UAVwith a high compatibilitywould greatly improvethe design.
• EnduranceMission duration is another requirement from the stakeholders. It is therefore preferred to have a UAV witha long endurance, in order to not require to many breaks for fuelling.
• Cruise SpeedThe system needs to respond rapidly in case of an emergency situation, but during operation a high cruisespeed is preferred as this enable the UAV to scan the area fast while having less environmental impact.
• Sustainability

◦ MaterialsThe material selection is an important aspect of environmental sustainability. This includes both theamount of material used and the type of material used.
◦ DeploymentThe deployment criteria mainly focuses on the deployment method of the system. Different deploy-ment methods have different environmental impact. In this case, the deployment system mainly con-cerns whether if it requires extra assistance to operate, or if a high amount of effort is required tooperate the deployment system.
◦ CredibilityCredibility combines economic, scientific and social aspects, which mainly concerns the main use ofthe UAV. Some UAVs are designed for military purposes while others could serve as a platform forscientific uses. The majority of UAVs are designed for professional or commercial use.

• RiskRisk relates to the level of development of the UAV. Some of the UAV systems have been verified and val-idated by the manufacturer, whilst some other would require verification and validation by the team whenthe system is being produced.
In the following table, includes the grading rationale for the searching element. It is divided into 5 different grade,each grade is given a specific value or description. Each UAV will be given a grade according to the rationale. Thegrading rationale for the tracking UAV is very similar, with some minor changes in cost, endurance, sustainability,and risk regarding the given weight.

Table 13.2: Grading Rationale
Grade 1 Grade 2 Grade 3 Grade 4 Grade 5On-board Power No Data Available 50 W 30% more 60% more 100% morePayload Weight No Data Available less than 2kg 2 - 2.5 kg 2.5 - 3 kg more than 3 kgCost No Data Available 20K and more 15 - 20K 10 - 15K less than 10KPayload Compat-ibility No Data Available Compatible withonly limited propi-tiatory sensors

Compatible withvarious own sen-sor
Compatible withsome third party Fully compatiblewith third party

Endurance No Data Available 6 hour 100% more 200% more 300+% moreCruise Speed No Data Available 40% of MaxCruise Speed 60% of MaxCruise Speed 80% of MaxCruise Speed 100 km/h
Sustainability No Data Available 30 + kg, unsus-tainable material 20-30 kg,medium sus-tainable material

20-10 kg withsustainablematerial
below 10kg withsustainablematerialRisk To be developed In development UAV self assem-bled, parts indi-vidually verified

UAV Verified& Validated bymanufacturer,mods needed

UAV Verified& Validated bymanufacturer, nomods needed
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13.3 Trade-Off Sensitivity Analysis
After proposing the trade-off, sensitivity analysis is performed in order to analyse the sensitivity of each criterion.This analysis determines the impact of such criterion in determining the final UAV. Initial weights given to differentcriterion can potentially yield unwanted sensitivity. This means that a criterion which is not critical to the successof the mission will have a major influence during the trade-off. If this is the case, it is desired to reduce thesensitivity of this criterion. The following table includes the impact increasing the individual grade has on theoverall percentage.

Table 13.3: Searching UAV Trade-off sensitivity analysis
Criterion

Increase Grade by 1

Influence in overall Grade (%)On-board Power 3.33Payload Weight 5Cost 5Payload Compatibility 3.33Endurance 3.33Cruise Speed 3.33Sustainability 6.667Risk 3.33
Table 13.4: Tracking Element Trade-off sensitivity analysis

Criterion

Increase Grade by 1

Influence in overall Grade (%)On-board Power 2.5Payload Weight 2.5Cost 8.33Payload Compatibility 3.33Endurance 1.667Cruise Speed 3.33Sustainability 6.667Risk 5
Concluding from Table 13.3 & Table 13.4, it is clear that increasing the grade by 1 in different criterion would havea different effect on the overall grade. For instance, increasing the grade by 1 in the on-board power would leadto an increase in the overall grade of 3.33 % for searching and tracking. On the other hand, increase in grade by 1in sustainability resulted in increase in overall grade of 6.67 % for both searching and tracking. This is of coursedue to sustainability having a higher weight than on-board power.
After reviewing the weight given to different criterion, it was concluded that the different sensitivities of differentcriterion were intentional. There is a difference in trade-off between searching and tracking element which resultsin different values in the sensitivity table. However, the reason for this is that there are different functions that areperformed by searching and tracking.

13.4 Albatross Technical Specification Estimation
Due to lack of information provided by the Albatross UAV, some of the values such as endurance, battery sizeand continuous power will be estimated using specifications from the Penguin BE UAV. The reason for usingPenguin BE as basis to estimate the specifications is due to the similarities in physical shape and dimensions ofthe UAV, as well as both being electric powered. According to the Penguin BE official website, the UAV uses 145
W h
kg Lithium Polymer cells. However, according to research [35], it is possible to use a lithium ion batteries which
have a energy density of 245.11 W h

kg , which is 69 % higher than Penguin BE’s battery. In Section 13.4, differentspecifications of both the Penguin BE and Albatross UAV are given.
Given the battery size and the energy density of the battery, the battery weight of the Penguin BE was calculatedto be 4.414 kg . Penguin BE has an endurance of 110 min with a 2.8 kg payload on-board. The Albatross UAV isassumed to have amaximum payload of 5.6 kg . The Maximum Take-off Weight (MTOW) is 10 kg . The minimumpayload required for the sensors and communication system is 2 kg, the Penguin BE battery to total UAV weightratio is therefore 24.9 %. Using the same method, the Albatross battery to total UAV ratio resulted to be 3.6. Thismeans that the battery ratio of the Albatross is 1.46 times higher than Penguin BE.
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Table 13.5: Penguin BE & Albatross Specifications
Specifications Penguin B [31] Albatross [32]Endurance 110 min [-]Payload 2.8 kg 5.6 kgOEW 14.9 kg 4.4 kgPropulsion power 2700 W 1500 WBattery Size 640 Wh [-]Continuous power 100 W [-]Max take-off weight 21.5 kg 10 kg

Since the weight of the battery for the Albatross UAV is 3.6 kg and the energy density of its used battery is 245.11
W h
kg , the total energy of the battery is determined to be 882.4 W h.
Using the propulsion power of 2700 W and battery energy of 640 W h of the Penguin BE, along with the propul-sion power of 1500 W of the Albatross UAV. A rough estimation of the battery energy was used to achieve anendurance estimation, which resulted in 6.07 hours as shown below:

Albatross Required Energy = 640
2700 · 1500 = 355.5W h (13.1)

Albatross Endurance = 882.396
355.5

1.4457·1.6905
= 6.07hours (13.2)

13.5 Quantitative Trade-off
In this section, a quantitative trade-off is presented. It includes both the searching and tracking elements, andas a result of it one UAV for each role was chosen. The quantitative trade-off of searching element is shown inTable 13.6 and the quantitative trade off of the tracking UAV is shown in Table 13.7.
• UAV 1 = Aerosonde SUAS
• UAV 2 = Penguin B
• UAV 3 = Albatross

Table 13.6: Quantitative Searching UAV Trade-off Table.
Criterion Weight UAV-1Grade OverallGrade UAV-2Grade OverallGrade UAV-3Grade OverallGradeOn-Board Power 10% 5 0.5 5 0.5 2 0.2Payload Weight 15% 4 0.6 5 0.75 2 0.3Cost 15% 1 0.15 2 0.3 5 0.75Payload Compatibility 10% 3 0.3 5 0.5 5 0.5Endurance 10% 4 0.4 5 0.5 2 0.2Cruise speed 10% 4 0.4 3 0.3 4 0.4Sustainability 20% 2.25 0.45 3 0.6 4 0.8Risk 10% 4 0.4 5 0.5 4 0.4Total 100% 3.2 3.95 3.55

13.5.1 Chosen UAV
Based on Table 13.6 and Table 13.7, it is clear that UAV 2 is the winner for the searching element while UAV 3 isoverall better for the tracking UAV. Initially, Penguin B was the better choice for tracking element as well. However,during the final week of the project, UAV Factory, the designer andmanufacture of the Penguin B UAV replied witha price of 50,000 $ for the Penguin B UAV, which would make the whole project exceed the cost budget by a largemargin, thus UAV 3 was reconsidered. With the estimations done in Table 13.5, the Albatross UAV will be able tosatisfy the requirements with some changes made to the battery component on the UAV.
Table 13.8 shows the rest of the other technical specifications of both the Penguin B and Albatross UAV. Thebasic technical specifications can be found back in Table 13.5.
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Table 13.7: Quantitative Tracking Element Trade-off Table.
Criterion Weight UAV-1Grade OverallGrade UAV-2Grade OverallGrade UAV-3Grade OverallGradeOn-Board Power 10% 5 0.5 5 0.5 2 0.2Payload Weight 10% 5 0.5 5 0.5 5 0.5Cost 20% 1 0.2 2 0.4 5 1Payload Compatibility 10% 3 0.3 5 0.5 5 0.5Endurance 5% 4 0.2 5 0.25 2 0.1Cruise speed 10% 4 0.4 3 0.3 4 0.4Sustainability 20% 2.25 0.45 3 0.6 4 0.6Risk 15% 4 0.6 5 0.75 4 0.6Total 100% 3.15 3.8 4.1

Table 13.8: Other Technical Specifications of Penguin B $ Albatross UAV
Specifications Penguin BE AlbatrossLaunch CatapultRecovery Runway LandingWingspan 3.3 m 3 mPrice €50,000 €3265

For the Penguin B UAV, the following configuration will be purchased for the project: [31]
• Penguin B with servos, and engine package
• Portable Pneumatic Catapult
• Heavy Duty Landing Gear
• Heated Pitot-Static tube
• Lidar for Autonomous Take-Off and Landing, see Section 18.1

For the Albatross UAV, the following configuration will be purchased for the project: [32]
• Albatross MAX Basic Kit
• Lidar for Autonomous Take-Off and Landing, see Section 24.1
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14 OPERATIONAL CENTRE OVERVIEW
This chapter explains the design of the operational centre of the fire fighting forces. A description of the opera-tional centre is provided in Section 14.1. Then in Section 14.2, the flight path determination and monitoring inter-faces of the swarm are explained. Finally, the interface presenting the data is explained in Section 14.3.

14.1 Operational Centre Description
The operational centre of the firefighting forces is considered to be the owner of the UAV swarm. When not inoperation, the swarm is stored here. The data, gathered by the UAVs in the swarm, is only sent to the operationalcentre. Part of the data is already processed on board the UAVs, but part of the data will only be processed atthe operational centre. The data will be shown to one or more operators on a screen interface. It is up to theoperators to provide data relay this to the fire fighting forces in the mission area. This will be performed usinga separate communication system, which is not incorporated in the design of the Fire Monitoring UAV Swarm.Mission planning and swarm control is also performed in the operational centre. Although the swarm is ableto fly and navigate autonomously, the operator in the operational centre is still able to give commands to theswarm.
The processing of the data in the operational centre is performed on the computers which are already presentthere. These computers are not included when buying the Fire Monitoring UAV Swarm. Software will be included,however, in order to handle the data coming from the UAVs. This software includes algorithms for data handling,which are presented in Section 14.4.
The interface in the operational office will consist of a computer program showing the acquired data on a mapof the mission area. It is assumed that Google Maps can be used to include maps in the software [36], as statedin requirements FMUS-Tech-OCIF-3.1 and FMUS-Tech-OCIF-3.2.

14.2 Mission Planning & Monitoring
In this section the mission planning and the swarm monitoring at the operational centre is explained. First, thegeneralmission planning is discussed in Subsection 14.2.1. Next in Subsection 14.2.2 themonitoring of the swarmis explained.
14.2.1 General Mission Planning
When planning a mission, the operator at the operational centre will select an area where the swarm is going tooperate. After the target area is chosen, a 2D map of the area will be loaded in the interface computer program.Maps of all European Union countries will be stored in a database. Optionally, a part (or parts) within the selectedarea can be deselected if it is not of interest, like for example lakes. This is illustrated in Figure 14.1, where theignored area displayed in grey is the area deselected by the operator. In order to implement the parallel searchstrategy as explained in Section 12.1, the software program automatically generates waypoints for the UAVs.These waypoints are uploaded to the searching swarm members in the form of coordinates and altitude and arestored in the autopilot system of each UAV.
After launching the UAVs for a searching mission, the operational centre will be able to track each UAV using thescreen as illustrated in Figure 14.1. The positions of the UAVs on the screen are updated once the UAV passed awaypoint.
When a fire is detected and confirmed by the software on-board the searching UAVs, a pop-up window will openat the operational centre and an alarm will sound. A confirmation image will be sent to the operator as well todouble check if the UAV did not give a false alarm. If the operator confirms the fire, a message is send to theground crew in order to launch the tracking UAVs.
Once the tracking UAVs are deployed, the operator in the operational centre can switch between screens to showthe tracking UAVs with the buttons on the left hand side of the screen. Since the UAV that detected the fire isnow acting as a mothership, it is now shown on the tracking UAV screen and disappears from the searching UAV
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Figure 14.1: Mission Planning and Control Screen in Operational Centre

screen. Additionally, one of the tracking UAVs can be selected to perform a scouting mission, as explained inChapter 12. The operator will manually select the points of interest on the map which will act as waypoints forthe UAV in scouting mode.
The operator can request an image to be taken at any moment. Using the UAV selection drop-down menu at theright side of the screen, a UAV can be selected and the desired image (visible light (VL) or/and infrared (IR)) canbe chosen by pressing the corresponding buttons. Pressing the button "Photo" sends a command to take pictureto the corresponding UAV. The image(s) are sent to the operational centre immediately after being taken.
At the end of a mission, the UAVs return to their launching position, or another location for landing if desired bythe operator.
At any time during the mission the operator will be able to take full control over the swarm, either by changingthe flight paths of the UAVs or by withdrawing the UAVs from operation.
14.2.2 Monitoring the UAVs
By hovering above a UAV on the screen with the mouse, UAV status data will be shown. Speed, GPS determinedposition in coordinates, altitude, and fuel status will be displayed in a small window next to that UAV.
If a UAV ismalfunctioning, amessagewill appear on the computer screen indicating the unexpected reading. Theoperator needs to decide on the severity of the problem and determine if the UAV needs to return immediately.An example of a UAVmalfunctioning is a fuel leak, which could be detected by the fuel sensor due to a rapid dropin fuel level. In the case of a sensor malfunction, the operator may decide to continue the operation and furtherignore the measurements provided by the sensor.
14.2.3 Fire Front Line Tracking
In order to enable the tracking UAVs to fly the desired flight path over the fire front line, the software in the opera-tional centre will autonomously determine global waypoints on the fire front line for the UAVs. The determinationof the global waypoints is based on the outcome of the predicted fire spread algorithm. Global waypoints will beplaced as such that the tracking UAVs will always fly efficiently over the fire front line. The global waypoints will
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be uploaded to the tracking UAVs after they have been determined in the operational centre. They will be placedat every 100 meters of flight path, completing an entire loop around the fire. Therefore, the amount of waypointswhich will be simultaneously stored in the memory of the autopilot of the UAV depends on the length of the firefront line. Per tracking UAV, a new global waypoint will be uploaded every time the UAV has reached a previouswaypoint, which was uploaded to the UAV before.
The autopilot in the tracking UAV will use the global waypoints to perform spline interpolation, as described inChapter 12. The result of the spline interpolation is a smooth flight path over the fire front line. This smoothflight path will be discretized and saved as a long list of short interval waypoints for the autopilot to follow. Everytime a new global waypoint is uploaded from the operational centre to the UAV, a new spline interpolation will beperformed to dynamically update the flight path. The flight path is constantly updated to account for real timedata on the fire front line and locations of the UAVs, as well as the newly uploaded global waypoint.
In order to preserve an equal distance between all tracking UAVs flying over the fire front line, the desired speed ofthe UAVs will be determined in the operational centre and uploaded to each UAV once every 30 seconds. Duringthe 30 seconds following the command, the UAV will fly its path with the speed requested by the operationalcentre. The computations are performed in the operational centre and not inside each tracking UAV, since thesoftware in the operational centre has an overview of the location and flight speed of all UAVs, opposed to the lim-ited data available to the individual tracking UAVs. In case no communication is available, the proximity beaconsinstalled on the UAVs can serve as a collision warning system.
Since the global waypoints determined by the software in the operational centre are based on the results ofthe fire prediction algorithm, they might deviate from the actual location of the fire front line. Furthermore, thespline interpolation method used by the UAVs to determine the flight path over the fire front line can also resultin errors between the modelled flight path and the fire front line. Therefore, the tracking UAVs will use their IRcamera measurements as back-up, to not deviate from the fire front line. This procedure is further explained inSection 24.2.

14.3 Data Interface
The data, which is gathered by the UAV swarm, is communicated to the operational centre. Part of the data isprocessed on-board the UAVs, part of it is processed in the operational centre. After the data is handled, it is pre-sented to the fire fighting forces via an interface specially designed for this purpose. This interface is a computerprogram running on the computers which are already present in the operational centre. This section deals withthe data that is being presented to the operators and the layout of the interface on which it is presented.
The datawhich is presented to the firefighters in the operational centre depends on themission type of the swarm.During a fire searching mission, only searching UAVs will be operational, resulting in a simple data flow to theoperational centre. During a tracking mission, however, a large amount of data will be processed and presentedto the firefighters. Subsection 14.3.1 lists the data generated during a fire searching mission, Subsection 14.3.2deals with the data generated during a fire tracking mission.
14.3.1 Fire Searching Mission
Only searching UAVs are operational during a fire searching mission. The data sent by the searching UAVs con-sists of UAV status data, vegetation mapping data, and an alarm in case a fire is detected. All of this data ispresented on the interface.
UAV Status DataEach UAV which is operating sends a status update about its functioning to the operational centre. This updateis sent every second. The status update consists of a location in coordinates, an altitude in meters, an airspeedin m/s, and a fuel gauge reading expressed in percentage between 0% and 100%.
Vegetation Mapping DataVegetationmapping is performed during the first two hours of the fire searchingmission. Infrared and visible lightmeasurements are compared and the Normalized Difference Vegetation Index (NDVI) is computed. A vegetationmap is provided to the operational centre, which contains the average NDVI of every 10 m by 10 m pixel in the 50km by 50 km mission area. This map can be viewed by the firefighting forces and is also used to compute thepredicted spread of a fire in a fire tracking mission, as indicated in Section 14.4. A vegetation map is stored for atleast one month in the operational centre, before a new vegetation map is made of the area. In case the systemoperates in an area for which vegetation mapping has already been performed in the previous month, no newvegetation map is created.
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Images on RequestOn top of fire location and spread, visible light and infrared images can be requested by the firefighter operatingthe system in the operational centre. By selecting a UAV clicking a button on the screen, the corresponding UAVis commanded to take a photo and send it to the operational centre. This photo is then showed on the interfaceas a pop-up. Requesting images from a UAV is explained in Section 14.2.
14.3.2 Fire Tracking Mission
When a fire is present in the area, the system will operate in fire tracking mode. During a fire tracking mission,all types of UAVs in the swarm will be operational. The searching UAVs will continue searching for new firesand mapping the area. Therefore, they will provide the same data as during a fire searching mission, stated inSubsection 14.3.1. On top of this, the existing wildfire(s) in the area will be monitored. The data presented on theinterface during this monitoring is presented below.
Fire Front Line DataThe front of the fire will be mapped by the Tracking UAVs. Long wave infrared (LWIR) sensors will determine thelocation of the fire front. By measuring the temperature of the fire, the fire type can be determined. A distinctionis made between three types of fire, namely ground fire, surface fire, and crown fire. These types of fire areindicated by a yellow, orange, and red colour respectively. The determination of the fire front line is explained inSubsection 26.3.4. Fire type and existence are shown on the screen per area of 10 by 10 meters. An example ofthe visualisation of this data is presented in Figure 14.2.
The actual spread of the fire is visualised on the screen by showing the previously measured locations of the firefront line. An example of this visualisation is given in Figure 14.2. In this example, the dark blue line indicatesthe last measured fire front line, irrespective of the type of the fire. By hovering above the line with the mouseindicator, the time of measurement can be viewed.
The predicted spread of the fire is also provided to the firefighting forces. This is determined using an algorithm,as described in Section 14.4. The predicted fire spread is shown in terms of the predicted location of the fire frontline per 5 minutes time increase, up to 30 minutes in advance. This results in 6 plotted lines on the interface,indicating the spread of the fire.
The fire front line data is updated at least every 10minutes, but this is donemore often if more UAVs than requiredare available to track a fire front line.
Temperature, Humidity, and Wind DataTemperature, humidity, and wind data is gathered at an altitude of 100 m. This data is used in the fire spreadprediction algorithms presented in Section 14.4 and is also shown on the screen interface to the firefightingforces. Measurements are performed around every 50 m. The temperature data consists of a temperature valuemeasured at the location of the UAV, the humidity data provides the air humidity between 0% and 100%, measuredat the location of the UAV. Wind data consists of both a wind speed and a wind direction, which are combinedinto a wind vector. As an example, temperature data is plotted on the interface design in Figure 14.2.
Scouting FunctionOn top of images on request, tracking UAVs can be requested to fly a path over an area of interest (scoutingfunction). This way, fire fighting forces can get real time data on the surroundings of a wildfire, for example tocheck infrastructure and escape routes for firefighters near the fire. A path is selected and then sent to one of thescouting UAVs. The scouting UAV will then fly over the path and completely map it using its IR and visible lightcamera.
14.3.3 Interface Design
A preliminary layout has been designed for the data screen interface in the operational centre. This layout ispresented in Figure 14.2
The data interface consists of a complete map of the 50 km by 50 km area. Using zoom buttons, the scalecan be changed and the operator can view fire locations in more detail. The left grey toolbar includes buttonsto activate/deactivate the plotting of certain types of data on the screen. The buttons shown on the image arelinked to the following types of data:
• T: temperature data. If activated, temperature values are plotted on the locations of measurements in themap, ahead of the fire front line. An example of this option is shown in Figure 14.2.
• H: humidity data. Clicking this button results in air humidity measurements being shown on the screen.The layout is the same as with the temperature data.
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Figure 14.2: Screen Interface Layout

• W: wind data. Wind data is plotted as arrows on the locations of measurements, indicating the measuredwind direction. Next to the arrows, wind speed is indicated.
• Archived: actual fire spread data. Previously measured fire front line locations are plotted as dark blue lineson the screen if this button is activated. By hovering above the lines, time of measurement can be viewed.An example of this option is shown in Figure 14.2. This data can be used to check the fire spread rate.
• Predicted: predicted fire spread data. Lines of predicted fire front locations in the future are plotted on themap. The fire front location is predicted up to 30 minutes in advance, with a time interval of 5 minutes.

The bottom grey toolbar indicates where the mouse indicator is positioned in terms of coordinates on the map.Furthermore, legends are provided for the types of datawhich are shownon the screen, depending on the programsettings.
The settings button opens a settings window, in which the interface can be customised. Map type can be chosen,both terrainmaps and satellitemapswill be available. The units of the temperature andwind data can be changedand colours can be customised based on the preference of the operator.

14.4 Data Handling
Parts of the data sent to the operational centre are processed before being shown on the screen. The processingis performed by algorithms, which are included in the software installed on the computers of the operational cen-tre. In order to describe the algorithms performed by the software, a software block diagram has been created.This diagram is shown in Figure 14.3. The data from the the searching and tracking UAVs are received at theoperational centre through the parabolic dish antenna. The data is then passed through a big data sorting algo-rithm where the data is sorted to the correct interfaces. In this data sorting algorithm the fire front line predictionalgorithm is present. This algorithm is based on a discrete event front tracking simulator of a physical fire spreadmodel explained in [37]. This algorithm will be developed in the post DSE phase as explained in Chapter 33. Themajor goal of this algorithm is to predict the fire spread up to 30 minutes in advance. This helps the UAVs to
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Figure 14.3: Operational Centre Software Diagram

develop an adequate pathing, while the fire is not being tracked between those time intervals.
Using the fire prediction data, waypoints for the UAVs can be developed. The resulting data of this step is thenpassed to both the monitoring interface and the data interface. In the monitoring interface the operator hasthe ability to input the UAV functions that they want, or demand images. This data then flows to a way pointgeneration algorithm, where the UAV waypoints are generated using the operator-selected UAV function(s) andimage requests. The resulting output of the operational centre are the specific functions and waypoints whichthe UAVs should perform. The UAVs can also be commanded to take an image. This output is not sent back tothe swarm through the parabolic dish antenna but through the 2G telecom network. This is further explained inSubsection 15.2.1.

14.5 Hardware Requirements
The swarm is providing the operational centre with data as shown in Figure 14.3. In order for the data to beprocessed rapidly, recommendations are given for the hardware, which the operational centre needs in order tooperate the FMUS. An i5 Desktop Processor with a 128 GB SSD or 1TB GB HDD harddisk drive is required whenrunning the software designed for the FMUS. Furthermore, a 64 bit CPU is required.
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15 COMMUNICATIONLINK FORCOMMANDSTO
THE SWARM
In this chapter the communication from the operational office to the swarm is elaborated. First the main consid-erations for the final design of the communication link are discussed in Section 15.1. Next Section 15.2, describesall the elements of the ground station communication to the swarm members. Finally the technical risk of thedesign is discussed in Section 15.3.

15.1 Communication Link Design
All communication links are limited by two factors, radio frequency regulations and limited spectral efficiency.During the design according to source [38], the frequency is a starting point in combination with the requiredcapacity, the theoretical maximum values can then be calculated using Nyquist and Shannon to find a minimumSignal to Noise Ratio (SNR). The RF bands licensing is set by the European Radio Spectrum Policy Group (RSPG),which requires devices operating using Radio Frequencies (RF) to only operate in the allocated unlicensed fre-quency bands, a quick summary of these found in [39], orwhenoperating in licensed frequency bands the operatorof the device must be granted permission by the license holder. As can be seen in [40], there is no COTS systemusing a Line of Sight(LOS) communication method, that would allow the swarm commands to be sent withoutrequiring large and directional antennas to increase the range. These antennas have two drawbacks; first, theobvious drawback is weight, the second drawback is the highly focused signal, that the antennas would produceis very dangerous to anything in it’s path. There are many regulations on the maximum signal power that can besent as shown in [41], showing recommendations for Europe wide 433 MHz frequency bands and [42] for Europewide regulations on 5.8 GHz frequency bands. These regulations force the design to integrate a very big receivingantenna impossible to lift with UAVs.
The alternative to LOS communication is a relay system. The most common system used for this is the cellulartelecom network. The main hurdle presented by the cellular infrastructure is that it was created to serve systemsclose to ground level, thiswas realised by having antenna directed at the ground. To eliminate this problema smallground based systemwas designed, which can be integrated into the transport of the swarm. The ground stationcan relay the signal from the operational centre to the entire swarm. The details of this system are described inSection 15.2

15.2 Ground Station Elements
In this section the elements necessary for the ground station communication relay are described. First the tele-com network connection is discussed in Subsection 15.2.1. In the following Subsection 15.2.2 the transceiver iselaborated on. Finally in Subsection 15.2.3 the antenna used for the relay is described.
15.2.1 Telecom Network Connection
The ground station receives the signal from the operational office using the existing telecom network. It is verylikely no high performance infrastructure is in place in the remote mission areas. For this reason the commandsare encoded to require only very minimum data rates from the telecom network. Even a 2G signal will be suffi-cient to send the data required for swarm commands. To receive this signal a standard cellular receiver can beused.
15.2.2 Relay Transceiver
The ground station operates at the 433 MHz band, this band is mainly used for Radio Frequency Identification(RFID), limiting the Equivalent Isotropic Radiated Power (EIRP) to 10 dBm. To tackle this problem an ultra narrowband transmission can be used of only 25 KHz bandwidth. A special high performance ulta narrow band receiveris used.. The result of this low EIRP is that the range is limited, to overcome power limitation a signal relay viathe swarm members can be used, on the same frequecy band, to relay the commands to the designated swarm
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member. The reason this band is used is that, most other unlicensed frequencies havemuch bigger channel sizes,this causes few COTS to be designed for ultra narrow band operation. The alternative was to use the 866 MHzfrequency band. This bandwas in the end used for the transmission between searching and trackingmembers asthe predefined channels have more bandwidth, necessary for data transmission. The high sensitivity transceiverwill have a output power of only 8 dBm to account for the power limitation of this channel.

Table 15.1: CC1125RHBR
Characteristic ValueTx Band 169 - 950 MHzInput Voltage 2 - 3.6 VOutput Power 0-16 dBmTemperature -40 - +85 °CCost € 2.91Input Power 0.17 W (a) Ultra high PerformanceNarrowband Receiver (b) Graph Showing Sensitivity per Temperature

Figure 15.1: Relay Transceiver[43]

15.2.3 Relay Antenna
The antenna was designed using the methods discussed in [44], considering the link budget, polarisation anddirectivity. The signal is sent using a rubber duck antenna to allow omni directional, vertically polarised, trans-mission. The system on board all UAVs is exactly the same as the one used on the ground station. The biggestasset of this setup is that it uses only very few resources, in terms of bandwidth, power and cost. This makesit a very efficient system, however it comes at a cost of communication speed, as it can take quite long to hopthrough all the nodes in the relay.

Table 15.2: ANT-433WPIG-2SMA-ND
Characteristic ValueTx Band 433 MHzGain 2 dBiPolarisation VerticalWeight 20 gCost € 5.93

(a) 2 dBi Rubber Duck
Figure 15.2: Relay Antenna[45]

15.3 Technical Risk
The communication link described above has a significant technical risk during operations. The problem is thatthe ground station relay relies on coverage of the telecom network, as already described in Section 15.1 cover-age is not guaranteed in all mission areas. When there is no coverage the operational centre will not be ableto send commands to swarm, this causes the members to fully rely on their autonomous operations, withoutinput from the operational centre. The biggest problem is a lack of overview and computing power inside theswarm, tracking members will not be able to utilise data from other members to enhance their pathing strategy.On top of that scouting operations will be impossible. For these reasons it is very important, that network cov-erage is carefully considered when choosing a deployment location, as having no coverage has unacceptableconsequences.
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16 SEARCHING OVERVIEW
The following section provides an overview of the searching element of the swarm. First, the configuration of thesearching UAV is displayed in Section 16.1, followed by its electrical block diagram in Table 16.1.

16.1 Searching Element Subsystem Configuration

A 3Dmodel of the searching UAV and its subsystems was created using the 3Dmodelling software Blender. Theindividual cameras, gimbal, communication subsystem, and payload mount were modelled and integrated intothe Penguin B UAV as shown in Figure 16.1 [31] [46]. A more detailed view is provided in Figure 16.2.

Figure 16.1: Searching UAV and Integrated Subsystems

Figure 16.2: Exploded View of Universal Payload Mount and Subsystems

16.1.1 Universal Payload Mount
The universal payload mount CAD model provided by UAV Factory [31] is shown in Figure 16.2. This part is es-sential in order to be able to mount the sensors, and is especially convenient as it was created specifically for thePenguin B UAV. Its position on the Penguin B is shown in Figure 16.1.
16.1.2 Communication and Processor Casing
In Chapter 21, a detailed overview of the individual components required for the communications subsystem isprovided. Similarly, in Section 20.9 an overview of the processors required is provided. Using both the commu-nication and processor components, an estimation of the total volume required for these subsystems could bemade. Based on the dimensions of the universal payload mount and the aforementioned subsystem volumeestimation, a suitable subsystem casing could be created.
This protective casing is required as the opening in the fuselage required for the cameras means these subsys-tems become subject to the harsh environmental conditions at high altitude.
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16.1.3 Gimbal and Gimbal Mounting Rail
As discussed in Chapter 19, the selected gimbal is the UX1 3-axis brushless gimbal. This gimbal was primarilychosen based on its 3 axis rotation capabilities, as well as being able to carry multiple cameras at once. However,its base is too small to directly attach to the payload mount, and therefore requires a mounting rail.
16.1.4 Sensors
A detailed overview of the chosen cameras is provided in Chapter 19. Their positions on the gimbal can be seenin Figure 16.1.

16.2 Electrical Block Diagram

Figure 16.3: Electrical Block Diagram for Searching Members
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Table 16.1: Legend of Searching Member Electrical Block Diagram Connections
LegendNumber Description
1 Modulated Electrical Power2 Controlled Electrical Power3 Control Outputs4 Position, Orientation and acceleration data5 Airspeed6 GPS and Orientation Data7 Electrical Power8 Control and Stability Output9 LIDAR Data10 Proximity Member Data11 Commands from Operational Centre12 New Flight Path13 2 Way 866 MHz Bandpass Signal14 2 Way 866 MHz Bandpass Signal15 5.8 GHz Bandpass Signal16 Controlled Electrical Power17 433 MHz Bandpass Signal18 433 MHz Commands Signal19 Data Ready for Transmission20 Amplified 5.8 GHz Bandpass Signal21 Controlled Electrical Power22 2 Way Relay Data23 Compressed Data24 Controlled Electrical Power25 Fire Alarm Signal26 Controlled Electrical Power27 Controlled Electrical Power28 Controlled Electrical Power29 Compiled Spectral Data30 Controlled Electrical Power31 Controlled Electrical Power32 New Flight Path33 Sensor Orientation Control34 Tracking Element Fire Location35 Gimbal Control Commands From the Operational Centre36 IR Photos37 RGB Photos38 Sensor Orientation Control39 IR Sensors Electrical Signals40 RGB Sensors Electrical Signals41 Sensor Orientation Control42 Sensor Orientation Control43 Servos Control Inputs
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17 SEARCHINGTECHNICALRESOURCEBUDGET
In the early phase of the project, technical resource has been allocated to different systems using preliminaryknowledge and assumptions about the design of the system. With limited amount of technical resource givenby the stakeholders, such as mass and power, it is important to know how much will be distributed to differentsubsystems of the UAV. A maximum mass of 200 kg and budget of 100,000 € were allocated to the searchingelement. With a limited amount of power depending on the type of UAVs, power is also considered a resource. Thecost budget analysis will be discussed further in Chapter 36. In this section, resource budget of the searchingelement in general will be discussed in Section 17.1 . This is followed by the budget of different subsystems,namely communication in Section 17.2, sensors in Section 17.3and the autopilot in Section 17.4.

17.1 Searching Element Technical Resource Budget

Figure 17.1 shows a distribution of both mass and power technical resources on different sub-systems. A moredetailed resource budget of these subsystems will be included later in this chapter as well.

Figure 17.1: Searching Element Mass(left) & Power Breakdown(right)
The total mass of each searching elements sums up to 17.9 kg with a total power of 43.53 W. The mass of thefuselage andwingwas not given by themanufacturer, but was estimated using a study done by another universitywhich focuses on UAV system as well [47].

17.2 Communication Technical Resource Budget

The communication systemon theUAVs in the swarmwasone of themore complex, consisting of a large numberof components, each with a different mass and power consumption, which can be seen in Figure 17.2.

Figure 17.2: Searching Communication Mass(left) & Power Breakdown(right)
As can be determined from the figure, the total mass of the communication system is 118.68 grams with a powerconsumption of 27.18 W.
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17.3 Sensor Technical Resource Budget

Figure 17.3: Searching Sensor Mass(left) & Power Breakdown(right)
As can be determined from Figure 17.3, the total mass of the sensors on board of each searching element is 1.162kg with a total power consumption of 3.2 W.

17.4 Autopilot Technical Resource Budget
The technical resource budget of the autopilot consists of all the components chosen for this subsystem. Fig-ure 17.4 shows the the mass breakdown of the subsystem.

Figure 17.4: Searching Autopilot Mass(left) & Power Breakdown(right)
The total mass of the autopilot subsystem on board of individual searching elements is 112.9 grams. The powerconsumption is specified to be 4 watts on average by the manufacturer [48].
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18 SEARCHING CONTROL SUBSYSTEM
In order to let the searching UAVs fly autonomously, autopilots have to be included. The design of these autopilotsdepends on the objective of the mission. Since the UAVs that are bought off the shelf are compatible with a com-mercially available autopilot, no autopilot will be designed by the team. Instead, the autopilot will be bought readyfor use and installed in the UAV. This chapter explains the selection of the autopilot in Section 18.1. Furthermore,the basic functions that the autopilot will perform are described in Section 18.2.

18.1 Searching UAV Autopilot Selection
Initially, it was planned to design the autopilot of the UAV specifically for its intended mission. However, as theteam does not have a large amount of knowledge in the field of automatic control, this could pose a significantamount of risk on the success of the design. In order to eliminate these risks, it was chosen to buy an autopilotcompatible with the UAV instead.
Four autopilots are commercially available and compatiblewith the Penguin BUAV [48]. Three of themare PiccoloAutopilot Systems, created by Cloud Cap Technology, and one type is a Kestrel Autopilot, created by LockheedMartin. The three Piccolo Autopilots are the Piccolo Nano, Piccolo II, and Piccolo SL. The Kestrel Autopilot is theKestrel V2.4. Basic specifications of these autopilots are given in Table 18.1. All four autopilots are validated foruse with the Penguin B UAV [49].

Table 18.1: Autopilot Options
Specification Piccolo Nano Piccolo II Piccolo SL Kestrel V2.4Weight (g) 29 200 110 17Power usage (W) 4 4 4 0.77Price Range ∼$1000 N/A N/A ∼$5000

All of these autopilot systems are capable of performing the functions desired in the design. These are: au-tonomous catapult take-off, autonomous landing, waypoint navigation updates during flight, and maintainingstability. Since all autopilots are already capable of performing the desired functions, only two criteria were ofimportance in choosing the most suitable autopilot. These criteria were autopilot cost and weight, with costbeing the most important, regarding the strict budget of the design. The Piccolo Nano autopilot was found tobe the least expensive option, as well as the most lightweight option. Additionally, a Piccolo autopilot system isthe recommended system by the manufacturer of the Penguin B [48]. Therefore, the final autopilot choice of thesearching UAVs is the Piccolo Nano. A picture of the Piccolo Nano is given in Figure 18.1.
In order to allow the autopilot to perform autonomous landing, a Light Detection and Ranging (LIDAR) systemneeds to be added to the autopilot system. A LIDAR system emits a laser signal, which is reflected on the groundand travels back to the sensor on theUAV. Based on the delay of the reflected signal, the LIDAR systemdeterminesthe altitude of theUAV [50]. The LIDARsystem is capable ofmeasuring the distance to the groundmore accuratelythan the GPS and the barometer, also included in the autopilot system. LIDAR systems supported by the PiccoloNano autopilot are the AGL altimeters by Latitude Engineering. The different options for the altimeter of theautopilot were the AGL-N, AGL-M, and AGL altimeter. The AGL-M was chosen since this is the most basic versionof the altimeter and therefore expected to be the least expensive option, while still being compatible with thePiccolo Nano. Since Lattitude Engineering is not able to answer individual or student information requests andno pricing is available online 3, the cost of a similar altimeter was used as reference for the cost estimation. Forthis purpose the LightWare SF11/C altimeter was used, which comes at a cost of €269.

18.2 General Autopilot Functioning
Thebasic layout of the desired navigation functioning of theUAVautopilot is presented in Figure B.5 in Appendix B.First, altitude and location are determined using the UAV barometer and GPS. Simultaneously, the UAV heading
3https://latitudeengineering.com/contact/ (Accessed: 20/06/17)
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Figure 18.1: Piccolo Nano Autopilot [49]

and attitude are determined using the compass, gyroscope, and accelerometers installed in the autopilot. All thisdata is compared to the desired location and altitude of the UAV, stored as a way point in the database of theautopilot. If the UAV is determined to be on its correct heading and altitude, no changes will be made to its flightpath. If the UAV is off course, however, the flight controller will activate the servos of the UAV, in order to correctthe UAV to its desired direction.

Chapter 18 Searching Control Subsystem FMUS-FR-2017 54



VSearching Element Design

19 SEARCHINGDATAACQUISITIONSUBSYSTEM

In this chapter the key factors for the design of the data acquisition subsystem in the searching UAVs, togetherwith its final specification, are presented. The key information that is typically used by firemanagement, explainedin Section 19.1, laid the groundwork for determination of what is desired of a fire detection UAS. The final specifi-cation was designed based on an analysis of this information; this is presented in Section 19.2, which describesthe actual data the searching UAVs are designed to acquire, and Section 19.3, which elaborates on exactly howthat is accomplished with sensors.

19.1 Key Information For Fire Management

The fire searching element is a mission concerned with, needless to say, remotely determining the existence offire. Table 19.1 summarises the key data types that pertain to this task [51–53]; for each data type, the requiredsensor type according to platform (ground, manned aerial, satellite, or UAS) is given.
Table 19.1: Key data and corresponding possible sensors, for remote fire detection.

Sensor typeInformation Data Type Ground Aerial (manned) Satellite UASFire
• existence ◦ radiated heat IR IR IR IR

◦ radiated light O/V O/V V V
◦ reflected light* V V V V
◦ smoke O/V O/V V V
◦ flicker O/V/IR O/V/IR - V/IR

Legend: IR, infrared camera; O, ocular; V, visual camera; -, no suitable technology.*Reflected light is only pertinent to the mechanism of reducing false positives for the autonomous detection of fire; as such,‘ocular’ is disregarded for this data type since the human brain is usually advanced enough to distinguish radiated light fromreflected glint.

Each sensor platform comes with its own unique advantages and disadvantages (these considerations werediscussed in general in Chapter 3). It is evident that for the UAS platform, infrared and visual cameras cover allthe relevant data types for detecting fires remotely; the degree to which this can be performed successfully andaccurately depends on the specific cameras used and altitude flown.

19.2 Designed UAS Data Acquisition Capability

The set of data that can be feasibly acquired by current UAS solutions is a subset of the key information thatis of interest to fire management. Smoke detection provides the earliest means of remote detection of fires [9].As such, for this application that has a clear emphasis on early detection of wildfire, it was considered essentialto utilise a visual camera. Having made this decision, radiated light from flame and reflected light from othersources can also be captured; flicker can be covered too, assuming the visual camera has a reasonably highimage capture rate for capturing temporal evolution of a region of interest.
Radiated heat remains a key data type of interest; open, flaming fires canmost readily be detected in thismanner.Infrared cameras typically do not experience occlusion due to clouds and also work just as well at night [24]; cor-respondingly, an infrared camera was deemed necessary, in order to maximise the efficacy of the UAS searchingelement.
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19.3 Sensor Selection

In Table 25.1 the types of information required by the operational centre and firefighters, along with the type ofsensor required to measure such data is shown. It was determined, however, that due to limitations in cost, thatnot all the information required could be delivered. The potential functions of each UAV were therefore classifiedby priority, and since the primary function of a searching UAV is to detect a fire, it was decided that these UAVswould carry only visible light cameras and a thermal infrared camera. Although there are other sensors capable ofdetecting fires, this combination of cameras is tried and tested and results in a lower false positive fire detectionrate.
In Subsection 19.3.1, an overview of the chosen infrared camera is provided. This is followed by an overview ofthe chosen RGB cameras and the technical risks and considerations taken when selecting the sensors. Finally,an overview of the selected gimbal and gimbal configurations is provided in Subsection 19.3.4.
19.3.1 Infrared Camera
The infrared camera chosen for the searching UAV is the Optris Pi 640. Relevant data is shown in Figure 19.2.Note, all values below assume a flying altitude of 3048m.

Property Value UnitSensor Type LWIR -Spectral Range 7.5 - 14 µmModel Optris Pi 640 -Resolution 640 x 480 pixField of View 90 x 64 °Pixel Resolution 9.53 x 7.94 mThermal Sensitivity 0.075 KAccuracy 2 %Frequency 32 HzTemperature Range 150 - 900 ° CBit Depth 8 -Cost 6800 €Size 46 x 56 x 90 mmWeight 320 gPower Consumption 2.5 W
Table 19.2: Optris Pi 640 Data

Figure 19.1: Optris Pi 640 [46]

19.3.2 RGB Cameras
The RGB cameras chosen for the searching UAVs are the HDR S1000 Mini CCTV and the 22mm 1000TVL MiniCCTV. The second camera is required for fire confirmation as it has a much higher spatial resolution. In case apotential fire is detected, the gimbal will briefly adjust so that this camera can point directly at the potential firespot. Relevant data for each camera is provided in Table 19.3 and Table 19.4 respectively.

Property Value UnitSensor Type RGB Camera -Model 22mm 1000TVL Mini CCTV -Resolution 1280 x 720 pixField of View 10 x 6 °Pixel Resolu-tion 0.42 x 0.44 m
Image Fre-quency 60 Hz
Bit Depth ≤24 -Cost 21.76 €Size 36 x 36 x 55 mmWeight 50 gPower Con-sumption 0.4 W

Table 19.3: 22mm 1000TVL Mini CCTV Data Figure 19.2: 22mm 1000TVL Mini CCTV [54]
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Property Value UnitSensor Type RGB Camera -Model HDR S1000 Mini CCTV -Resolution 1280 x 720 pixField of View 90 x 62 °Pixel Resolution 4.76 x 5.08 mImage Frequency 60 HzBit Depth ≤24 -Cost 44 €Size 11 x 12.5 x 21 mmWeight 2 gPower Consump-tion 0.3 W

Table 19.4: HDR S1000 Mini CCTV Data Figure 19.3: HDR S1000 Mini CCTV [55]

19.3.3 Technical Risk
Multiple risks and problems and were encountered which influenced the selection of the sensors. A brief descrip-tion of each is provided as follows:
• Operational TemperatureAccording to U.S. standard atmosphere [56], when flying at 10000ft altitude, temperatures can reach -4.49° C. The sensors must therefore be designed such that they can withstand this cold. For the searching UAV,all the sensors have a minimum operating temperature of at least -10 ° C, allowing a slight safety margin incase of extreme cold. Since the engine will also be generating a lot of heat, some of this heat can potentiallybe chanelled to the sensors tomaintain a functional temperature. Regarding the other end of the spectrum,all sensors can operate at up to atleast 50 °.
• WeatherproofingThe Optris Pi 640 has a NEMA-4 environmental rating meaning it is intended for both indoor or outdooruse, and provides protection against windblown dust and rain, splashing water, and damage from externalice formation [57]. This makes it an ideal choice for the UAV as it can function even in adverse weatherconditions. Regarding the RGB cameras, the protective casingmentioned previously can be used to protectagainst the weather. Anti freeze and condensation coatings should also be applied.
• Operational lifetimeOperational lifetime is linked to both cost and sustainability in the sense that if a sensor with a long op-erational lifetime if chosen, it will have to be replaced less often. This reduces maintenance costs, andtherefore is also more sustainable. Furthermore, a sensor with a higher operational lifetime usually impliesit is alsomore robust, meaning there is less chance of any sort of failure occurring. When choosing sensors,the lifetime was explicitly compared before making a decision.
• WeightConsidering the relatively large payload capacity of both the Penguin B and Albatross UAVs, as well as theoverall weight budget requirement, weight was a lesser factor when choosing the sensors. Nevertheless, ithad to be considered. When choosing the sensors, as small a sensor as possible was chosen as long as itstill met the other performance requirements. Smaller sensors result in a lighter aircraft, meaning less fuelconsumption, and in turn longer endurance and a more sustainable aircraft overall.
• SizeOnce again, due to the relatively large size of both the Penguin B and Albatross UAVs, size was not a highlyweighted consideration. However, especially for the cameras, it was important to ensure they were com-patible with, or at least fit on the gimbal. This gimbal in turn also had to be compatible with the UAV. Due tothe universal payload bays onboard each UAV, this was also not a problem. A 3Dmodel of the configurationof the cameras and payload inside each UAV is provided in Chapter 16. Additionally, the size of the camerasaffects the aerodynamics of the overall UAV. Large cameras will negatively influence this, and thereforesmaller cameras were prioritised.
• AccuracySpecifically for the infrared cameras, a factor to consider when deciding was the accuracy of the camera.For industrial applications, such as in the plastic industry, it is very important to keep the accuracy of themeasurement as high as possible, as even a one degree change in temperature can completely alter aprocess. However, as mentioned in Subsection 26.3.4, when measuring the temperature of fire, a smallinaccuracy does not significantly affect the mission as the temperature is only required to determine the
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fire type after it has been detected. The accuracy of the chosen infrared cameras therefore exceeds therequired accuracy.
• SensitivitySimilar to the accuracy of the infrared cameras, having a high sensitivity is of low importance when choos-ing. Since the primary function of the infrared camera is to detect fires whose temperature would be wellabove that of it’s surroundings, readings of 0.05K are not required. The chosen infrared cameras are there-fore more than sufficient.
• Temperature Measurement RangeWhen choosing infrared cameras, an extremely important factor to take into account is the temperaturemeasurement range. As stated in Chapter 20, in order to determine the fire type, which is key for predictingfire spread, a large temperature range is required. Initially, the FLIRVueProRadiometric 640 [58]was chosendue to it’s significantly cheaper price while also meeting all other performance requirements. However, itwas later found that in order to determine fire type, the camera had to be able to measure temperaturesof up to 900 °C. The FLIR Vue Pro R was only capable of measuring up to 550 °C, and was therefore thedeciding factor in choosing the Optris Pi 640.
• Spectral BandwidthIn important factor when choosing the infrared camera was the spectral bandwidth, especially consideringcloud coverage when flying at 3000m. The longer the wavelength of the infrared radiation measured, theless it is diffracted through different mediums such as clouds, fog, or smoke. The longest possible de-tectable wavelength available in COTS LWIR cameras is 14 µm. The Optris Pi 640 measures from 8-14 14
µm, and was therefore chosen as a suitable option.

• Radiometric vs Non-Radiometric InfraredNon-radiometric infrared cameras do not provide precise information on temperature, rather, an indicationof relative heat. Radiometric cameras, however, provide precise temperature data of each pixel. Initially, theFLIR Vue Pro 640 [59] was chosen, as only non-radiometric infrared cameras were required as their onlyfunctionality was to detect fires. After the fire type requirement was added, the camera had to be changedto a radiometric one such that the temperature could be measured and therefore the fire type. The camerawas then changed to the Vue Pro R. As described earlier, this was then changed to the Optris Pi 640 basedon the temperature range required.
• Field of ViewBased on the field of view of the cameras, the pathing strategy and number of searching UAVs could bedetermined so that the area coverage requirement could be met. It was determined that a swath widthof at least 5km was required, which meant choosing a camera with a very large field of view. This meantthat the camera choice became very limited, as not many cameras have a field of view larger than the 80 °required for 5km swath width at 3000m altitude. The Optris Pi 640, however, includes 90 ° FOV option, andis therefore suitable for the searching UAV while also providing a degree of redundancy.
• Optical ResolutionAnother important factor when choosing both the infrared and RGB cameras was the optical resolution. Ifa camera with larger optical resolution or pixel count is chosen, more data has to be processed, meaninga larger and more power consuming processor has to be chosen. The resolution was also limited by thecommunication system as there is only a certain amount of data that can be sent. Therefore, cameraswith variable output resolutions were chosen. The value of the optical resolutions in Subsection 19.3.1 andSubsection 19.3.2 are maximum values, and can be set to lower resolutions if required. Additionally, COTSinfrared cameras a currently limited to a resolution of 640 x 480 pixels, so a camera of this resolution hadto be chosen.
• Spatial ResolutionThe spatial resolution of a camera is a combination of swath width and optical resolution. For both thesearching and tracking algorithms specific pixel resolutions were required for the infrared and RGB cam-eras. Initially, for the searching UAV, the RGB camera had a pixel resolution of 5m x 5m. However, for fireconfirmation it was determined that a 40cm x 40cm pixel resolution was needed. RGB cameras with azoom function were therefore looked into to. However, no cameras with a sufficiently large field of viewand zoom function could be found. Therefore, the camera in Figure 19.2 had to be added as it has a verysmall field of view and a relatively high optical resolution resulting in a sufficient spacial resolution.
• CostDue to a strict budget being set, an important factor when choosing sensors was their cost. Regardingthe infrared camera, initially, the much cheaper FLIR Vue Pro was chosen. However, after realising thatsome functions could not be performed by this camera, the Optris Pi had to be chosen. This dramatically

Chapter 19 Searching Data Acquisition Subsystem FMUS-FR-2017 58



VSearching Element Design

increased the price of the searching UAV. To counteract this, it was ensured that all other sensors chosenwere as cheap as possible while still meeting all other performance requirements.
• Sustainability When designing the sensors sustainability was an important factor to consider. These con-sideration are described in detail in Subsection 31.3.2.

19.3.4 Sensor Mounting
The cameras being used will be mounted on the UX1 Universal gimbal shown in figure Figure 19.4. Relevantdetails are provided along side it in Figure 19.5.

Property Value UnitModel UX1 -Payload 780 gPan Angle 360 °Roll Angle 30 °Tilt Angle 90 °Weight 840Cost 238 €Size 10.2 x 10.2 x 5.1 cmPower Consumption 2 W
Table 19.5: UX1 - 3 Axis Brushless Gimbal Data Figure 19.4: UX1 - 3 Axis Brushless Gimbal [60]

The searching UAVs will fly with the cameras in the perpendicular configuration, and in case a possible fire isdetected, will rotate such that the zoomed RGB camera points at the fire for confirmation.

Figure 19.5: Camera Mount Configurations [61]
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20 SEARCHINGDATAHANDLINGSUBSYSTEM
A novel fire detection algorithm, called FMUS-Search and designed for use in the UAS, is proposed in this chapter.Various existing algorithms for classification of image features, such as fire, exist. In the image processing field,it is often sufficient to simply select the most appropriate algorithm to meet one’s needs. However, due to thescale and scope of this pioneering UAV swarm, it was deemed necessary to develop an entirely new algorithmsince none appear to exist that can comfortably meet all the swarm’s unique requirements; hence, themotivationto develop FMUS-Search. It is the result of the customisation and piecing together of a multitude of existing task-specific methods, such that FMUS-Search allows the searching UAV swarm to intelligently search for, detect, andconfirm wildfires as it scans the mission area during parallel search.
The technical resource budget, performed for the key TPM parameters of power and computing capacity, isprovided in Section 20.7. The reader should bear in mind that suitable research and testing must be conductedin order to adequately verify and validate the proposed algorithm. Proposals for product verification, ensuringthe algorithm meets the specified performance requirements, are put forth in Chapter 33; proposals for productvalidation, whereby the algorithm is integrated into the entire system, are found in Part VII.
Figure 20.1 shows a top-level flow of operations for the algorithm. The flow of this chapter strives to mirror thisalgorithmic flow as much as possible.

Figure 20.1: FMUS-Search flow of operations.

The detection algorithm is to be written on OpenCV, an open source computer vision library that can be importedinto languages like MATLAB or Python, amongst others. OpenCV is an appealing choice for this fire monitoringUAV swarm due to its emphasis on optimising for real-time analysis, which is crucial for the searching elementmembers as they will be capturing 64 images per second (32 for both cameras). Although the RGB camera cantake up to 60 images per second, it will be set to take images at the same frequency as the IR camera.

20.1 Benefits Of Artificial Intelligence Methods

According to a recent study on fire detection algorithms [62], machine learning-based methods hold a number ofclear advantages over rule-basedmethods. Traditional methods for wildfire detection, such as using regressionsbased on fire image parameters determined by humans, are proving to be inferior to newer and better performingmethods using artificial intelligence [62]. Techniques, including convolution neural networks [63, 64], are dis-playing better all-round performance, achieving detection across many different categories of images (contentvariability in images), with success rates equal to or better than rule-based regressions that are specialised toa limited, narrow range of image categories. Specifically, a machine-learning method demonstrates better de-tection rates than all 10 rule-based methods in the sample for 9 out of 18 image categories, where images werecategorised according to tones of red, orange, and yellow; presence of smoke; and intensity of pixels [62].
Furthermore, many of the recently developed prototype UAV swarms for detecting wildfires make use of training-based computer vision as a very minimum, in order to effectively detect and track fires [65, 66]. One of the mostpromising developments implements a deep neural network [67], from which this system’s algorithm, FMUS-Search draws inspiration.
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20.2 Image Preprocessing
Once images, visual or infrared, have been captured by the cameras and the corresponding numerical arrays havebeen written to the random access memory (RAM) of the main processor, a series of preprocessing actions aretaken in order to remove noise and improve efficiency of the main processing analyses. This begins with fea-ture extraction, Subsection 20.2.1, followed by geometric corrections, Subsection 20.2.2, and finally radiometriccorrections, Subsection 20.2.3.
20.2.1 Feature Extraction
For the searching UAV, the purpose of feature extraction is primarily in alleviating part of the computational de-mand on itsmain processor. It involves reducing the number of spectral channels of the image, based on patternsof covariance between each channel [61]. As such, for this system, it pertains only to the visual images (3 chan-nels) and not the infrared images (1 channel). Equation 20.1 gives the equation for transforming red, green, andblue components into one spectral channel spanning the 0.38-0.75 µm range covered by the main visual camera(1000TVL CMOS). The principal components analysis (PCA) method, as described by Davis et. al [68], was cho-sen to perform this function. Equation 20.1 is the transformed 8-bit greyscale pixel value, as a linear combinationof each 8-bit pixel colour component of the 24-bit RGB colour space.

A = C1R + C2G + C3B (20.1)
The PCA calculates variances, covariances, and correlations between R, G, and B, and determines the optimal co-efficients, C1, C2, and C3 for maintaining maximum information whilst reducing the number of channels. For thisdesign, it has been decided to add a extra function to the PCA, in the form of a threshold; if too much informationis lost (in the case that correlation between the R, G, and B components is too low), then the PCA function is notapplied altogether, as illustrated in the following pseudo-code:

i f cor (R , G) < 0.8 or cor (R , B ) < 0.8 or cor (G , B ) < 0 . 8 :PCA = False ;e l se : PCA = True ;
20.2.2 Geometric Corrections
A fundamental problem in image processing, particularly on small UAVs, is that of effective geolocation. Us-ing solely onboard GPS and sensor orientation data from the IMU is a means to providing a modest solution[69]; however, this suffers from a lack of accuracy that makes it unsuitable for this mission. Another method ismatching images with prior georeferenced data (e.g. Google Maps). However, this method is prone to failures,in particular over terrain lacking in distinguishing features [69], such as extended forested regions or plains thatare characteristic of southern European states.
The proposed solution is the supervised instanced-based learning method, the k-nearest neighbours (k-NN) algo-rithm, which aims to address some of the aforementioned problems. The benefits include the low computationalload required together with the adaptive nature of the algorithm to its environment [70]; these attributes makeit suitable to the application of very specific localisation of small fires using a small UAV, such as the searchingmember. The drawbacks to using this method include higher computational load on the processor, together withthe necessity to train the algorithm, which will take a number of hours.
Since the IR images will generally be very limited in terms of their informational content, the resampling can onlyfeasibly be applied to visual images. As such, the same transformation is applied to the corresponding portionof the IR image after it has been applied to the visual; this is a crucial step since it leads to the harmonisation ofthe different swath dimensions and pixel resolutions of the visual and IR images.
Figure 20.2 provides a visual example of how ground control points (GCPs) provide reference points for the k-NNalgorithm to georeference pixels in each image to a set of known coordinates, according to, in this case, GoogleMaps4. During the initial 2-hour coverage of the area, the searching members relay one image of adjacent rect-angular portions in the mission area; this equates to one image every 171 seconds, from each of the searchingUAVs. A trained personnel member supervises the learning by allocating GCPs to spectrally and spatially distinctareas within the image, such as bends in roads; bends in rivers; small detached houses; landmarks, amongst oth-ers. If, for whatever reason, the operational centre cannot assign a trained personnel member to the 2-hour initialtraining period, the geolocation reverts to the matching method, using either Google Maps or a more detailedtopological map stored locally on-board. Topographical surveys are typically performed to at least the resolution
4https://www.google.com/maps (Accessed: 23/06/17)
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Figure 20.2: Example set of ground control points (blue dots) illustrated on a projection (pink border) of the visual camera’sviewing window (6096 m x 3809 m) of a high-risk area of Northern Portugal shown in Google Maps.

of that of GoogleMaps, which is between 20mand 40mspacing between elevation contour lines5; aerial surveyscan obtain greater resolutions. This information is important for the determination of the altitude of each pixel inthe image. Varying altitude within each image induces the local variation of pixel resolution across the image; thiseffect is more pronounced on hillsides and mountain slopes. Each pixel is ascribed an altitude, thereby allowinggreater accuracies with the final geolocation of images [2].
20.2.3 Radiometric Corrections
Radiometric corrections attempt to filter atmospheric interference out of images. A number of radiometric cor-rections due to noise and interference exist, but for this application (3 km altitude; visual and IR images), themain correction to be applied is that of atmospheric correction, removing the effect of atmospheric scattering[61]. To this end, the LOWTRAN 7 model, devised by Kneizys et al. [71], is used for both visual and IR images;based on the latest meteorological input, atmospheric transmittance and background radiance is calculated andthe equivalent brightness is subtracted from each pixel.

20.3 Ancillary Data
In order to improve the efficacy of the algorithm, given the power and computing limitations of the searchingmember platform, a variety of ancillary data is utilised onboard in addition to the visual and IR images.
Land CoverA land cover map assigns categories to land, for example agricultural; open water; forest; desert, and so on. Oneis to be used to be stored in permanent memory onboard in order to support the algorithm’s classification ofits collected images; there are many publicly available land cover. CORINE6, provided by the EU’s CopernicusLand Monitoring Service, provides better than 25 m resolution; this is to be used and loaded onto the searchingmembers’ hard drives.
WeatherCurrent weather data must be communicated to each searching member fairly frequently; they must be awareof general weather conditions in the mission area, such as dry thunderstorms. Such knowledge can supportthe decision-making process by altering the probability function of fire within the hidden layers of the neuralnetwork.
Human ActivityOver 95% of European wildfires being human-induced[3] implies a distinct disadvantage to any system that doesnot attempt to account for this startling fact. By observing patterns of human behaviour, advantages can bederived by anticipating human activity in certain regions within the mission area. Although the searching UAVsfollow a prescribed parallel search path, this does not preclude the algorithm itself from assuming some respon-sibility for pursuing this goal.
As of yet, there does not appear to be any existing autonomous detection system that takes account of humanactivity in its decision-making about fire existence in an image. In order to reduce the threat of false negatives
5https://productforums.google.com/forum/#topic/maps/1DxKEMEB8_4 (Accessed: 23/06/17)
6http://land.copernicus.eu/pan-european/corine-land-cover (Accessed: 28/06/17)
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(FNs) as much as possible, it is this sort of ancillary data that could be of benefit to an intelligent system. Forinstance, a human flying in an aircraft may have the knowledge that the area beneath him is a logging site; uponobservation of what appeared to be white clouds, he may decide to think twice and reconsider whether the targetof his observation is in fact smoke from a fire ignited by sparks from a bulldozer. Much like the human, artificialneural networks, which strive to emulate the human brain, can make use of this sort of information.
For this system, the operational centre has the option of providing this ancillary data in the form of a georefer-enced map of the mission area that contains numeric values that signify certain human activities, whether theybe permanent, temporary, or recurrent. Industries, such as logging and mining, are often mapped by externalparties. Popular recreational zones, for picnicking; hiking; camping; hunting; fishing, are also typically mapped bygeographical surveys and leisure organisations. This knowledge can help the algorithm in making more robustdecisions about fire existence.
Date & TimeThe time of day and the season also provide valuable support to the algorithm. Variations in temperature andclimate are closely related to the date and time.

20.4 Data Fusion
Equipped with both the primary data sets (visual and IR images) and ancillary data sets (land cover, weather,human activity, data & time), data fusion is employed by the algorithm in order to make the most efficient andeffective use of this ‘Big Data’. The two requirements for the suitability of the fusion of two separate images, ordata sets, are: (1) they must have been obtained at approximately the same time, and (2) they must geolocate toeach other [61].
Fusion of the visual and infrared images is unnecessary, since this is only useful for human inspection purposesand only serves to confuse machine algorithms [61]. Therefore, the first step in this process is the fusion ofthe harmonised, preprocessed images with the ancillary data. This is performed by matching each pixel in thegeolocated images to each pixel of the ancillary, georeferenced data arrays, whether they are land cover, weather,or human activity maps.
The method chosen for this fusion of the camera images with the corresponding ancillary data sets georefer-enced to their targets is that which underpins the Geographic Information System (GIS)7.

20.5 Supervised Classification
Having completed all relevant preprocessing to the images and ancillary data, classification is performed; this isthe process by which each pixel in the fused set of images is assigned to a class: flame, smoke, or neither. An2-layer artificial neural network (ANN) is used, as shown in Figure 20.3; having 2 layers, instead of 1, provides theANN with greater detection accuracy, whilst not having more than 2 results in significantly better computationalefficiency than networks with many layers8. These considerations indicate the suitability of the ANN to use in asmall, low-cost fire detection UAV.
There are 7 inputs in the input layer. These inputs were chosen based on a determination of which factors areof most interest when deciding if an area contains fire, smoke, or neither. Taking this consideration into account,spectral; spatial; and temporal analyses were chosen for the processing of the visual and IR images. The last 4inputs are the ancillary data: human activity; land cover; weather; and date & time. Each neuron feeds into thefirst hidden layer, which then feed into the second hidden layer. Finally, these feed into the outputs: flame, smoke,or neither.
Spectral AnalysisFor an arbitrary body emitting and absorbing thermal radiation in thermodynamic equilibrium, Kirchoff’s law ofthermal radiation states that its emissivity equals its absorptivity; this is given by Equation 20.2 [72].

α = ε (20.2)
Derived from this, the next fundamental equation of thermal radiation, Planck’s Law, states that electromag-netic radiation emitted by a black body in thermal equilibrium at a given temperature is given by Equation 20.3
7https://www.esri.com/library/brochures/pdfs/data-fusion-centers.pdf (Accessed: 28/06/17)
8https://link.springer.com/chapter/10.1007%2F978-94-009-0643-3_74 (Accessed: 28/06/17)
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Figure 20.3: Wildfire detection artificial neural network, FMUS-Search, for use in the UAV swarm’s searching members.

[73].
Bλ = 2hc2

λ5
1

e
hc

λkB T − 1
(20.3)

Planck’s equation can be used, assuming fire to behave as a blackbody, for assessing the spectral characteristicsof visual images based on their colour, or IR images based on their spectral radiance for specific wavelengths.Planck’s equation was hence plotted for a variety of temperatures, as seen in Figure 20.4. Wien’s displacementlaw is given by Equation 20.4 [61]; this gives the peak radiance for a certain absolute temperature.
λmax = b

T (20.4)
The peak radiance for the temperatures of Figure 20.4b provides a basis for the algorithm to determine temper-ature of IR images gathered by the Optris Pi 640, based on detected wavelengths.
For visual images, spectral analysis is performed using a validated colour processing technique, devised by Cruzet al. and demonstrated to have a 97.5 % success rate for 1280 x 720 images. Image pixel values are firstnormalised, Equation 20.5 to increase robustness for varying lighting conditions, then two indices are calculatedfor each pixel in the image; these are the Fire Detection Index (FDI) [7], Equation 20.6 and the Excess Green Index(ExG) [7], Equation 20.7, which is an index commonly employed in vegetation mapping and agricultural remotesensing. Finally, the Forest Fire Detection Index (FFDI) is determined, Equation 20.8. The FFDI uses a weightingfactor, η, to account for hues of blue in smoke, whilst the subtraction of the ExG allows for hues of brown in certainvegetation to be removed. This analysis method was implemented in Python and verified, as is documented laterin this chapter.

r = R
R + G + B g = G

R + G + B b = B
R + G + B (20.5)

FDI = 2r − g − b (20.6)
ExG = 2g − r − b (20.7)

FFDI = η · FDI − ExG (20.8)
Figure 20.5 displays the action of the colour analysis on a fire image.
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(a) Spectral radiance from 0µm to 14µm for a variety ofblackbody temperatures. (b) Spectral radiance for the Optris Pi 640 (7.5 µm to 13 µm)for a variety of fire types.
Figure 20.4: Plots of Planck’s equation for blackbodies.

(a) Original image. (b) Application of FDI. (c) Application of ExG. (d) Application of FFDI.
Figure 20.5: Example fire detection using proposed colour analysis input to ANN. The rightmost image shows the result,after thresholding, segmentation, and overlaying onto the original image.

Spatial AnalysisSpatial analysis pertains to the determination of the geometric aspects of the elements of an image; in this case,edge detection is of greatest use to fire detection. It relies on measuring colour intensity gradients across theimage. Within the overall ANN, a sequence of layers comprises a radial basis function neural network (RBFNN)that forms part of the image analysis, specialising in the discrimination of spatial features in the fused image.This analysis uses anisotropic diffusion segmentation to determine edges and textures of fire.
Temporal AnalysisTemporal analysis pertains to the discrimination of flicker of flame by analysing images of the same region overa period of time. The method of Merino et al. [24] suits the requirements of this system and is considered for thetemporal analysis input to the ANN.

20.6 Confirmation & Decision

For confirmation, the zoomed visual camera is orientated to point towards the localised detection coordinate.The visual images captured by this camera are then fed into the ANN, replacing the visual images from the HDRS1000 Mini CCTV. This acts as a confirmation stage for the algorithm. Further confirmation is performed by ahuman operator on the ground, in the operational centre. The decision as to whether a fire exists is based on theoutput from the ANN and the subsequent decision by the human operator.
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(a) Original image. (b) Application of FDI. (c) Application of ExG. (d) Application of FFDI.
Figure 20.6: Example non-fire image used for verification. The female ducks in the foreground are noticeably segmented bythe FFDI, implying some problems with brown hues.

20.7 Technical Resource Budget

As each swarm member continuously acquires data, this information is written to RAM and, permanently, tolocal storage. The computational load can be estimated with a simple calculation of the output data rate of bothcameras, thereby giving an indication of the upper bound of computational effort, before processing.
The visual camera, HDR S1000 Mini CCTV, operates at 1280 x 720 pixels in 24-bit RGB (8 bits per colour com-ponent. Figure 20.7 gives an illustration of an RGB pixel in its binary form. Calculating the number of bits, at 32

Figure 20.7: Illustration of 24-bit RGB encoding as a 3-tuple array. The blue colour is the that of this report, which so happensto be the same as the blue of the national flag of Greece.
images per second for the visual camera, and similarly for the IR camera, a data rate of 168 MB per second wasdetermined. Note that this is written to RAM andmost images are not stored. Only, once every 171 seconds, oncea new rectangular area is entered, does an image get stored locally.

20.8 Model Verification

The colour analysis code, which was used to test the part of the algorithm relating to spectral analysis of thevisual images, was unit tested in order to verify that it performs correct manipulations. This was performed bybreaking the FDI and ExG indices into smaller operations and checking those individually, before summing them.For example, FDI was simplified by performing r - g , then r - b, then summing the twowhilst checking intermediateresults. All units were tested and appeared to function correctly.
The designed algorithm provides a robust colour analysis of images. Spatial analysis must be added as well asinfrared spectral analysis.

20.9 Processors

With the data gathered from the sensor, it needs to processed and analysed using hardware designed to doso. Such hard is designed to handle not only the data from the sensor, but also to analyse the data and outputnecessary results to other subsystems. This hardware mainly the printed circuit board and central processorunit.
Central Processing UnitA Central Processing Unit (CPU) is one of themost important components in a electrical based system. It carriesout all the basic arithmetic, logical, control, and input/output operations in the program, given a set of instructions;this means that the CPU is designed to perform specific tasks. A microprocessor, on the other hand, is a moremodern interpretation of the term, ‘CPU’. It carries out the instructions is a similar fashion but, in this case, theprocessor is also incorporated into a single integrated circuit. Most modern processors, found in anything from
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washingmachines to supercomputers, aremicroprocessors. Modernmicroprocessor comeswithmultiple coreson-board which are capable of processing different information at the same time.
Field Programmable Gate ArraysA Field Programmable Gate Array 9, also known as an FPGA, is a programmable chip for which the user decidesupon and programs the digital function of the chip-set. Unlike microprocessors, which have a set of definedinstructions hardwired into the chip, the user has to program based on his or her own preferences. FPGAs arenot designed with any intended function; hence, any function that an FPGA will carry out is decided upon anddesigned by the user. For this project, an FPGA could be extremely beneficial if programming could be done.Similar to Microprocessors, FPGA are also capable of computing multiple threat work loads, however, due to thenature of the FPGA, it needs to be designed and programmed by the user.
Microprocessor Pros
• Programming SimplicityThe user only needs to programmearound the existing instructions of the chip-set to performed the requiredtasks.
• Low PowerThe nature of the microprocessor being specialised and the code being easy to optimise, it will require alower power to power.
• CheapMicroprocessor are generally lower in price due to their high popularity in different fields.

Microprocessor Cons
• Slower ComputationSince themicroprocessor is not design from ground up to perform asked task, it will perform the same taskslower.
• SpecialisedMicroprocessor is designed with a specific set of instructions, it is not as versatile to one which is specifi-cally design for said task.

FPGA Pros
• FlexibleDue to the general-purpose quality of the chip-set, it can be re-written to fit the new need.
• Field ProgrammableWith optimised design of FPGA, it is possible for it to compute the same task much faster.
• Fast ComputationWith a specialised personal, it is possible if required, to change the functionality of the chip-set on the spot.

FPGA Cons
• Program ComplexityThe user needs to programme the chip-set instructions and functionality at the same time for the processorto perform required tasks.
• High powerGenerally, FPGA requires much higher power to drive due to their general purpose quality.
• ExpensiveSimilar to high power, general purpose quality of the chip leads to a high cost of production.

PCB10

Printed Circuit Board (PCB) is the component where the processing unit is mechanically connect in order to beable to interact with other systems in the design. This mechanical connection is usually done by soldering. PCBwill also include external connectivity possibilities to other subsystems in order to transfer and analyse data fromdifferent subsystems. The reason to use PCB is due to its wide use in many different industries. Being a verymature technology, the cost is low and efficiency of the PCB are extremely high.
Data StorageData storage is the medium which mission can be stored. This component is critical to the design since raw
9http://fpgacenter.com/fpga/fpga_or_cpu.php
10https://learn.sparkfun.com/tutorials/pcb-basics
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data and processed needs to stored either to be sent to the operational centre or to be processed later using BigData.
Through research11, a RGB sensor with a resolution of 1280*720 Chapter 19 pixels at 30 fps and H.264 videoformat would produce a bit rate of 4.26 Mbps. It is estimated that H.264 video file format was use due lackof information provided by the manufacture. H.264 produces video with high quality, while keeping the file sizesmall [74]. For the whole duration 6 hours mission, it would produce a total of 11.5 GB of data. However, in orderto synchronise with the IR sensor which will operate at a maximum 32 fps, the value needed to be recalculatedsuch that of the RGB sensor data would be saved along with the IR sensor data.

RGB camera storage = 11.5 · 32
30 = 12.27 GB (20.9)

IR camera Storage = 11.5 ∗ 640 · 480
1280 · 720 ·

32
30 = 4.09GB (20.10)

Total Data = 12.27 + 4.09 = 16.35 GB (20.11)
The nominal number of data that will be stored for one mission will be around 16.35 GB, however, in order tocompensate for unexpected extension of mission time, at least 32 GB will be installed. A much higher capacitystorage is included in the system due to low in power consumption of solid state storage is extremely low anddoes vary much when the storage size increases. 12

Main Functions of the processor

In order to optimise the work load, such that all the data can be processed efficiently and effectively, it is ideal todivide the task to different logic cores. This can be done by both Microprocessor and FPGA.
• Image processing processorThe on-board processing unit will analyse the imaging data from the sensors. Using different image pro-cessing algorithms, the processor is able to analyse and filter and data and provide the operational centrewith the essential data.
• Local Humidity, Wind, Temperature processorAlthough humidity, winder and temperature sensors produce relative small amount of data, the processoris still required to process such data. However, it is expected that computational power is exceptionally lowcompared to other tasks.
• Fire confirmation/tracking processorFire detection will use the data processed from image processing processor to either determine if there isa fire or to analyse different characteristics of detected fire. This is done by the on-board confirmation ortracking algorithms.
• Relay management processorDue to the limited number of channels available for the communication system of the swarm, optimisationis required in order for the data to be transferred and received.

20.9.1 Processor of Choice
Due to limited knowledge and the time constraint, a microprocessor will be chosen as the main computationalunit of the UAV. For the detecting UAV, in order to determine the appropriatemicroprocessor, an early estimation ofthe data that this processor will handle needs to be done. Through research, it is found that compared to desktopprocessors, modernmobile processors aremuchmore efficient and are sufficient to handle the data produced bythe communication and different on-board sensors. A microprocessor with multiple cores is preferred such thatdifferent task can be allocated to different cores. Having different cores dedicated to specific task will increasethe efficiency of the system. Snapdragon 650 is a hexa-core CPU with two fast ARM Cortex-A72 cores at 1.8 GHzand four power saving ARM Cortex-A53 cores at 1.2 GHz. Cortex A-72 are much more powerful and can be usedto handle more demanding tasks such as image processing and data handling. The Cortex A-53 on the otherhand, are much more efficient hence can be used to compute light weight workload. [75]

11https://toolstud.io/video/filesize.php
12http://envoydatamemory.com/datasheets/EN-L0J%20Industrial%20microSD%20Card%20Spec%20Rev1.6.pdf
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21 OC COMMUNICATION DOWN-LINK
In this chapter the architecture of the communication down-link arriving at the Operational Centre is explained.All the data produced by the swarm will be communicated using this link. Since a link is always establishedbetween two nodes in a network this chapter deviates from the standard setup and describes the system onboth the operational centre and the searchingmember. The link will be described in three sections; in Section 21.1the architecture integrated on the Searching UAV is elaborated. Secondly in Section 21.2 the operational centresystems are explained. Finally in Section 21.3 the last section describes the technical risk design trade off whichwas carried for this communication link.

21.1 Searching Member Architecture
In this section the architecture integrated into the searching members, that is specific to the communication linkto the operational centre shall be described. The architecture has 3 components common to most communica-tion systems; the transceiver, the signal amplifier and finally the antenna.
21.1.1 5.8 GHz transceiver
The first element of any communication system is the transceiver, as it is central to create a signal. The best unli-censed frequency band is 5.15–5.825 GHz, the best channel to be used is the Broadband Radio Access Networks(BRAN) according to [76]. In this band there is a multitude of possible channels available, the choice of channelbandwidth is dominated by a second limiting factor, spectral efficiency. Low spectral efficiency is caused by thevery large distance the signals from the swarm have to travel. The further a signal is send the smaller the SNRbecomes, since SNR is directly related to the number of modulation levels possible and thus indirectly relatedto the spectral efficiency. The maximum bit rate to the operational centre is 4 Mbps as is shown in Section 7.5,this means the spectral efficiency is about 0.2bit/Hz for the standard 20 MHz channel, according to Shannon’stheory [38], theoretical this would require a SNR of at least 0.15. The RSPG requires signal send on the BRANspecified bands to use Dynamic Frequency Selection (DFS) and Transmit Power Control (TPC) [42]. The easiestway to have DFS is to give each member a dedicated up- and downlink channel, which is very possible within inthe 23 standardised channels.

Table 21.1: AD9361
Characteristics ValueTx Band 0.047 - 6.0 GHzRx Band 0.070 - 6.0 GHzBandwidths 0.20 - 56.0 MHzOutput Power 5.0 - 8.0 dBmInput Voltage 12 VInput Power 1 WCost € 184,-Temperature -40 - +85 °C

(a) Agile RF Transceiver

(b) Transmission Power

(c) Receiver Noise
Figure 21.1: General Use Transceiver [77]

21.1.2 5.8 GHz Amplifier
The next element of the communication subsystem is the signal amplifier. Some transceivers can already amplifythe signal to a level required for transmission, however in this system the signals have to be sent over very longdistances. To allow signals to travel a long distancewithout fading into nothing a lot of power needs to be added to
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the signal. When designing an amplifier there are three factors that need to be kept in mind: first the amplificationfactor, second the desired transmission frequency and third the performance of the amplifier in termsof distortionand noise. When using a COTS the performance is optimised for the a specified bandwidth and amplificationfactor. Finally the TPC regulation set by the RSPG must be adhered to. Achieving TPC puts a major constrainton the amplifier as the absolute maximum EIRP is 36 dBm [42]. To be able to operate effectively over the givendistance the maximum EIRP will be used. The amplifier also has to be able to amplify 5.15–5.825 GHz signalwithout causing a lot of noise. This is only possible if the amplifier is optimised for this bandwidth.

Table 21.2: TXPA58002W
Characteristic ValueTx Band 5-6 GHzWeight 50 gMax Output Power 34 dBmInput Voltage 12-16 VTemperature -40 - +85 °CCost € 25.33Input Power 20 W (a) 5.8 GHz Transmitter SignalBooster

Figure 21.2: Amplifier for Operational Centre Communication [78]

21.1.3 5.8 GHz Antenna
The antenna used for transmission from the searching member to the operational centre is discussed in thissection. As mentioned above the antenna needs to match the antenna used at the operational centre shown inSubsection 21.2.1, the antenna shall operate at the 5.8 GHz frequency using circular polarisation. As mentionedin the description of the amplifier the antenna will have to achieve the difference in gain between 36 and 28 dBm,which is a total of 8 dBi of antenna gain. This is a relatively low gain allowing the UAV to bank at significant angleswithout the antenna gain decreasing by much.

Table 21.3: RY5.8G antenna
Characteristic ValueTx band 5.225 - 5.950 GHzGain 7.9 - 8.1 dBiTemperature -40 - +85 °CCost € 5.26

(a) 5.8 GHz 8 dBiMushroom Antenna [79]
Figure 21.3: Antenna for Operational Centre Communication

21.2 Operational Centre Architecture
In this section the necessary systems for receiving the 5.8 GHz data transmission will be described. This systemwill be feature 3 parts; the first part is the receiving antenna dish, the second system is the transceiver used,finally the strategy for the return signal will be briefly elaborated on.
21.2.1 Parabolic Antenna Reflector Dish
The final element of the communication subsystem is the antenna. The antenna is responsible for the largestpart of the link budget between the operational centre and the swarm. To allow all the data to be received a verylarge parabolic dish reflector antenna will be used. This type of antenna has a very high gain, however this alsorequires the antenna to be very accurately pointed at the target UAV. To allow effective and automatic trackingof the target UAV, the antenna has a motorised axis to allow the antenna to turn automatically. When receivingat the frequency band 5.15–5.825 GHz, which lies in the C-band defined for satellite antennas, a gain of 42 dBi
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is required for reliable communication link. Antennas around 3.7 - 3.8 meters are able to achieve this gain. A bigpart of EMF transmission is matching polarisation as discussed in [44], however since the swarm members arenot stable during flight vertical or horizontal polarisation would becomemisaligned when the UAVs bank. Circularpolarisation would remove this problem at a slight cost increase and performance loss to the antenna itself, theincrease performance during misaligned operation does still warrant circular polarisation.

Table 21.4: Prime Focus Receive Only Antenna
Characteristics ValueRx Bands C & Ku BandGain 42.5 - 51.8 dBiPolarisation CircularDiameter 3.8 mMax Wind 120 km/hCost € 2635,-

(a) Viking Antenna [80]
Figure 21.4: Searching UAV to Operational Centre Transceiver

21.2.2 5.8 GHz Transceiver
At the operational centre a receiver is required to filter and demodulate the signal received by the big parabolicreflector dish. The transceiver shown in Figure 21.1 is capable of performing all these functions, for this reason itwas decided to use the same transceiver for simplicity’s sake. As this transceiver supportsMultiple Input, MultipleOutput (MIMO) architecture it is even possible to use more than antenna on a single transmitting UAV which canfurther increase the reliability of the received signal.

21.3 Technical Risk
In this section the technical risks that come with this type of communication are described. This communicationlink is most sensitive to noise and interference as it needs to be propagated over a very long distance and hasonly a narrowly closing link budget. As a consequence of the relatively weak signal, many transmissions canbecome corrupted through bit errors. For normal COTS system the mitigation strategy for this problem is usinga 2 way communication channel and sending a confirmation of the signal reception from the receiver. The bigproblem is that in this case the return signal has to use the ground station relay, as shown in Section 7.5, withall related technical risks. This means it is very possible that a lot of data is lost during transmission, the alreadyimplemented mitigation is a redundancy on the data send, meaning the searching UAV are sending data fromthe tracking members through multiple searching members.
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22 TRACKING OVERVIEW
A 3D model of the tracking UAV and its subsystems was created using the 3D modelling software Blender. Theindividual cameras, gimbal, communication subsystem, and payload mount were modelled and integrated intothe Albatross UAV as shown in Figure 16.2 [31, 81]. Due to time constraints, since the Albatross UAV is essentiallya miniaturised version of the Penguin B UAV, the same 3D model of the airframe and payload mount were usedand scaled down.

Figure 22.1: Tracking UAV and Integrated Subsystems

Figure 22.2: Exploded View of the Albatross Payload Mount and Subsystems

22.0.1 Payload Mount
The payload mount used is a scaled down CAD model of the universal payload mount provided by UAV Factory[31] and is shown in Figure 22.1. As mentioned in Chapter 16, this part is essential in order to be able to mountthe sensors. Its position on the Albatross is shown in Figure 22.2.
22.0.2 Communication and Processor Casing
Like the searching UAV, a protective casing is also required for the communication system and processors ofthe tracking UAV. However, as mentioned in Chapter 27, the tracking UAV uses less components in the com-munication system meaning a smaller case is required. The payload bay of the Albatross UAV is also smaller,meaning the sizing of this case is also limited. Based on these factors the case was created and is shown inFigure 22.2.
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22.0.3 Gimbal and Gimbal Mounting Rail
For the same reasons as mentioned in Chapter 16, the UX1 3-axis gimbal and gimbal mounting rail are used.However, since the width of the albatross payload bay is smaller than that of the Penguin B, the mounting railsalso had to be shortened.
22.0.4 Sensors
A detailed overview of the chosen cameras is provided in Chapter 25. Their positions on the gimbal can be seenin Figure 22.1.
22.0.5 Electrical Block Diagram

Figure 22.3: Electrical Block Diagram for Tracking Members
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Table 22.1: Electrical block diagram Legend Number and Description
LegendNumber Description
1 Modulated Electrical Power2 Accelerometer Readings3 Airspeed Readings4 Controlled Electrical Power5 Control Outputs6 Position, Orientation and Acceleration data7 Airspeed8 GPS and Orientation Data9 Electrical Power10 Control and Stability Output11 LIDAR Data12 Proximity Member Data13 Commands from Operational Centre14 Sensed Flight Path15 Amplified 866 MHz Bandpass Signal16 866 MHz Bandpass Signal17 Controlled Electrical Power18 433 MHz Bandpass Signal19 Commands from Operational Centre20 Data Ready for Transmission21 Wind Vector Data22 Controlled Electrical Power23 Compressed Data24 Controlled Electrical Power25 Compiled Environmental Data26 Controlled Electrical Power27 Controlled Electrical Power28 Controlled Electrical Power29 Controlled Electrical Power30 Controlled Electrical Power31 Compiled Fire Characteristic Data32 Flight Path Data33 Compiled Spectral Data34 Fire Front Line Data35 Commands from Operational Centre36 IR photos37 RGB photos38 Environmental Sensors Readings39 Gimbal Control Commands from the Operational Centre40 IR Sensors Electrical Signals41 RGB Sensors Electrical Signals42 Sensor Orientation Control43 Sensor Orientation Control44 Humidity Sensor Electrical Signals45 Local Temperature Sensor Electrical Signals46 Servos Control Inputs
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23 TRACKINGTECHNICALRESOURCEBUDGET
There are certain amount of resources allocated for tracking elements. A maximum mass of 200 kg and a max-imum cost of €100,000 were identified for the tracking element. In this chapter, the mass and power budgetbreakdown of the whole tracking element in Section 23.1, including its subsystems such as communication inSection 23.2, sensor in Section 23.3 and autopilot in Section 23.4 are included as well. The cost budget of thetracking is discussed in Chapter 36.

23.1 Tracking Element Technical Resource Budget
Figure 23.1 shows the mass and power budget breakdown of the individual tracking elements.

Figure 23.1: Tracking System Mass(left) & Power Breakdown(right)

The total mass of an individual tracking UAVs is 10 kg with a power consumption of 203.78 W.

23.2 Communication Technical Resource Budget
Due to different functionalities of the searching and tracking elements, the communication systems required inthe tracking UAVs will be different from the communication system in the searching UAVs. Figure 23.2 shows amass and power breakdown of the system.

Figure 23.2: Tracking Communication Mass(left) & Power Breakdown(right)
The total mass of the communication system of one tracking element adds up to 59.68 grams with a powerconsumption of 7.18 W.
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23.3 Sensor Technical Resource Budget
Sensors for tracking is different from searching since it severs a different purpose. This difference can be seenin the mass and power breakdown in Figure 23.3.

Figure 23.3: Tracking Sensor Mass(left) & Power Breakdown(right)
The total mass of the sensors in the individual tracking elements is 1172 grams with a power consumption of 3.1W.

23.4 Autopilot Technical Resource Budget
The mass and power budget breakdown of the autopilot system can be seen in Figure 23.4.

Figure 23.4: Tracking Autopilot Mass(left) & Power Breakdown(right)
The total mass of the autopilot system for an individual tracking element is 112.9 grams. The power consumptionof the tracking autopilot system could not be determined due to lack of information provided by the manufac-turer. However, it is estimated that the power consumption of the tracking autopilot system would be similar tosearching element, resulting in a estimate 4 W.
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24 TRACKING CONTROL SUBSYSTEM
As mentioned in Subsection 13.5.1, the Albatross UAV was selected as flight platform for the tracking UAV type.No trade-off has been performed for the autopilot of this UAV, as the Albatross is already compatible with a certaintype of autopilot. The specifications of this autopilot are presented in Section 24.1. The rationale behind the choiceto buy the autopilot off the shelf, related to risks, is given in Section 18.1. The specifications and capabilities ofthe autopilot were inspected to check its feasibility for the mission. An additional fire front line tracking functionwill be designed and included in the flight planner of the autopilot module for the tracking UAVs. This function isrequired to accurately follow the fire front line and map the desired areas. The fire front line tracking function isexplained in Section 24.2. General functions that the autopilot is performing are the same as for the searchingUAV autopilot and are presented in Section 18.2.
24.1 Tracking UAV Autopilot Selection
The Albatross UAV is compatible with autopilots designed on the PX4 autopilot system. The autopilot compatiblewith the Albatross UAV is the Pixhawk Minimanufactured by 3D Robotics [82]. Therefore, this autopilot is chosento include in the design of the tracking UAVs. An image of this autopilot is given in Figure 24.0a.

Table 24.1: Tracking UAV Autopilot Module
Component Price Manufacturer3DR Pixhawk Mini Autopilot €230 3DRLightWare SF11/C €269 LightWare Optoelectronics3DR Digital Airspeed Sensor €80 3DR3DR 10S Power Module €38 3DR (a) Pixhawk Mini Autopilot [83]

In order to let the autopilot control the aircraft autonomously, the autopilot needs additional hardware compo-nents. These components include an airspeed sensor, a power module, and a LIDARmodule. A brief explanationof the functioning of this system is provided in Section 18.1. The LIDAR system is necessary for the autopilot toperform autonomous take-off and landing. All the components selected to buy for the autopilot module (autopi-lot + sensors) are listed in Figure 24.1. Prices and the names of the manufacturers are also included in the table.Since the manufacturer of the autopilot is American, prices of the components are expressed in US dollars. Anexchange rate of 1 was used to express the component prices in euros. This exchange rate includes a safetymargin, as described in Section 36.1.
24.2 Fire Front Line Tracking
The purpose of the tracking UAVs is to map the front line of the fire. Since this function requires the UAVs toaccurately follow the fire front line during flight, several functions have to be installed in the swarm system.
As described in Subsection 14.2.3, the software in the operational centre will determine global waypoints for thetracking UAVs to fly over the fire front line. These global waypoints are based on the fire prediction algorithm,which is also performed in the operational centre. The tracking UAV will receive the global waypoints from theoperational centre and perform spline interpolation to generate a smooth flight path over the fire front line. Thesmooth flight pathwill be discretised afterwards and saved as a long list of short interval waypoints. The autopilotwill fly according to the short interval waypoints.
Due to possible misalignments arising between the modelled flight path and the actual fire front line, the trackingUAVs will also determine their relative position to the fire front line using themeasurement of the IR cameras theycarry. The swath width (horizontal field of view) of the IR cameras at 1000meters flying altitude is approximately750meters, as indicated in Subsection 25.3.1. A threshold of 100meters will be set on each side of the horizontalfield of view of the camera. When the fire front line is measured to be within the boundary areas outside thethreshold in the horizontal field of view of the camera, the next global waypoint in the database of the autopilotwill be altered and a new spline interpolation will be performed. By altering the next global waypoint of the UAV,the flight path of the UAV is forced towards the actual measured fire front line, preventing a loss of data on firefront line location.

FMUS-FR-2017 78



VITracking Element Design

25 TRACKINGDATAACQUISITIONSUBSYSTEM
The main aspects of the data acquisition subsystem in the tracking UAVs, and the final specification, are pre-sented. The key information used by fire management, Section 25.1, formed the basis for determination of whatis required of a UAS that tracks and monitors active fires. The final specification was designed based on an anal-ysis of this information; this is presented in Section 25.2, which describes the actual data the tracking UAVs aredesigned to acquire, and Section 25.3, which elaborates on exactly how that is accomplishedwith sensors.

25.1 Key Information For Fire Management

Monitoring of active fires involves the acquisition and analysis of large quantities of data. The operational centreis primarily concerned with the localisation of the fire and how it will spread over time [51–53]. The informationrelevant to these tasks, and the possible sensors for attaining this information, is contained in Table 25.1; includedin this table, and also of great importance, are values at risk (human lives, property, environment), suppression el-ements (aspects of an area experiencing fire that are of use to firefighters, such as water supplies and natural firebarriers), and suppression assets (the available resources for fire suppression, at the disposal of the operationalcentre).
The desired information is shown in the first column, followed by the corresponding data type in the secondcolumn; some information are functions of other data types. The third, fourth, fifth, and final columns display thepossible sensors for four different platforms (ground, manned aerial, satellite, and UAS) that can be employed todetect or determine that particular data type. If a sensor platform cannot suitably gather data on that data type,a dash is displayed.

25.2 Designed UAS Data Acquisition Capability

This section assesses the contents of Table 25.1 with respect to exactly what information the tracking element ofthe UAS should strive to collect and provide to the operational centre. This assessment facilitated the decision-making process for sensor selection and, as a consequence, functional role assignment within the tracking ele-ment (e.g. scouting, tracking etc.).
Tracking the fire front is the key function for monitoring a fire; it is the front that spreads into unburnt areas andhence poses the risk to people and their livelihoods. Hence, the combination of a GIS with a duo of visual/IRcameras, is required. Smoke and gas characteristics are much harder to detect at the altitudes flown by mostaerial systems [24]; as such, this was disregarded for the design, especially since pernicious fumes are muchmore of a problem with the combustion of non-organic material [9], which is uncommon in wildfires. Fuel datais crucial for a robust spread prediction algorithm; to this end, a visual and infrared camera are necessary forperforming a fuel mapping of the mission area. However, it should be noted that, after an design iteration, thisfunction was deemed more suited to the searching element; more details on this fuel mapping can be found inPart V. Due to the inherent difficulties associatedwith LIDAR topographicalmapping, and the inaccuracy of visual-based topographical mapping, topography data was left to the operational centre to source for itself. Soil type isnotoriously difficult to gauge accurately using only remote sensing instruments [61]; hence, this was disregarded.Weather properties, another essential aspect of fire spread prediction, are difficult to assess remotely[61]. Forsurface humidity and wind, to have any degree of reasonable accuracy, the UAV must fly at less than 100 m AGL(above ground level) and measure these properties locally.
For the observation of the remaining items in Table 25.1, namely values at risk; suppression elements; and sup-pression assets, visual and infrared camerasmust be utilised. Detection of humans requires a relatively high pixelresolution; as such, this function performed poorly in the technical risk assessment for the data acquisition sub-system and was disregarded. Likewise, sensing of property was deemed too much of a burden on the system,considering much property is already pre-mapped. For the various suppression elements, such as access to fireand fire barriers, this information is very challenging to obtain autonomously. It requires a diversity of complex,artificial expert systems with extensive training on image datasets; the costs associated with these tasks are tooprohibitive for this project.
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Table 25.1: Key data and corresponding possible sensors, for fire tracking and suppression purposes.
Sensor typeInformation Data type Ground Aerial (manned) Satellite UASFire

• location ◦ coordinates O GIS GIS GIS
• size ◦ radiated heat IR IR IR IR

◦ radiated light O/V O/V V V
◦ coordinates O O/GIS GIS GIS

• intensity ◦ radiated heat IR IR IR IR
• type f(Fire size, Fire intensity, Smoke & Gas Characteristics)
• rate of spread f(Fuel, Topography, Weather, Wind)Smoke & GasCharacteristics ◦ chemical composition spectrometer V/IR/M V/IR/M V/IR/M
Fuel
• type ◦ reflected EM waves O/V/IR/M O/V/IR/M V/IR/M V/IR/M
• density ◦ reflected EM waves O/V/IR/M O/V/IR/M V/IR/M V/IR/M
• moisture content f(Topography, Weather, Date & Time)Topography
• degree of slope ◦ altitude V/lid. V/lid./rad. V/lid. V/lid.

◦ coordinates GIS GIS GIS GIS
• aspect ◦ orientation magnetometer IMU IMU IMUSoil Type ◦ mineral composition soil test V/IR V/IR V/IRWeather
• temperature ◦ electrical properties thermometer - - thermometer*

◦ radiated heat - IR IR IR
• humidity ◦ electrical properties hygrometer - IR hygrometer*

◦ reflected EM waves - V/IR V/IR V/IR
• precipitation ◦ raindrops pluviometer - - -Wind
• speed & direction ◦ pressure anemometer - - anemometer*

◦ reflected EM waves - M† M† M†

• variability f(Wind speed & direction, Date & Time)Date & Time ◦ date & time clock clock clock clockValues At Risk
• humans‡ ◦ radiated heat IR IR - IR

◦ reflected light O/V O/V - V
• environment‡ ◦ reflected light O/V O/V V V
• property‡ ◦ reflected light O/V O/V V VSuppression Elements
• access to fire‡ ◦ reflected light O/V O/V V V
• evacuation routes‡ ◦ reflected light O/V O/V V V
• natural barriers‡ ◦ reflected light O/V O/V V V
• artificial barriers‡ ◦ reflected light O/V O/V V V
• water sources‡ ◦ reflected light O/V O/V V V
• hazards‡ ◦ reflected light O/V O/V V VSuppression Assets
• available manpower‡ ◦ coordinates O O/GIS - GIS
• available vehicles‡ ◦ coordinates O O/GIS - GIS
• available equipment‡ ◦ coordinates O O/GIS - GISForest jurisdiction ◦ estate listing - local storage - local storage

Legend: GIS, geographical information system; IR, infrared camera; IMU, inertial measurement unit; lid., LIDAR; M,microwave camera; O, ocular; rad., RADAR; V, visual camera; -, no suitable technology.Note: Some of the listed data types are functions of other data types; this is indicated by an ‘f ’. Note that the sensor typefield is left blank for these data types.*≤100 m AGL (above ground level).
†This microwave sensor application can only determine wind properties over oceans.
‡Much of the information pertaining to values at risk and suppression elements can be provided by a GIS. For suppressionassets, this can typically be ascertained from rosters of available manpower and inventory lists of available vehicles andequipment.
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25.3 Sensor Selection

The following section provides the details of the sensors used in the tracking UAV.

25.3.1 Infrared Camera
The selected infrared camera is theOptris Pi 160 shown in Figure 25.1 along side relevant data in Figure 25.2.

Property Value UnitSensor Type LWIR -Spectral Range 7.5 - 14 µmModel Optris Pi 160 -Resolution 160 x 120 pixField of View 90 x 64 °Swath Width Tracking 747.8 mPixel Resolution Tracking 4.67 x 4.72 mThermal Sensitivity 0.075 KAccuracy 2 %Frequency 32 HzTemperature Range 150 - 900 ° CBit Depth 8 -Cost 2690 €Size 46 x 56 x 90 mmWeight 320 gPower Consumption 2.5 W
Table 25.2: Optris Pi 160 Data

Figure 25.1: Optris Pi 160 [81]

25.3.2 RGB Camera
The selected infrared camera is a 600TVL HD Colour Mini FPV CMOS shown in Figure 25.2 along side relevantdata in Figure 25.3.

Property Value UnitSensor Type RGB Camera -Model 600TVL HD Colour CMOS -Resolution 752 x 582 pixField of View 60 x 46 °Pixel Res Tracking 1.54 x 1.46 mPixel Res Scouting 0.15 x 0.15 mFrequency 60 HzBit Depth 8 -Cost 18.4 €Size 21 x 21 x 28 mmWeight 11 gPower Consumption 0.6 W
Table 25.3: 600TVL HD Colour CMOS Data Figure 25.2: 600TVL HD Color CMOS FPV Mini Camera [84]

25.3.3 Temperature/Humidity Sensor
The selected temperature and humidity sensor is the Bosch Sensortech BME280 shown in Figure 25.3 along siderelevant data in Figure 25.4 [85].
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Property Value UnitSensor Type Temperature Humidity -Model BME280 -Accuracy 3 %Frequency 1 HzTemperature Range -40 - 85 ° CHumidity Range 0 - 100 %Size 2.5 x 2.5 x 0.93 mmWeight 2 gPower Consumption 13 µW
Table 25.4: Bosch Sensortec BME280 Data [85] Figure 25.3: Bosch Sensortec BME280

25.3.4 Wind Sensor
In Chapter 24, the autopilot used in the tracking UAV is described. Using this autopilot and the method describedin Section 26.7, the wind can be accurately estimated.
25.3.5 Technical Risk
The risks and considerations taken when deciding on the sensors are similar to those made for the searchingUAVs. These can be found in Subsection 19.3.3. However, a few considerations specific to the tracking UAVswere also made. These are as follows:
• Operational TemperatureThe RGB camera onboard the tracking UAV has a maximum operational temperature of 45 °C. This doesnotmeet the temperature requirement, however, it is extremely unlikely that the sensorswill reach a temper-ature of this magnitude. Nevertheless, a simple universal FPV camera protective case has been includedin the design to account for this.
• Weatherproofing Like the Optris Pi 640, the Optris Pi 160 also has a NEMA-4 environmental rating meaningit is intended for both indoor or outdoor use, and provides protection against windblown dust and rain,splashing water, and damage from external ice formation [57].

25.3.6 Sensor Mounting
As shown in Subsection 19.3.4, the tracking UAVs will fly with the camera in the vertical configuration. However,if it is ordered to scout by the OC, it will rotate and film in the high oblique configuration.
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26 TRACKINGDATAHANDLINGSUBSYSTEM
The tracking element has the task of obtaining data from the fire front-line once a fire has been detected. The datais obtained from the sensors, but it is unable to be sent to the operational centre unprocessed due to two reasons.First, the data is too large for the communication system to handle. Secondly, it is not in the form in which theoperational office requires it to be. Therefore the UAV has a processor on board in which data handling will bedone. This subsystem is critical as without it, the mission functionality once a fire has been detected would be atserious risk. The preliminary data handling architecture is shown in Figure 26.1. The architecture will be furtherelaborated in this chapter except for the UAV status data. This is because as seen in Figure 26.1 this data is sentunprocessed to the operational centre. In Figure 26.1 the image operations through which both, the infrared andoptical camera go through are coloured yellow. It is important to note that the coding, verification, and validationof this architecture is left for after the DSE project which is further explained in Chapter 33. Developing thesealgorithms is fully dependent on the capabilities and resources of the coders and is obsolete at this stage of thedesign.

Figure 26.1: Tracking Element Data Handling Software Architecture
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26.1 Vibration Deletion
The tracking element is going to experience gusts and harsh environments because it will fly close to the fireand even fly through smoke. In order to tackle rotational errors the UAV is carrying a mechanical gyroscope [86].Unfortunately, this does not tackle the translation vibration errors and therefore an extra algorithm is taken onboard. These translation errors are assumed to be the same for both cameras and therefore the algorithm isapplied to both cameras. The algorithm which is going to be implemented was developed for another UAS whichproved to have good results and is therefore applied on this system. [87] The goal of this approach is to performa motion estimation and cancellation of the cameras. The way this approach works is that a feature matchingalgorithm is used to compute a sparse motion field. This field is then used to estimate a motion model, whichis then applied across all pixels to warp the image to a common frame. This eliminates the background motionbetween two consecutive images allowing more accurate data handling.
26.1.1 The Feature Matching Algorithm
To compute the sparse motion field the method of Ferruz and Ollero [88] will be used. This method obtainsmatches between interest points such as trees, and selects a small image patch around them. These interestpoints or patches are then tracked along a sequence of images. When these interest patches are identified indifferent images they are called matches. To develop the similarity measures between the patches the team willuse a sum of squared differences or normalised correlation approach over the pixel values of the image patches.In order to improve the robustness of the matching also clusters of points are tracked. [89] This enables thefeatures to present invariant properties under certain motions of the camera allowing for more matches to befound.
Since the cameras are attached to a mechanical gimbal which eliminates the camera rotations the UAV cameravibrations can be assimilated by pure translations. To model the image motion under vibration a homography orrelation between two images of the same planar surfacewill be used. To determine the homography a translationmatrix will be required. [90] The degrees of freedom of this matrix will determine the amount of matches requiredto determine the homography. The feature matching algorithm will determine the most likely homography orrespective motion between two consecutive images. In order to compute the homography a linear algorithmwhich can be found in is proposed. [90] This is because it is very simple and it would reduce the amount ofpatches required from the matrix degrees of freedom by two. In reality more patches would be present and theywould result in over determination which can be used to improve accuracy. It is important to note that the modelwill only be valid for points of matches which do not move. Fire and smoke are moving objects and thereforeall objects with independent motion should be detected and neglected when computing the homography. To dothis the objects should be considered as outliers which can be done using the least median squares method. Toobtain the final homography and thus motion estimation model, an M-estimator will be applied. [91]
26.1.2 Image Warping
Now that the motion estimation model has been achieved, motion cancellation has to be done. The motionestimation model can be used to relate the motion of the pixels in one image with the previous. By combiningconsecutive transformations it is possible to warp all images to a common frame, compensating for the endgoal of camera motion compensation. To do these transformations a method based on pixel similarity will beemployed. This method minimises the RGB differences between the two images which helps to increase thealignment between the sequenced images.

26.2 Image Pre-processing
Images have been handled to compensate for camera vibrations. Although this improves the images, they areyet not ready to be analysed for their specific task. First, the infrared and optical images need to be pre-processedand each in their different way to at the end go through the same closing morphological operation, with the goalof smoothing the tracking element path development.
26.2.1 Geometric and Radiometric corrections
Once the vibration errors have been deleted, the geometric and distortion errors are tackled. This is done usingboth the IR and RGB images, and passing them through the same geometric, and radiometric algorithms asthe searching UAV data handling subsystem. A more elaborate explanation of these algorithms is provided inSubsection 20.2.2 and Subsection 20.2.3.
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26.2.2 Infrared Image Pre-processing
The infrared image at this stage has a 160 by 120 image resolution, a pixel resolution of 4.62 x 4.67m and detectstemperature intensities of 150 to 900 degrees Celsius. First the image will go through a fire segmentation op-eration. The operation technique is called the Otsu method and is one of the most widely adopted thresholdingmethods for image segmentation. This method by itself automatically searches for an appropriate image thresh-old, allowing this operation to be as accurate as possible for each image. The expected result of this operationis that the fire is separated from the background points.
Secondly a feature extraction algorithm is applied to delete the 150-250 degree intensity pixels from the image.This is done because this information is not considered important since fires ignite on averagewith a temperatureof 275 degrees. [92] This feature extraction algorithm also compensates for possible false positives by allowingthis 25 degrees Celsius difference. Further a second feature extraction algorithm is applied in order to change allsurroundings of the fire such as grassland(green), and sand or dirt( brown) to a white colour.
Intense fires do not perfectly develop in a teardrop shape, and will highly likely also have sharp edges and fingersin some places along its circumference. This would affect the UAV flight track planning negatively, as more UAVagility would be required. To minimise the impact, the morphological operation of closing will be applied. Therough edgeswill be filled and also a small overestimation of the firewill bemade for safety reasons. It is importantto note that the samemorphological operation is applied to the optical image as it is required to keep both imagesthe same as possible for the fire front line comparison operation which is elaborated in Subsection 26.3.3.
26.2.3 Optical Image Pre-processing
At this stage the optical image has a 752 by 582 image resolution, a pixel resolution of 1.54 x 1.46m, and providesan 8-bit colour distribution per pixel.
To determine the fire front and type only an infrared camera is required. To offer a higher reliability of the front linelocation an optical camerawith higher resolution than the IR camerawas added on board the UAV. This allows theinfrared image to be comparedwith the optical image. To get to the fire front line comparison operation first someimage pre-processing techniques are applied to the optical image. The proposed optical image pre-processingand blob counter methods in this chapter were developed for another UAS system [93]. This method showed tohave promising results for which it will also be applied on to this system.
First to eliminate sensor and communication errors a 3x3 median filter is applied to the image. This filter isknown for its simplicity and its good edge preservation while at the same time reducing noise. Secondly,a colourconversion from RGB to a Lab colour model will be done to make the fire segmentation operation more accurate.This is because the Lab format adsmore intensity to the pixels, which in turn shows a higher contrast between thegradients when the threshold is applied. Thirdly the same fire segmentation technique as for the infrared imageis applied. Further to delete the remaining small irrelative objects from the image which might affect the ultimatefire detection severalmorphological operationswill be applied. Some expectedmorphological operations that willbe done are erosion, dilation, and opening. Further the optical image will also pass through a feature extractionalgorithm to change the background to a white colour. To end the optical image pre-processing the image willpass through the same closing morphological operation as the infrared image.

26.3 Fire Analysis
Now that the images will have been pre-processed, the fire analysis operations will be done. First a blob counteralgorithm will be applied to both the infrared and optical images, enabling the fire to be tracked and not be lostout of the camera sight.
26.3.1 Blob Counter algorithm
The tracking UAV has to have the fire front line in sight in order for it to capture relevant data. In order to do thisthe fire needs to be tracked. The proposed method to be able to do this is the blob counter approach. [93] Thistechnique tracks the number and direction of blobs traversing a entrance per unit time. This algorithm is opensource and can be found in the blob counter class in Aforge. [94]
26.3.2 Edge Detection
To determine the fire front a high pass frequency filter is applied on the convoluted image. This will be done withan appropriate kernel function in the spatial domain as in practice this domain is less computationally expensive
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and often has better results. The reason why a high pass filter will be applied is that there will be a high contrastbetween the white surroundings and the red fire of the infrared image and optical image.
26.3.3 Fire Front line Comparison
To achieve a more accurate front line position the infrared and optical images will be compared through a pixelsimilarity algorithm. While programming this code a higher weight will be devoted to the infrared image. Thisis because the optical image is going to experience hindering when smoke or clouds appear under the UAV. Itis important to note that the optical image is not going to be used anymore after this step, as no further datahandling output is required from it.
26.3.4 Fire Type Conversion Algorithm
The expected output from the cameras on board of the tracking element at the operational centre is the fire typeand its position. To do this a thresholding algorithm will be developed to go from a temperature image to a firetype image.
First of all it is important to state that several assumptions were realised which need to be verified in later stepsof the design. Fire types are related to temperature. [92] Unfortunately, no exact temperature ranges have beenfound though. Therefore the ranges are roughly determined as of now, and will require testing using a probabilityanalysis. This is because the burning temperature is a function of the burnt fuel and this burnt fuel is data whichthe tracking UAV does not have. The preliminary temperature ranges together with their fire type and codingconversion are provided below:
• 0-250◦C = no fire=code:0
• 250-650◦C = ground fire =code: 1
• 650-850◦C = cool or surface fire = code: 2
• 850+◦C = for a hot or crowning fire =code: 3

26.3.5 Fire Classifications
As explained above, the fire types will be sent to the operational centre. It is important to define exactly whateach of these types mean to the Fire Swarm in order to avoid communication mistakes in the operations of theoperational centre.[95][96]
• Glowing or ground firesThese fires appear under the surface level, and move slower but burn for longer than the other types offires. These are kept fuelled due to branches and vegetation in the ground soil.
• Cool or surface firesThese types of fires happen when vegetation above surface level is burnt. Grass fires are included in thesetypes of fires and are very important to map. This is because even though they do not burn everythingcompletely which is in their way, they move at higher velocities than the other types of fires.
• Crown or hot firesThese types of fires are characterised by their higher temperatures and their burning capabilities. Althoughthese fires do not move as fast as the cool fires they burn everything which is in their path. Tree fires arecharacterised as being hot or crown fires, as they offer a high fuel density for the fire to burn.

26.4 Data Filtering

As of now the infrared image provides a 4.62 x 4.67 m pixel resolution while the required pixel resolution at theoperational centre is of 10 x 10 m. Therefore the data will be filtered or lowered in resolution using a median filter.This is done in the UAV instead than in the operational centre because then less data needs to be sent throughthe communication system. It is important to note that this step is done lastly as it is more reliable to do theoperations with high resolution data and to then to compress it to the needed resolution.
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26.5 Camera Outputs
The operational office also requires the tracking UAVs to send optical images on request when the scoutingfunction is on. To do this the images are extracted after the vibration deletion operations to provide as much rawand unprocessed data. Due to the communication subsystem constraints, the image resolution is changed to320 by 240 pixels. Each colour also offers 8-bit detail as output.

26.6 Temperature and Humidity
The operational centre requires the UAV to send the local temperature and humidity at the UAV altitude at every50 meter ground level displacement, when the scouting function is on. The temperature and humidity will becontinuously measured by the BME 280 sensor and passed through a filtering algorithm which deletes all thedata between the 50 meter displacements. The input displacements will be sent from the autopilot subsystemas depicted in Figure 26.1.
26.7 Wind
When the tracking element UAV scouting function is on, the operational centre requires the UAV to provide a windvelocity and direction estimation at the UAV altitude and 100 meter below it. To develop these estimations, themethod proposed in [97] will be applied. The required inputs are the IMU, GNSS, UAV velocity, and UAV positionwhich are provided by the autopilot. The results will then be filtered in the same method as the temperature andhumidity measurements.
26.8 Verification
Once this architecture is programmed it will be necessary to do verification in order to see that the requirementsof the code have been met. In order to do this the verification will move from up to down in Figure 26.1. First unittests will be done which are depicted as white blocks in Figure 26.1. Then when all the unit tests have been donethe larger module tests will be done which are depicted in transparent squares. Lastly, when all the module testshave been realised tests of the complete system will be done for each output.
26.9 Technical Risk
During the design of the tracking data handling architecture some risk mitigation took place. First, the data com-pression unit was done right after the vibration deletion module. This was done in order to make the processorcomputations faster while producing the required output to the operational office. Fortunately, it was soon re-alised that this would result in less accurate data, since the following operationswould be donewith less accuratedata. Thiswould result in a greater risk for themission functionality. To solve this, the data compression operationwas set to be the last step of the data handling process. This was done while making sure that the motherboardcould still handle the data with irrelevant speed loss.
26.10 Processor
Detailed explanations of different types of processors can be found in Section 20.9. For the tracking UAVs, a pro-cessor from the same manufacturer of the searching element was chosen. Considering the function of trackingis different than from searching, a processor with less but more powerful cores is chosen, namely the Snap-dragon 821. This processor is composed of 4 cores which enables parallel work to be done. The Snapdragon821 is based on Qualcomm’s proprietary processor architecture named Kyro. Similar to Snapragon 650, thereare two fast Kyro cores clocked at up to 2.4 GHz for more intensive tasks and two slower, but much more ef-ficient Kyro cores clocked at 1.6 GHz for more lightweight workload. Due to the difference in core architecture,Snapdragon 821 using proprietary Kyro architecture leads to a more powerful and and uses less power relativeto its performance comparing to 650, which is also reflected on it being more expensive than Snapdragon 650.[98]
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27 INTER SWARM COMMUNICATION

In this chapter the inter swarm communication system and communication systems common to all membersshall be described. Section 27.1 elaborates on the transceiver used for this communication link. Next in Sec-tion 27.2 the amplifier that operates in tandem with the transceiver is discussed. Finally the antenna necessaryfor this system is discussed in Section 27.3. The following chapters discuss communication systems commonto all members; Section 27.4 discusses the proximity beacon and Section 27.5 discusses the location beacon. Atthe end of the chapter the technical risks are described in Section 27.6.

27.1 Transceiver

The start of the inter swarm communication design is the transceiver. The communication system for externaldata transfer to the operational centre elaborated on in Chapter 21, uses a transceiver that is also compatible withthe inter swarm communication system. As already mentioned in Section 7.5, there is a low and large data ratecommunication configuration. To support the low data rate a bandwidth of 200 KHz is required centred at the866 MHz frequency, this would increase the sensitivity of the sensor allowing it to transmit over large distances.When a scouting operation is performed this bandwidth is not sufficient to transmit all the data, for this reasona deal will need to brokered with the owners of the licensed bands between 792 and 862 MHz, the spectrummade available to cellular operators during the digital dividend delivery [99], which freed up the spectrum usedfor analogue television transmission. This spectrum has only been made available since 2015 and as a resultthere is hardly any infrastructure in place operating on these frequencies. The necessary hardware is integratedinto our system to allow independent use of the frequency band, if the license owner allows it. When infrastructurefinally does get put into place the swarmwill be able to piggyback on this network. Reducing operation cost, whileincreasing performance. The main concern when using these frequencies are the charges the operator will inferon our swarm, which is very much an uncertainty, this is further elaborated on in Section 27.6.

27.2 Amplifier

In this section the amplifier installed into all members of the swarm to allow inter swarm communication is de-scribed. Inter swarm communication will mainly be performed on the unlicensed 866 MHz band as mentionedin Section 27.1. During scouting operations a large bandwidth channel will have to be used in the 792-862 MHzfrequency band. It is important that the amplifier used is able to support both these signals. To allow the com-munication link to cover the distance between swarmmembers, a total of 30 dBm EIRP shall be used for the lowdata rate, the maximum EIRP allowed in this bandwidth 33 dBm ERP [100], shall be used to allow high data ratecommunication. The amplifier will produce a 27 to 30 dBm signal, for low and high data rate respectively and theremaining 3 dB will be achieved using the antenna. It is necessary to use TPC for this transmission, whichmeansthat only the necessary power will be used to establish a communication link. This function will be performed byboth the transceiver and the amplifier.

27.3 Antenna

In this section the antenna installed into all members of the swarm to operate in tandemwith the aforementionedamplifier is described. Finally the antenna chosen for inter swarm communication will be described in this chap-ter. The Antenna has to have only 3 dBi and uses vertical polarisation. The simplest antenna, commonly know asrubber duck, is perfect for this function. The rubber duck is omni directional and as a result, does not have anysignificant dead zones. There is a very small dead zone in the extension of the antenna, which will only cause avery brief loss of signal when a connecting members passes directly overhead.
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Table 27.1: PE15A1011
Characteristic ValueTx band 820-960 MHzInput Voltage 12 VGain 15 dBNoise Figure 2 dBTemperature -40 - +75 °CCost € 385,-Input Power 6 W (a) Low Noise Amplifier

(b) Graphs Showing Gain andNoise Figure per Frequency
Figure 27.1: Amplifier for Inter Swarm Communication [101]

Table 27.2: RKD-GSM-3DBI-RDANTENNA
Characteristic ValueTx band 800 - 960 MHzGain 3 dBiPolarisation VerticalTemperature -40 - +60 °CCost € 0.20Weight 9 gMax Power 50 W (a) GSM Rubber Duck Antenna

Figure 27.2: Antenna for Inter Swarm Communication [102]

27.4 Proximity Beacon

In this section the proximity beacon installed on all UAVs to avoid collision between swarmmembers is described.During normal operation it is very likely that two or more UAV will fly quite close to each other. Using the alreadyestablished communication system the only member in the system who is aware of the locations of all UAVs isthe operational centre. Using a sense and avoidance system based in the operation centre would be very sluggishand indirect as every commands would need to be relayed through the telecom network and the ground station.To allow the swarm members to autonomously do sense and avoid manoeuvres would require a proximity com-munication devices. The Bluetooth Low Energy (BLE) system discussed in the baseline report[11], would perfectlybe able to perform this role. These systems are typically extremely cheap and small which gives some freedomin choosing a good system to fulfil this role.

Table 27.3: BLE121LR
Characteristic ValueTx band 2.4 GHzInput Voltage 2 - 3.6 VRange 300-450 mTemperature -40 - +85 °CCost € 11.34Input Power 0.08 W

(a) Bluetooth® Smart Module
(b) Diagram of Range vsLosses

Figure 27.3: Bluetooth Proximity Beacon [103]
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27.5 Location Beacon
The final communication component, a locator beacon, is described in this section. This beacon is used to makerecovery of landed or crashed UAV a lot easier. It is very likely that not all members of the swarm will be in directline of sight of the operators present at the catapult. This component shall make recovery a lot easier to find lostUAVs. The UAVs operate in very harsh conditions, like high temperature, smoke and ash clouds. Due to thesecircumstances it is possible a UAV has to do a emergency landing. During normal operations the UAV would landin a predefined location and would be easy to retrieve. in the case of a crash landing which disconnects the UAVfrom the communication network only the last broadcast ed position is known . to allow the operators to locatethe UAV in given area it would be very useful to have location beacon able to withstand crash landings. Such alocator is readily available for the Remote Controlled (RC) UAV market. The chosen UAVs are in many ways thesame as a typical RC UAV, for this reason the COTS systems are perfect for this purpose.

Table 27.4: loc8ter tag
Characteristic ValueAccuracy 2.5 cmRange 122 mBattery Life 1 yearCost € 22.65Weight 6 g

(a) Loc8ter tag and tracker
Figure 27.4: Location Beacon

27.6 Technical Risk
In this section the technical risks associated with this communication link are discussed. As already mentionedabove it is necessary to broker a deal to allow the use of the large bandwidth channels between 792 and 862MHz. During the design phase of this system there is hardly any infrastructure in the predicted mission areas,however it is very likely that infrastructure will develop to also cover this area. As a result of this development thebandwidth will start to increase in value very quickly increasing the price that is to be payed by the operator of theswarm. Thiswill also cause a lot of interferencewith the inter swarmcommunication. For this reason a processoris integrated to allow strict channel allocations. When relaying data some redundancy is used as described inSection 21.3. The level of redundancy is directly linked with the amount of interference. When interference startcausing too many bit errors the redundancy will autonomously reduced. The integrated system is designed to besustainable even with a massive increase in RF channel use in the coming 10 years, as described in [104].
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28 SENSITIVITY ANALYSIS
Sensitivity analysis is a method used to test the sensitivity of the design with changes in key system parameters.This is not only done on a system level, but in the subsystem level as well. The weight of the wing will be affectedby the thickness of the skin, thismeans that the total weight of the wing will have a certain sensitivity level to suchchange in a key parameter. However, a conventional sensitivity analysis could not be applied due to the fact thatall the components are COTS. This means that no change in the key system parameters will affect the design ofdifferent systems. Therefore, a different method to tackle sensitivity analysis will be presented. In this chapter,the sensitivity parameters will be identified in Section 28.1, after which different changes in the maximum flightspeed are discussed in Section 28.2, followed by flight altitude in Section 28.3, and finally, maximum mass inSection 28.4.

28.1 Sensitivity Parameter Identification
The proposed sensitivity analysis is mostly a qualitative analysis, focusing on how the whole system is affectedby a change in the stakeholder requirements. It is not possible to make a quantitative analysis using this method.The proposed sensitivity analysis involves making drastic changes to the given stakeholder requirements, andqualitatively analyses the changes required in the different subsystems in order tomeet the performance require-ments.
There are four main stakeholder requirements which are cost budget, mass budget, cruise speed, and flight alti-tude. The sensitivity analysis will focusmainly on the flight speed, flight altitude andmaximumweight. The cruisespeed was originally maximum flight speed given as a stakeholder requirement. However, through investigationand trial, it was concluded that changing the maximum allowable flight speed from 100 km/h to 80 km/h hasno impact on the design at all since the searching and tracking elements have a default cruise speed lower than80 km/h, namely 79.2 km/h and 64.8 km/h. Hence the requirement was changed from reduction of maximumflight speed of 20 % to reduction of UAV cruise speed by 20 %. The following changes are applied to analyse thesensitivity of the design with respect to the stakeholder parameters.
• UAV Cruise speed reduced: 100 %→ 80 %
• Flight altitude reduced: 3,048 m→ 2,438.4 m

• Maximum mass reduced: 500 kg → 400 kg

28.2 Maximum Flight Speed Reduced
In this section, the impact of changing the maximum flight speed on different subsystems of the design will bediscussed.
• CommunicationReducing the cruise speed of both searching and tracking element by 20 %will improve the communicationlink between operational centre and searching elements. However, it will have little impact on other swarmcommunication system since it uses omnidirectional systems.
• AutopilotThe autopilot will not be affected by this change in stakeholder requirements since flight speed is only aninput value to the autopilot and will properly function regardless of airspeed.
• Sensors

◦ CameraReducing the flight speed means the required frame rate of the cameras will also reduce. Since allchosen cameras already have a frame rate much higher than required, reducing the speed of the UAVwill have no effect on the cameras.
◦ Environmental SensorsThis change will have no impact on the temperature, humidity, and wind sensor. This is due to the
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fact that the environmental sensors measures local environmental values, and it is independent of theflight speed.
• Flight Path & UAVFlight path will have no impact since all other subsystems remain constant, the HFOV remain the same,meaning the number of lanes will be constant. However, due to a slower cruise speed, it requires moreUAVs to still be able tomeet the requirements. If the cruise speed reduces by 20%, the number of searchingelements will increase by 1. The number of tracking elements will also increase from 10 to 12 in order tostill be able to cover the required fire area effectively.
• Data Handling(Tracking)This change has minimal impact on the data handling for tracking and logistics since only data rate willreduce, leading to a lower computational load on board.
• LogisticsA reduction of cruise speed results in an increase of total number of UAVs by 3. This increase, however,does not impact the transportation van as all the UAVs still fit in one van. The only impact it could have isan increase in fuel consumption of the van due to the extra weight added by the 3 UAVs.
• Data Handling (Searching)Theoretically, flying at a lower speed relieves computational load since fewer images need to be taken. Theaccuracy and quality of the images taken will also improve due to less motion blur.

In conclusion, changing the maximum flight speed results in a medium level of sensitivity, due to several subsys-tems needs to make changes in order for the system to still meet the requirements.

28.3 Flight Altitude Reduced

In this section, the impact of changing the flight altitude on different subsystems of the design will be dis-cussed.
• CommunicationThere is a small chance of a mountain being in between the OC and the searching members at an altitudebetween 8,000 ft and 10,000 ft. If this situation does occur, another member or operational centre whichhas a clear LOS to the sidelined member can be used to establish a communication link. Even if this is notpossible, all the data is sent with a 100 % redundancy.
• AutopilotSimilar to the flight speed, changing the flight altitude from 10,000 ft to 8,000 ft will not have any impact onthe autopilot subsystem since it is only an input to the system. The algorithm of the autopilot continue tofunction normally at any altitude.
• Sensors

◦ CameraDecreasing the flight altitude is very beneficial for cameras onboard the searching UAV. This decreasewould result in higher pixel resolution of the cameras, meaning the algorithms for detection would bemore accurate. Some cameras also do not operate at 100 % at high altitudes, so by reducing this, thetemperature increases along with the functionality of the camera.
◦ Environmental SensorsThis change in the stakeholder parameter will not have impact on the environmental sensors.

• Flight PathFlying 20 % lower also results in a reduction of HFOV by 20%. This means in order to cover the same areawithin the same time frame, more lanes are needed. For searching in a plain area, the number of tracks willincrease to 12, while for mountainous area, the number of tracks will increase to 16.
• UAVsReducing the flight altitude will result in a reduction of the HFOV by 20 % as stated in the text before. Atthe same time, this will require more UAVs to perform the same task. For a plain area, the number ofsearching elements increases to 4, and in mountainous area, the number of UAVs increases to 5. Hencefor redundancy reasons, the total required number of UAVs will be 6.
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• Data Handling (Tracking) & Data Handling (Searching)A reduction in flight altitude will have no impact on the data handling of the tracking element since eachelement will fly at 1000m, lower than new maximum flying altitude. For data handling of the searchingelement, the accuracy will be improve. This means that the rate of true positives (TP) and true negatives(TN) increase, whilst the rate of false positives(FP) and false negatives (FN) decrease.
• LogisticsThis change will not have impact of the logistics of the system.

To conclude, reducing the flight altitude has similar impact compared to changing flight speed. Hence it has amedium level of sensitivity.

28.4 Maximum Mass Reduced
Reducing the maximum mass by 20 % will not have any impact on the design of the system. This is due to thefact that the maximum mass of the swarm is 190 kg which is already much lower than the new maximum massof 400 kg. Hence it can be concluded that the reducing in maximum mass by 20 % has no impact on the designitself.

28.5 Sensitivity Analysis Conclusion
Changing the stakeholder requirements will indeed have some level of impact on the system. Changes in theflight altitude has the greatest impact on the system, resulting in an increase in the number of tracks, which willincrease the number of UAVs as well. Other changes such as flight speed and mass budget have no impacton the design of the system, but changing the stakeholder parameters will benefit certain subsystems such ascommunication.
The designed system at the current stage has a low sensitivity to changes in the stakeholder parameters, exceptflight altitude. There are several flight altitude regulations in different countries and setting a requirement aboutmaximum flight altitude is unlikely to change through out the project.
In Table 28.1 includes the general conclusion of sensitivity depending on the changes in different requirements.The level of sensitivity (LoS) will be categorised as negligible, low, medium, and high depending on how sensitivethe system is.

Table 28.1: Sensitivity Analysis Conclusion
Maximum Flight Speed Reduced Flight Altitude Reduced Maximum Mass Reduced

LoS Medium Medium Negligible
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29 PROPOSED PRODUCT VERIFICATION
Verification and validation is an essential part of the design process. A product which has not been verified norvalidated cannot claim to accomplish its mission objective. Without it, there can be a myriad of unknown faultsin the system. A plan for verification and validation has been set up in the previous report [105].In Section 29.1 the product is verified to ensure all the requirements aremet. This is accompanied by a compliancematrix shown in Section 29.2 which gives an overview of the requirements that can be marked as either satisfiedor not satisfied after verification.

29.1 Verification
The product needs to be verified on the requirements. Verifying it on requirements means to check, by meansof different methods, if all the requirements are satisfied. If this cannot be shown, the design is not ready forapplication.
29.1.1 Product verification
As described in the mid-term report [105], there are 4 methods that can be followed to verify a product. Everyrequirement had more than one verification plan in case it was not possible to use the first method. The verifica-tion methods are as follows:
• InspectionVerification by inspection is to inspect the design documentation or the product to show compliance withthe requirement. Since the system comprises of existing technology, verification could be performed byreading corresponding design documentation relating to the components, products, and technologies thatwere incorporated in the system.
• AnalysisVerification by analysis is to establish by mathematical or other analysis techniques that the product com-plies with the requirement. Before a verification can be performed by thismethod, the correspondingmodelhas to be validated first. Model verification in the design of the FMUS is described later in this section.
• DemonstrationVerification by demonstration is to establish by operation, adjustment or reconsideration of a test article itscompliance with the requirement. Again, since there is a fair amount of existing technology incorporatedin the design, test articles or operation reports from other users served as a verification method.
• TestVerification by test is to test (a representative model of) the product’s compliance with requirement underrepresentative conditions. Because there was not enough time to make a real-life model of the system orparts of the system during the project period, this method could not be executed yet and will therefore onlybe planned for future design phases.

The complete list of requirements and how the product is verified with those requirements can be found in Ap-pendix A. Most of the requirements could be satisfied by inspection of the design documentation, but some ofthem need a test or demonstration before they can truly be marked as satisfied. The table shows the inputsand outputs of the verification process and is combined with the compliance matrix, further described in Sec-tion 29.2.
The verification models that have been developed are a Searching Flight Path Model and a Tracking Flight PathModel. Both models were based on assumptions to simplify the real life as much as possible and to be able tomake estimations as accurate as necessary to still end up with a valid model.
29.1.2 Model Validation
Both models are a basic representation of the flight path strategy showing how the swarm will navigate thearea. The Searching Flight Path Model simulates the way points of the searching UAVs. Using this model, it waspossible to calculate and illustrate the UAV’s coverage and revisit time over the entire 50x50 km area, according to
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several system operation (FMUS-Tech-SOPS) requirements. The inputs of the model were the amount of UAVs,the ground elevation, the UAV’s velocity, and a test area that can include lakes which are unnecessary to cover.The Tracking Flight PathModel simulates the trajectory of the tracking UAVs during the first hours of an active fire.Using this model, it was possible to calculate and illustrate the UAV’s coverage and revisit time over the edges ofthe fire in time, also according to several system operation (FMUS-Tech-SOPS) requirements. The inputs of themodel were the amount of UAVs at the front and at the back, due to prioritisation as described in Chapter 12, andthe UAV’s velocity. An illustration of the simulations can be seen in Figure 29.1. Where in the searching situation,a part of the sea is excluded from the flight path, as will be the case in reality. In the tracking situation the highaltitude tracking can be seen on the fire front lines and the low altitude tracking 100metres ahead of them.

Figure 29.1: Searching Flight Path (left) and Tracking Flight Path (right)
The models were built on a foundation of assumptions to facilitate the computational effort and reduce thedevelopment time, which are listed below. Nevertheless, the model outputs should still provide results that areaccurate enough to be considered valid. More information on the accuracy is provided later in this section.
Searching Flight Path Model Assumptions:
• The UAVs take straight angle turns.
• There is a constant elevation throughout the mission area.

Tracking Flight Path Model Assumptions:
• The initial fire size is 3x3 m.
• The fire spread rate is set constant at 100 metres/min. [106]
• The ratio of fire progression speeds at head:flank:back is 100:30:10 and stays constant over time. [106]
• The shape of the fire is best represented with ellipses. [107]
• The fire progresses homogeneously over the area, not taking into account elevation, slopes, and vegetationdensity.
• The wind direction and speed stay constant over time.

There are 3 methods by which model validation can be performed, as described in the previous report and re-peated here: [105]
• ExperienceBy experience of application of similarmodels in similar circumstances. The teammembers had experiencewith developing a state-space model of an aircraft.
• AnalysisBy showing with an analysis that some of the elements of the model are of necessity correct and arecorrectly integrated. The team members can perform analytical calculations to assess the model results.
• ComparisonBy comparing the model with test cases in the form of independent models of proven validity or actual testdata. At TU Delft there could be staff members that are willing to provide the teamwith test cases of provenmodels.

It was decided that bothmodels were going to be validated by analysis. Validating by experience was not applica-ble because these models were developed without prior experience with similar models. The models were alsonot compared with a much more detailed model because validation by analysis was considered to be sufficient
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for the basic models that have been developed.
In order to assess the model as valid it needs to give results with errors not larger than a certain threshold.It was decided that this threshold be set at a 10% difference with the analytical solution, simply calculated byEquation 29.1.

Error = |M − A|
A × 100 (29.1)

Searching Flight Path ModelThe total time that the UAVs need to cover the entire area can be analytically determined. Once again, turns aremodelled as right angles, and a cruise speed of 79.2 km/h of a UAV is assumed. The scenario that is chosenis a mountainous area with an average elevation of approximately 1 km while flying with 4 UAVs. Because ofthe swath width of 4.167 km, 12 lanes and a highway lane need to be flown. This resulted in the following revisittime:
Total Distance = 11 · (50− 50

12 ) + 2 · 50 = 604.2 km
Distance per UAV = 151

4 = 151.0 km
Average Airspeed = 79.2 km/h
Total time = Total Distance

Average Airspeed = 151.0
79.2 = 1.91 hours = 115 minutes

Implementing the same situation into themodel resulted in a revisit time of 109minutes. Then, the error betweenthe analytical approach and the model was 5.2%. Hence, the Searching Flight Path Model was validated.
Tracking Flight Path ModelThe revisit time of the tracking UAVs was more complicated to model since this depended on the fire size, shapeand rate of spread. The model is not able to dynamically change the amount of UAVs as a function of fire size.This had to be implemented in advance. By using a simulated fire that has been burning for 6 hours as a testscenario, and assuming the UAV is flying at cruise speed (64.8 km/h), a rough estimate of the UAV revisit timecould be computed. No prioritisation is taken into account, so only the time taken to fly the full perimeter ofthe fire is calculated. In reality, there will be a distinction between UAVs flying only at the front and UAVs flyingonly at the back and flanks. This is done to see whether the flight speed and distance covered is accuratelyrepresented:

Total Perimeter after 6 hours = 37.5 km (10-term series estimation from simulation model)
Average Airspeed = 64.8 km/h (The UAVs can use the gimbal to look on the way back)
Total time = Total Perimeter

Average Airspeed = 37.5
79.2 = 0.578 hours = 34.7 minutes

Implementing the samesituation into themodel resulted in a revisit timeof 33.88minutes. Then the error betweenthe analytical approach and the model was 2.4%. Hence, the Tracking Flight Path Model was validated.

29.2 Requirements Compliance Matrix
To give in short an overview of the requirements that are satisfied or failed, a requirement compliance matrix isadded at the end of this report in Appendix A. The requirements are summarised and, as a result of the productverification, a check mark or cross is included in the right column. A checkmark indicates that the requirementis met, a cross indicates the opposite. Some requirements are not yet satisfied because a prototype is requiredfor test that can only be done after the DSE, as discussed in Chapter 33. An example of this is showing thatthe UAV can actually detect real life forest fires with the sensors it carries. Others need a demonstration of acertain process to truly show the compliance of the requirement, for example the loading and unloading of thetransportation van and the launch of the UAVs.
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30 PROPOSED PRODUCT VALIDATION
The last phase of the design is the product validation. Here it is shown that the product actually does what itneeds to do and fulfils the mission need. The validation will be done by evaluating different mission scenariocase studies, which is one of the methods proposed by the third year course, Systems Engineering and Design[26].

30.1 Mission Scenario Case Studies
During the midterm phase several case studies were developed in order to validate the system In this section,for the sake of completeness, the case studies are briefly described again, and the case study analysis is per-formed.
30.1.1 Case Study 1 - False positives
In case a fire is detected, the searching UAVswill send an alarm to the operational centre and the ground crewwillbe notified to launch the tracking UAVs, after a fire is confirmed by the operational centre. However, it is possiblean alarm sounds but that there actually is no fire present. This would mean that the tracking UAVs will have beendeployed for nothing. Therefore, it is desired to keep the false positives to a minimum.
Case Study Analysis

Every time a fire is detected the UAV takes a high resolution optical image of the fire which will be sent to theoperational centre. This image allows the operational centre to verify if this alarm is actually a false positivewithout requiring the deployment of the tracking UAVs. It also prevents unnecessary deployment of fire fightingpersonnel. If the view is obstructed because of clouds, and the a fire cannot be confirmed by the visible lightcameras, the tracking UAVs will be sent to check the presence of a fire.
30.1.2 Case Study 2 - Arson
Nowadays about 95% of all wild fires are ignited by humans. Some of these fires are lit intentionally by criminalsand are called arson fires. These fires are sometimes designed to develop asmuch damage as possible, and cantherefore spread out a lot faster than any other fire.
Case Study Analysis

In arson fire situations, the FMUS does not operate any different than for other fires. This is because the FMUScan not recognise whether or not a fire was developed by a human or by a natural cause, like for example drythunder.
30.1.3 Case Study 3 - Worst case scenario
An unlikely, but still possible worst case scenario was defined. In this case there are three fires present in themis-sion area. Additionally, the search area is located in a mountainous area and one searching UAV is not availablefor operations due to it being damaged or disfunctional.
Case Study AnalysisWhen a searching UAV detects a fire, it immediately assumes the role of mothership to the tracking UAVs. There-fore, the available number of UAVs performing the searching function reduces by one, presenting a significanta problem. A mission in a mountainous area is flown with four UAVs, as was explained in Chapter 12. In thiscase the flight path length for the searching UAVs is 600 km (when no areas are deselected within the missionarea).
In case a first fire is detected, this searching UAV will become a mothership, leaving leaves three UAVs for thesearching mission. In order to meet the two hour revisit time requirement, the remaining UAVs should fly faster(100km/h). However, this comes at the cost of a higher fuel consumption. Alternatively, the revisit time require-ment can be relaxed to maintain a cruise speed of 80 km/h. In this case, the revisit time for a certain locationwould be 2.5 hours. The operational centre will determine the most suitable option depending on the situationand the remaining fuel available.
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When a second fire is detected, another searching UAV will assume the mothership role for that fire. This leavestwo UAV remaining for the searching mission. Now, they are required to fly at a speed of 150 km/h to satisfy therevisit time requirement. This is not an option since the maximum speed of the Penguin B is approximately 130km/h. The only option in this case is to relax the revisit time requirement. Assuming the UAVs will continue flyingat their cruise speed, the revisit time would be 3 hours and 45 minutes.
Finally, if a third fire is detected, only 1 searching UAV remains. At a cruise speed of 80 km/h, it would take 7.5hours for the UAV to complete a full scan of the area.
In summary, this case is not satisfied if adhering to the revisit time of two hours. However, in a worst casescenario, priority is given to tracking the fires and therefore the revisit time requirement is relaxed and the UAVscan fly at a higher speed than its cruising speed. Alternatively, two additional searching UAVs could be added tothe system in order to satisfy the revisit time requirement.
30.1.4 Case Study 4 - Detection towards the end of mission
The designmission duration of the swarm is 6 hours, however there is a possibility that a fire is detected towardsthe end of the mission. In this case, tracking would only be provided during the remainingmission time. It is likelyfirefighters would require continuous fire tracking after the mission time has elapsed.
Case Study Analysis

In case a fire is detected towards the end of the mission duration, endurance becomes the main area of concern.Since the searching UAVs will be fuelled for an endurance of 12 hrs as shown in Chapter 11, they will still be ableto function as a mothership when a fire is detected towards the end of the mission for 6 hours. The trackingUAVs are only deployed when a fire is detected and therefore they will always start tracking with a fully chargedbattery. Therefore, the swarm will be able to detect and track a fire at the end of the mission and the case issatisfied.
30.1.5 Case Study 5 - Spread of fire outside of mission region
A fire could be detected close to the border of the 50 km by 50 km search area and due to several factors (windbeing themost important factor), the fire could spread outside themission area. This could pose a problem sincethe system is only designed to operate within the mission area of 50 km by 50 km.
Case Study Analysis

Communication can become a problem when a fire is spreading outside its mission area. Such a situation issolved by moving the ground station and the mission area to a more adequate location while maintaining a relaynetwork (20-30 km) through the searching UAVs. The ground station will stay at a safe distance of the fire.
30.1.6 Case Study 6 - Cyber attacks
Just as for arson fires, humans can cause disturbances on the system. One of these is a cyber attack, whichoccur when someone wants to hack into the system to retrieve the processed data.
Case Study Analysis

As explained in Subsection 7.5.6, the data sent by the UAV will be encrypted. This way the data can be sent tothe operational centre safely without the possibility of criminals intercepting the data. Another measure takenagainst cyber attacks is to do as much processing onboard the UAV. This is a strategy military UAVs employ aswell to mitigate the risk of data interception by third parties because less data is send through. 13

13http://www.militaryaerospace.com/articles/print/volume-25/issue-7/special-report/the-future-of-military-unmanned-
aircraft.html
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31 SUSTAINABLEDEVELOPMENTSTRATEGY
This chapter will concern itself with the results of the responsible Innovation Framework (RIF). The RIF waselaborated throughout the whole project starting from the project plan phase. In the Midterm phase [105], morefocus was put on social responsibility. This chapter is a stand alone document of the sustainability choicescarried out throughout the DSE period, with an added focus on environmental effects, subsystem sustainability,and the end-of life strategy. Responsible innovation encompasses sustainability and consists of three themes,namely social, economical, and environmental effects. These themes are also presented in this order.

31.1 Social Sustainability
The team focused on developing a technology for the sake of mankind, rather than for technology or science.Therefore, in order to act responsibly by anticipating ( 6=predicting) possible scenarios, it is important to see whatpossible effects the products could have on society.
31.1.1 Political Climate
The first point to mention is that the team is selling the fire swarm predominantly to Mediterranean countrieswithin Europe such as Portugal, Spain, Italy, France, and Greece.
A separate analysis could bemade per country with respect to today’s circumstances. This, however, is unneces-sary. All aforementioned countries are members of the European Union (EU) which ensures that these countriesaim for the same long term objectives, values, vision and mission [108][109]. In this way, the team recognisedwhat the stakeholders consider as having a good image and reputation.
Unfortunately, some of the customers such as Spain, Portugal, and Greece were hit hard by the European DebtCrisis back in 2009, and they are suffering the consequences. This has had a negative impact on both the imageand reputation of these countries. In order to help improve the image of the customers, the team has kept thelong term effects of the product and the EU values and targets in mind. How this has been achieved is explainedthroughout this chapter.
31.1.2 Societal Context Effects
Societal context effects looks at which possible effects the Fire Swarm could have on the company, customersand other stakeholders with respect to jobs, happiness and equity. The team’s project objective statement in-dicates that fire fighters must be aided in protecting forests from fires. The Fire Fighting departments are civilservants funded by their respective governments. The EU regional policies and objectives for 2020 state that theobjective is to increase employment by at least 75% [109]. The Fire Swarm has therefore been designed in sucha way that the technical expenditures are taken away from the customer while ensuring peoples jobs are notreplaced. As of now, it is anticipated that the launch of the fire swarm in to the market will not cause job lossesas the only thing which would change is that people who focused on fire detection and tracking can be trained tooperate the swarm or combat fire.
Furthermore, the UAV swarm was designed in such a way that it helps the customer fulfil the 2030 EU Energystrategy targets [110]. Although the searching UAVs were required to have a gas engine due to their requiredendurance and velocity, the tracking elements are battery powered allowing the customers to use green energysources such as solar or wind.
31.1.3 Legal Aspects
The team designed the swarm keeping the law in mind. A few examples are provided below. Firstly, the FireSwarm UAV does not make critical decisions when it comes to fire safety. That task is left for the fire fightingoperational office and will be very clearly communicated to customers in the Modularity & Instruction Report.This is critical, since the team decided that they do not want to be held accountable for, or be blamed for humanoperation mistakes. Secondly, as of now, the Fire Swarm also satisfies the EU hazardous materials laws byonly having materials which are RoHS compliant. An important note to mention is that the communicationssubsystem experienced a multitude of legal issues due to EIRP power limits for unlicensed bands. The systemcould, however, be redesigned in order to comply with these laws.
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The UAV software sets a restriction upon the users to not be able to deploy near airports, cities, and at night14as explained in Subsection 14.2.1. This is because there are still existing regulations against it, although the FireSwarm is designed to operate in these circumstances as well. These regulations will be tackled after the DSEperiod.
31.1.4 Public Engagement & Involvement
The Fire Swarm is expected to operate in urban areas with a low population density in EU Mediterranean coun-tries. The customers will be advised in the Modularity & Instruction Report to communicate clearly with thepeople who live in the operational areas where they want the Fire Swarm to operate. This is important since thepeople living in these areas might not be informed about the UAV swarms and therefore be negatively impacted.They might complain or experience some discomfort on the Fire Swarm operation due to their unawareness.Such complaints would not only affect our customers image and reputation, but also that of the Fire Swarmteam.
31.1.5 Reflexivity & Inclusion Dimensions
The team continued using the responsible innovation framework. The updated reflexivity dimension questionscan be found in the baseline report [11]. Note that there are no answers to the questions as building understand-ing, awareness, and conscientiousness was considered key. For the inclusion dimension, new contacts weredeveloped such as Melanie Schranz, Mohammed Rashed, and Professor Christian Bettstetter.
31.1.6 Noise
It was established that the the Fire Swarm would have a negligible impact at ground level regarding noise. In themidterm phase, it was decided that only the searching UAVs would be accounted for noise disturbance sincenoise is not important during fire tracking.
The Penguin B UAVs are assumed to have noise levels of 80 dB at close proximity. This is mainly due to theirpropeller and fuel engines. The noise level assumption has an origin from the fact that propeller UAVs (quadcopter & fixed wing) have worst case noise levels of approximately 80 dB [111][112]. Furthermore, the team set anoise level of 30dB (quiet rural area) to be experienced at ground surface height as a requirement[113].
Using equation Equation 31.1 to equate noise level L2 at distance r2 due to noise level L1 at distance r1, the noiselevels for different altitudes were calculated.

L2 = L1 − |20 · log
(

r1
r2

)
| (31.1)

At ground height, a noise level of only 10.5 dB is experienced due to the searching UAVs flying at 3 km height.Although this requirement was not necessary for the tracking UAVs, their noise impact was also determined. Thetracking UAVs flying at 1km height cause a 20 dB noise intensity at ground height. This ensures that the FireSwarm as a whole has a low noise impact.
It was also analysed whether the different catapult systems generated disturbing noise. After some research, itwas assumed that the catapult systems did not generate a lot of noise compared to the propeller blade rotationor jet during take-off, as its noise duration is just under 2 seconds.
31.1.7 Horizon Pollution
Fortunately, the horizon pollution impact of the Fire Swarm is also relatively small. Horizon pollution is assumedto only have an impact during the searching phase. This is assumed because once a fire has been detected,horizon pollution is of no importance. This is because the horizon gets polluted a lot more by the fire smoke thanthese UAVs.
The searching UAVs are flying at a height of about 3 km. Although it is possible to see them all from any spot inthe 50x50km area in a clear day [114], these UAVs will be minuscule to the human eye due to the distance andbecause it is highly likely that clouds will be present between the observer and UAVs.
14https://www.easa.europa.eu (Accessed: 04/05/17
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31.2 Economical Sustainability

The Fire Swarm consists completely of COTS parts which need to be ordered. It is expected from businessexperience that there will be many shortcomings in the supply chain performance as both the Fire Swarm andeach of its component suppliers are separate organisations with both the goal to optimise and increase their ownprofits. Unfortunately this many times leads to unsatisfying relationships in the long term, due to the increasedrisk of overstocking in either the buyer or supplier warehouse. Therefore contracts will be developed with eachseparate supplier to encourage the performance of the supply chain and increase both organisation’s profits.The contract which will be tried to be set to start production is a quantity flexible contract. Once the customerdemand settles to more stable numbers after launch, the contracts can change to buy-back or revenue sharingcontracts as these need more a more reliable demand rate numbers to be accurate. Additionally, the supply riskwill be discussed to satisfy both parties at the hand of the European Incoterms[115].

31.3 Environmental Sustainability

The Fire Swarm has an impact on the environment from the moment that they are produced to the momentthat the are disposed. In this section the subsystem sustainability is explained together with the Fire Swarm’send-of-life.
31.3.1 UAV Production Strategy
The entire Fire Swarm is composed of COTS parts. This is more sustainable, since otherwise the entire supplychain and production plants of the separate components would also need to be designed, developed, and pro-duced by the team. This would not only be environmentally less sustainable due to the material use in the setupof warehouses, it would also be economically unsustainable due to the high costs and their respective risk in thesetup of warehouses.
31.3.2 Environmental Impact
The production pollution of the system could not be estimated as no information about this was provided by themanufacturers. The operational life time consumption of gasoline was estimated to be 37800L, and 54000kWhof energy as explained in Chapter 36. The CO2 emissions of the consumed amount of gasoline is estimated tobe around 90473 kg CO2 [116]. The environmental impact of the energy consumption could not be estimated asthis is dependent on what energy source the customer uses.
31.3.3 Subsystem Sustainability
The Fire Swarm team chose subsystems keeping sustainability in mind. These choices are explained in moredepth below.
• CommunicationThe communication is designed anticipating the development of the telecom infrastructure to allow trans-mission on digital dividend bands. This is because the UAVs are already carrying this new type of hardware.This infrastructure is under developed in the operating countries, and the UAVs are ready to piggy back onto this infrastructure in the future once it is developed.
• SensorsWhen choosing sensors several measures were taken to ensure that the sensors have little environmentalimpact. Regarding environmental impact, the cameras being used have a maximum frame rate of 120Hz.However, a frame rate of only 9Hz is actually required. By setting the cameras to this lower required fre-quency, the cameras will consume less power and thus be more environmentally friendly. Furthermore, theRGB cameras chosen are mini COTS cameras meaning they require much less power to function than thatof a full size camera. This smaller size also results in less weight and therefore less power consumption.Regarding the environmental sensors, a sensor was chosen that measures both temperature and humidity.This means the sensor is smaller, and requires less power than it would if 2 individual sensors were to beused. The sensor also includes an aluminium protective casing resulting in an increased durability. Thishigh durability means the part will not have to be replaced often. In case the part does have to be replaced,the metal can be recycled for other uses. Finally, to measure wind, the instrumentation required for theautopilot can be used. Since no additional sensors have to be added, cost, weight, and power are saved.
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• AutopilotThe Fire Swarm is using an COTS autopilot which is compatible with the UAVs. This allows the team toreduce its economical expenditures and team efforts in the validation. Further since these are open sourceautopilot systems, the long term updates of the Fire Swarm are accounted for as no autopilot will be thrownaway.
• LogisticsFor logistics, a diesel van was proposed as the van will carry a lot of weight and will probably travel longdistances. If a petrol car would have been proposed, the environmental impact would have been higher.
• OperationsDuring operations the FMUS flies at cruise speed, this enables the swarm to save a lot on fuel during oper-ation and therefore lowering its environmental impact.
• ProcessorThe Fire Swarm chose a mobile processor, this is because the other types of processors such as desktopprocessors use much more power.
• UAV ChoiceSince people are unpredictable, it is possible that someone could try to shoot the UAVs out of the sky. Suchcrashing could develop an extra fire since these UAVs use a gas engine or battery as a power system. Thisis not a high risk for the Penguin B UAVs as these will be flying at 3 km height. This is a very high altitudefor anyone to shoot the UAV down. The Albatros UAV does have a higher risk on being shot down due toit flying lower at a height of 1 km. This UAV is uses batteries with a protective casing around them againstpunctures and impacts. This should result in a lower chance of fire if the AUV were to crash after it is shot.
• BatteriesLithium ion batteries were chosen over lithium polymer due to their higher energy density, which results in alower amount of batteries required to achieve the sameperformance. Themanufacturing process of lithiumion batteries is also similar to the lithium polymer, except from the last being a little bit less expensive.

31.4 Superficial Maintenance Method
Whether repair or replacement is chosen, is dependent on the mechanic and his available resources. Further, ifreplacement is required, the replaced part will be recycled or reused for a different application. In Table 31.1, theend-of life decisions of some parts have been defined. Keep in mind that 100% recycling can not be promised.For example, the carbon fibre frames to textile conversion,is an early technology which still develops somewaste[117]. Further, the closest electronic recycling location is provided to each customer at the hand of the Europeanelectronic waste recycling database [118].

Table 31.1: End-of-life Management

Damaged Part End Of LifeSensors reuse or electronic recyclingBatteries electronic recycling)Carbon Fibre Frames recycle(textile conversion) or reuse(school exposition)Processor reuse or electronic recyclingAutopilot reuse or electronic recyclingCommunication Systems reuse or electronic recyclingtransportation cases reuselanding gear recycling through meltingwiring recycling for copper extraction
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32 FEASIBILITY ANALYSIS
In this part several aspects of the system were analysed in order to check if the design will be able to perform itsmission. First a sensitivity analysis was carried out in Chapter 28. Next, the verification and validation procedureswere described in Chapter 29 and Chapter 30, respectively. Finally the conclusions on the feasibility are given inSection 32.4.

32.1 Sensitivity Analysis
During the sensitivity analysis in Chapter 28 it was found that a reduction in maximum mass did not have aninfluence on the system. Reducing the flight speed resulted in a negative influence on the amount of UAVs, sinceotherwise the 2 hour revisit time requirement is not met. This also implies that the cost will increase since moreUAVs have to be bought. A reduction in the maximum flight altitude only has a negative influence on the flightpathing since the HFOV is decreased, increasing the amounts of search lanes, and consequently the numbers ofUAVs has to be increased. Therefore, the cost of the system will increase as well.

32.2 Product Verification
In Chapter 29, it was explained how the product can be verified by checking if it satisfies the requirements. Ascan be seen in Appendix A, multiple requirements were not met. In this section, two stakeholder requirementsand one other requirement that was not satisfied will be discussed.The product could not be verified on three important operational requirements, namely FMUS-Tech-SOPS-5.2.2,FMUS-Tech-SOPS-5.2.1, and FMUS-Tech-SOPS-6. Tests with prototypes and more research about thermal coat-ing and isolation are necessary to be able to pass these requirements. It is expected to not be too difficult tosatisfy these requirements in the future, when more resources are available. Even a stability model could givequite some more insight already in to the performance related to requirement FMUS-Tech-SOPS-5.2.2.

32.3 Product Validation
In Chapter 30, different mission scenarios case studies were developed and analysed. All study cases apartfrom 3 would not be an issue for the system to handle. Case study 3, the worst case scenario, posed significantproblems. Either the revisit time requirement should be relaxed, or more UAVs should be added to the system inorder to fulfil the case study. Increasing the number of UAVs will again increase the cost of the system.

32.4 Conclusions
It can be concluded the system is able to operate correctly in nominal conditions. Even for certain non-nominaloperations where the system is not designed for, the FMUS is still able to perform its tasks. It is capable ofproviding tracking for six hours even if a fire is detected towards the end of the 6 hours mission duration. TheFMUS is also able to track a fire once it is spreading outside the initial mission area.
However, during some of the non-nominal operations like a reduction in maximum flight altitude or a worst casescenario cannot be satisfied with the current design. Also, a mission in a worst case scenario as described inSubsection 30.1.3 cannot be performed.
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33 DESIGN & DEVELOPMENT LOGIC
Although the DSE period has come to a conclusion, the design and development of the Fire Swarm did not. A briefoverview is provided in this chapter on what still needs to be done in order to finalise the design and development.This design and development logic is summarised in Figure 33.1.

Figure 33.1: Design & Development Logic
The design logic of post-DSE activities will start with the detailed design of the UAV. Here both the programmingand the electrical design of the subsystems will be done. Then the complete system simulation model will bedeveloped, verified, and validated. Next, the prototype is going to be designed and developed. This is done inorder to carry out the product subsystem verification. To finalise the development phase, product validation willbe done. With this design logic the FMUS should be in state to go to the production stage.
33.1 Detailed Design
Although the Fire Swarm is designed up to what the report states, it is still in the preliminary design phase. Thismeans that every single (sub)system still needs to be designed in full detail.
33.1.1 Programming
The (sub)systems are bought COTS products, and although they can perform their specification, they do not yetwork together to ensure that the Fire Swarm functions as expected. In order for this to happen, programming ofseveral subsystems needs to be done. These are listed below:
• Flight path design:As of now the conceptual flight paths were proposed. These need to be further designed in detail. This isimportant as it is necessary to develop the detailed validation software.
• The operational centre software:The operational centre software architecture has been developed. The algorithms and operations will beprogrammed at this stage. This also includes the fire front prediction algorithm.
• The data handling and autopilot software:All the data handling and autopilot algorithms of both the searching and tracking UAVs will be programmedin this stage.
• The encryption key:The encryption key will be designed in this stage.

33.1.2 Detailed Electrical Design
In this phase the electrical components in all elements of the system have to be designed and integrated. Thereis a difference in the integration readiness level between the subsystems, this is a result of certain subsystembeing designed to be independently functional. The data acquisition subsystem, for example is designed to beindependently operational and easily integrated into any system. There are two levels defined for integrationreadiness level; independent system and dependent system. these two levels will be discussed in the followingparagraphs. The design elements are based on the structured electronic design book [119]
The independent systems used for the UAS are the autopilot and the data acquisition subsystem. The detailedelectrical design of these elements should include: designing the power supply, signal connections and consid-ering static and heat related risks.
The dependent systems used for the UAS are the communication and data handling subsystem. The sameelectrical design aspect as the independent system should be performed. However, on top of these designs, alsothe following elements should be considered; power conversion design, noise design, distortion design, includingclipping, electrical logic design and finally the pin assignments used for the different components.
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When all these aspects have been designed it is possible to integrate all the components into one system. Nextit is necessary to verify and validate the produced total system, which is elaborated in Section 33.4.

33.2 Model Verification & Validation

Further, once all these specific subsystem simulations have been programmed they will be integrated togetherto form a full system simulation model. The goal of this model will be to simulate reality as well as possible andsee if the team built the right system. By developing this model, errors can be spotted more easily to performcorrections, and in turn save money and time. This system model will be coded using each subsystem models.They will need to go to through a verification and validation to take out all the errors. After this, the prototypedesign and development will start.

33.3 Prototype Design & Development

In order to produce a prototype, a draft is required. A prototype draft is the finished design of the to be builtprototype. By design of the prototype draft all the prototype COTS parts can be ordered, and assembly canstart.

33.4 Product Verification & Validation

Once that the prototype has been developed the product verification and validation can start.
33.4.1 Product Verification
The entire Fire Swarm, as of now, will constitute of COTS products. This means fully verified and validated sub-systems will be used. However, since the fire monitoring swarm is a new type of system, the UAVs still needs togo through verification and be modified if necessary.
Thismodification procedure also requires verification, whichwill have to be performed by the team. The sequenceand method were carefully chosen to simplify the subsystem verification, to spot effectively where the problemlies, and to perform the subsystem verification as cheap as possible. Each subsystem will be verified individuallybefore being assembled and tested again in order to double check if there are any errors due to assembly.
The subsystem verification procedure will start with the basic instrumentation which is not yet mounted on theUAV prototype, only a desk and a testing computer are necessary. Next, the communication subsystem will be(statically) verified. Lastly the software will be tested.
First static data from the sensors is measured. The small sensors (humidity, wind speed, wind direction) will beverified by reading the values of the inboard computer with respect to values which are expected to be read bythe sensor, in order to detect errors in the cables connecting the sensors to the inboard computer. Furthermoreit is expected that the inboard camera information needs to be filtered by the inboard computer. This filtering willalso be verified since the input and (expected) output of the sensors and computer will be known.
Furthermore, the output of the inboard computer will be sent through the communication subsystem to the soft-ware in the firefighting department. Here, again, the communicated output should be the output of the software.There will always be a bit error rate but as long as the error falls withing the acceptable limits, the communicationsystem is verified.
Once this has been done, the sensors, cameras and further equipment can bemounted on the one prototype UAV.One UAV is used because it is cheaper and the UAV has already been verified and validated by the manufacturer.Next, the dynamic system verification for the positioning and communication subsystems can start. To keep theverification cheap, GPS onboard of the systemwill provide positioning data which is then compared to the modelin the fire fighting operational office. If there are any inaccuracies the problem lies in the software since the GPSsensors have already been verified and validated by the manufacturer. Further the detailed electrical design isgoing to be verified at this stage.
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Lastly, to complete the verification, some requirements that were not satisfied by inspection or analysis yet, cannow be assessed by tests and demonstrations with the prototype.
33.4.2 Product Validation
After the product verification has taken place, the product validation will start. Product validation is done to makesure whether or not the team has built the right system. To do this some full scale system tests will be developedin this phase using controlled fires. For each test, requirements will be set beforehand in order to determinewhether the system satisfied the test or not.
33.4.3 Post DSE Gantt Chart
All previous tasks are ready to be done after the DSE. In order to have a good start it is necessary to have a timeschedule estimate in order to start strong. The post DSE time allocation on tasks is provided in the Gantt chartshown in Figure 33.2

Figure 33.2: Post-DSE Gantt Chart

33.5 Further Thought
Once that all of the previously mentioned tasks have been done the system can be put into production. This isthe subject of next chapter, explaining the assembly and integration plan in Chapter 34. It goes without sayingthat in order to go to production the team would require to make this project in to a business. This would thenmean that more aspects would need to be addressed which are out of the scope of the engineering department.Some of the aspects include: finding funding, personal recruitment, develop a marketing, advertising, sales, userinteraction/satisfaction, and customer service plan and much more.
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34 ASSEMBLY & INTEGRATION PLAN
Once the design phase of the Fire Swarm has been concluded, some preceding activities need to be done in orderto start production. These activities are explained in Section 34.1. Further a brief explanation of the assemblyplan is provided which is explained in Section 34.2 at the hand of Figure 34.1.

34.1 Prerequisite

In order to start production, the following list of production tools has to be acquired.
• Warehouse:The warehouse is a physical location with a large amount of space in which the assembly line will be con-structed. It is critical to start assembly of the system since many of the sub-systems need to be manuallyassembled by mechanics. To do this a physical location with tools is required. Furthermore a warehouseis also required in order to do repairs.
• Power tools:Power tools are essential to the assembly of the product. Tools such as drills, hammers, wrenches, screwdrivers, voltmeters, and wire strippers will be acquired. Carbon fibre cutting tools will also be bought as theyare required to be able to carry out modification to the UAV frames without causing any damage.
• Measurement tools:Measurement tools are critical to ensure that all the components match their given specifications. A dig-ital caliper will be bought as it is critical for verifying the physical dimensions of the subsystems. Alsothermometers will be bought to carry system repairs on overheating subsystems.
• Safety Equipment:Safety equipment is critical to ensure a safe working environment. Tools such as goggles, mask, gloves,coverall safety work wear (disposable & non-disposable) will be bought in order to keep the workers safe.
• Emergency tools:Emergency tools such as a medical first aid kit and a fire extinguisher will be bought in case of emergencysuch as injuries and fires.
• Storage:Storage units are furniture used to either store tools or equipment, such as tool storage cabinets to storepower tools. A storage roomwill be required in the warehouse to store parts of the UAV such that assemblyand integration of the system is always continuous.

All of the items listed abovewill be purchased, however the items listed below need to be designed and developed.This is important for assembly to be effective.
• Assembly RackDesign and production of the assembly rack is essential to the production of the swarm. This will ensurethat the assembly phase of the swarmflows effectively. Having an assembly rackwill also allow theworkersto access every necessary area of the UAV to perform tasks, without displacing the UAV.
• Battery BayThe battery bay of the Albatross UAV will need to be produced beforehand to ease the assembly of thebattery sub-system as well as to improve its future repairs.
• Cable/Connectors BayAll the subsystems need to communicate with each other. This requires connections between the subsys-tems, which is done by electric cables.
• Universal MountA universal mount will be designed and produced using the Penguin B UAV’s mount as inspiration. Themount enables the UAVs to have more payload compatibility.
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34.2 Assembly plan
With all the items already selected which need to be in the warehouse, the assembly line flow plan is shownin Figure 34.1. Assembly will start from the top of Figure 34.1 and will flow down when all parallel tasks areconcluded. The parallel tasks are shown at the same height in Figure 34.1.

Figure 34.1: Assembly Flow

First the software installation will be done in parallel. In order to be more sustainable the software installationin the operational centre is done through internet, which in turn does not require the use of any other hardwaredevice such as a CD or USB-stick.
Secondly the batteries will be installed in the Albatros UAV. The batteries unfortunately do not come integratedin the UAV and therefore needs to be done in the warehouse. In order to mount the batteries in the UAV, a batterysupport case has to be designed and produced. The battery bay will be produced such that it holds the batteriestogether and reduces their movement during operation. After the batteries have been placed in the battery bay,the battery bay will be mounted on the UAV payload compartment which is situated close to the engine.
Thirdly, the motherboard will be mounted on the UAVs payload bay areas and then connected to the power sys-tem.
Fourthly, the autopilotwill bemounted on theUAV, and connected to the power systemand themotherboard.
Fifthly, the communication components will be connected to each other, themotherboard and the power system.This is done in all four elements( Operational centre, searching, tracking element UAV and the ground station).Both UAV elements have the same components, except for the 5.8 GHz communication components which thetracking elements lacks.
Sixthly, all the sensors of the UAVs will be mounted on the gimbal. This gimbal will be then mounted on to theUAV payload bay area. To finish of the assembly all the sensors will be connected to the power system and themotherboard.
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35 OPERATIONAL MANAGEMENT
In this chapter, the Reliability, Availability, Maintainability and Safety (RAMS) of the systemwill be analysed.

35.1 Reliability, Availability, Maintainability & Safety (RAMS)

RAMS is an acronym for Reliability, Availability, Maintainability, and Safety which guides the project to increasethe confidence level of the system, as well as the ability to achieve the final goal of fire searching and track-ing. In this section, the general procedure will be described which will be carried out during the final phase ofthe project. These procedures mostly involve mathematical equations, which enable quantifiable measurementsof the RAMS. The following text includes amore detailed description of different elements of the RAMS. [120–125]
• ReliabilityReliability is the design/product ability to perform specific functions under given conditions for a specifictime period. There are 3main ways to quantify reliability in the industry, Failure in Time (FIT),andMean Timebetween Failures (MTBF). FIT is an industry standard which means the Failure Rate per every billion hours.MTBF is a unit capable of anticipating and measuring time between two failures of a design/product. Allof these quantitative measures use Failure rate per hour ( λhour ), which is an indication of total numberof failures during a time period [120, 122–124]. Using data from the references, the FIT and MTBF of thesystem can be estimated as following:[125]

◦ FIT (Failures in Time)
F IT of Penguin B = λFIT = λhours ∗ 109 = 2455193 (35.1)
F IT of Albatross = λFIT = λhours ∗ 109 = 7368414 (35.2)

◦ MTBF (Mean Time between Failures)
MTBF of PenguinB = 407.29 hours (35.3)
MTBF of Albatross = 135.71 hours (35.4)

• AvailabilityAvailability is the ability for the design/product to stay in functional state such that it can perform tasksunder given conditions for a specific time period. It is given by the stakeholders that the system is requiredto perform a mission of 6 hours with 2 additional hours of recharging/refuelling. The mission is to beperformed 3 times a day. This would result in the following calculation: [120, 122–124]
Avai labi l ity = 6

6 + 2 = 0.75 (35.5)
The value of 0.75 represents that the product is available for use during 75 % of the time.

• MaintainabilityMaintainability is the probability of performing a successful repair actionwithin time. One of themostwidelyused methods to quantify maintainability is Mean Time To Repair (MTTR), which represents the averagetime required to perform maintenance or repair on the system in case of failure. [120, 123, 124, 126]

MTTR = total maintenance time
number of repair s (35.6)

At this stage of the project, it is not possible to calculate theMTTR due to lack of information of the differentsubsystems and knowledge on repairs.
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• SafetySafety will be computed using method similar to technical risk assessment. In this case, the safety riskassessment will be performed. [127, 128]
Table 35.1: Safety Likelihood

Likelihood Detail ValueFrequently Likely to occur many times or has occurred frequently 5Occasional Likely to occur sometimes or has occurred infrequently 4Remote Unlikely to occur, but possible or has occurred rarely 3Improbable Very unlikely to occur or not known to have occurred 2Extremely Improbable Almost inconceivable that the event will occur 1

Table 35.2: Safety Severity
Severity Detail ValueCatastrophic Death to people; Drone, equipment or buildings destroyed EHazardous Serious injury to persons; major equipment or buildings damage DMajor Injury to persons; further operation not possible without major adjustments CMinor Minor incident to persons; minor effect on system performance BNegligible No injury to persons; minor consequences on system A

The list of risk events can be found in Table 10.1, estimation of safety risk will be derived from such riskevents. The following table shows a list of risk events that potentially could develop into safety risk events.
Table 35.3: Safety Risk Assessment

UAV Type Subsystem Event Likelihood Severity Level of Risk

Searching Element
Power 6. Power Failure - 1 UAV Remote Hazardous 3D7. Power Failure - Multiple UAVs Improbable Catastrophic 2E
Propulsion 9. Rotor Failure - 1 UAV Occasional Major 4C10. Rotor Failure - Multiple UAVs ExtremeImprobable Catastrophic 1E
Structural 11. Structural Failure - 1 UAV Improbable Hazardous 2D12. Structural Failure - Multiple UAVs ExtremeImprobable Catastrophic 1E

Tracking Element
Power 20. Power Failure - 1 UAV Improbable Hazardous 2D21. Power Failure - Multiple UAVs ExtremeImprobable Catastrophic 1E
Propulsion 23. Rotor Failure - 1 UAV Occasional Major 4C24. Rotor Failure - Multiple UAVs ExtremeImprobable Catastrophic 1E
Structural 25. Structural Failure - 1 UAV Improbable Hazardous 2D26. Structural Failure - Multiple UAVs ExtremeImprobable Catastrophic 1E

General Miscellaneous 32. Catapult Failure Remote Major 3C33. Crash Landing Remote Major 3C
As shown in the Table 35.3, there are multiple identified risk in the region close to red, and risk number 7 isin the unacceptable risk region. A risk mitigation is applied in order to reduce such risks.
◦ Power FailureMany faults can cause a power failure, however, precautions can be implemented to reduce the prob-ability of such an event happening. One of the methods would be to implement a back-up battery sothat, when such event happens, the back-up battery would supply energy for the UAV to return or landsafely. The power system needs to be maintained regularly as well. This would reduce the risk of UAVlosing power and crashing, which would potentially injure or even kill people.
◦ Rotor FailureRotor failure would lead to similar consequences as power failure, however, it is not possible to havea redundant rotor, hence regular maintenance will be required. However, rotor failure will not haveconsequences as big as power failure since the rest of the system is still functional, potentialmeasuressuch as gliding to safe area is still possible.
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◦ Structural FailureIf structural failure occurs, there are no measures to be done at the time. Superficial maintenancewill be done regularly to ensure that no structural failure occurs during operations. When failure isimminent extensive maintenance is required.
◦ Catapult FailureCatapult failure can have a big impact on the deployment time of the mission. This failure could alsopotentially injure the personal who is in charge of the deployment of UAV. Safety measures will beimplemented such thatwhen there is a critical failure in the catapult system, the systemwill not launch.Catapult will also be inspected and maintained regularly.
◦ Crash LandingIn case of a crash landing, emergency measures will allow the UAV to try and avoid areas with highdensity population. Other measures on-board, such as a firewall will prevent the system to cause anyfurther damage.

The following figure shows the safety risk map after migration.

Figure 35.1: Safety Risk Map after mitigation
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35.2 Maintenance Plan
The team will consider two types of end-of-life prevention, superficial maintenance and extensive maintenance.Extensive maintenance includes repairs and/or replacements. This not only holds for the UAVs, but also for theirdeployment systems. The superficial maintenance plan can be found in Section 31.4.
The first step for the extensive maintenance is to design and allow software to detect whether or not a UAVis sending erogenous data, meaning that internal repairs are required. This is easily done as several UAVs flythrough the same area, which provide comparison data.
Furthermore, after having performed a daily operation of three missions, the UAVs will be advised to receivepreventative maintenance in order to avoid negative environmental effects, such as corrosion and creep, whichaffects the performance of the UAVs on the long run, contributing to the need for more expensive and extensivemaintenance. Here the electricity insulator is applied on the electronics to save them from possible plume con-tact, which can cause short circuits. Also the thermal and anti-condensation coatings are applied in the superficialmaintenance.
For the extensive maintenance, the team will implement aircraft maintenance checks 15. Aircraft maintenanceare periodic inspections done on the aircraft in order to inspect any defects, increase safety and improve lifeexpectancy of the system. It can be divided into 4 different checks, namely A,B,C, and D. A and B are consideredlight checks, whilst C and D are heavier checks. For a typical aircraft, A check is generally performed every 500flight hours with a minimum time in the hangar for inspection of at least 10 hours, which results in about 60man-hours. B check is performed about every 3 months with a requirement that the aircraft needs to carryout the check overnight. The C check is performed every 1.5 years in which critical parts will be disassembledand checked individually. Finally, D check will not be taken into consideration due to small scale of the systemdesigned in the project.
It is also true that the numbers stated in the paragraph above does not apply for a smaller system such as UAS.Proper estimations and scaling needs to be done in order for it to be applicable. For instance, a Boeing 747 willhave a total life time of about 30 years. It is estimated that firemonitoring systemwill have a life span of 10 years.Hence A check will be performed every 166.7 flight hours and it will require 20 man-hours, which the inspectionwill last about 3-4 hours.
A further maintenance plan needs to be developed for a more detailed maintenance. However, aircraft checkmethod needs to implemented in order to ensure optimal performance and safety during the use of the sys-tem.

15http://aviationknowledge.wikidot.com/aviation:maintenance#toc3 (Accessed:25/06/2017)
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36 COST ANALYSIS
One of the leading causes for project failure is bad cost management. Without proper cost analysis manage-ment throughout the project, the cost could rise above well intended limits. This chapter will elaborate on howcost management was applied to this project. First, Section 36.1 will present an overview of all the productioncosts associated with the fire monitoring swarm, followed by an overview of the operational and total cost inSection 36.2. This chapter concludes with a short reflection on the initial cost budget and the final cost budgetwith some recommendations for future research.

36.1 Production cost
The production costs of the FMUS mainly consists of subsystem and logistic costs. A detailed explanation ofeach subsystem is given in their respective chapter. A cost overview of each subsystem is provided in Table 36.1,Table 36.2, Table 36.3, and Table 36.4. Figure 36.1 presents an overview of the subsystem cost overview in a piechart.

Figure 36.1: Subsystem Cost overview
Table 36.1: Sensors - Cost breakdown

Product Price (€) Amount Total (€)Searching UAVIR Camera - Optris PI 640 6,800 5 34,000RGB Camera - HDR S1000 Mini CCTV 44 5 220RGB Camera - 1000TVL 12mm Mini CCTV 21.83 5 1,200Gimbal - UX1 240 5 1,200Tracking UAVIR Camera - Optris Pi 120 2,690 10 26,900Gimbal - UX1 240 10 2,400RGB Canera - 600TVL HD Colour CMOS 18.4 10 184Environment sensor- Bosch Sensortec BME280 6.77 10 67.7TOTAL 65,081
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Table 36.2: Communications - Cost breakdown
Product Price (€) Amount Total (€)Amplifier (searching - OO) 25.33 5 126.65Operational Office Antenna 2,635 5 13,175Antenna (searching - OO) 5.26 5 26.3433 transceiver 3.75 16 60Transceiver (searching - OO) 184 5 920433 antenna 5.93 16 94.88Amplifier (searching - tracking) 385 15 5,775Antenna (searching - tracking) 1.66 15 24.9Transceiver (searching - tracking) 184 15 2,760Low range beacon 11.34 15 170.1LTE USB 35 1 35Locater beacon 15 15 225Locater 60 3 180TOTAL 23,573

Table 36.3: Logistics - Cost breakdown
Product Price (€) Amount Total (€)Catapult and case 2,000 2 4,000UAV transportation case 250 15 3,750TOTAL 7,750

Table 36.4: UAVs - Cost breakdown
Product Price (€) Amount Total (€)SearchingPenguin B - UAV 50,000 5 250,000Autopilot 1,000 5 5,000SD650 - processor+ PCB 50 5 250

TrackingAlbatross UAV 3,265 10 32,650Autopilot 616.97 10 6,169SD821 - processor+ PCB 70 10 700
TOTAL 294,770
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Table 36.5: Total cost breakdown
Category Price (€) Amount Total (€)Operations - start of life
Transportation van 25,000 1 25,000Training and education 1,000 N/A 1,000First aid kit 20 20TOTAL 26,020
Operations - end of lifeFuel 56,700 N/A 56,700Electricity 13,500 N/A 13,500Batteries 250 360 90,000Communication data plan 2,400 N/A 2,400Expected lifetime maintenance 50,000 N/A 50,000TOTAL 212,600
SubsystemsSensors 65,081 N/A 65,081Communication 23,573 N/A 23,573UAVs 294,770 N/A 294,770Logistics 7,750 N/A 7,750TOTAL 391,174
TOTAL Lifetime cost 629,685Average annual cost 62,969

36.2 Operational cost

The operational cost are divided to ‘start of life’ and ‘end of life’ operational cost.The former is the cost that thecustomers makes when purchasing the UAV swarm and the latter are the expected cost the customer makesduring the life-time of the UAV swarm system. Start of life operational cost are currently composed of the trans-portation van, training & education cost, and a basic maintenance kit. The transportation van that is suggestedis the Fiat Ducato, this van is optional and not obligated as explained in Chapter 11.Once the operational centre has purchased the swarm system, a training on how to operate the swarm systemwill be provided. This training will cover assembly, dis-assembly, safety procedures, pre-launch procedures, andmaintenance procedures. Training includes both a classroom session and a hands-on swarm operation session.By following this training, firefighters will have a good understanding about the effective use of the swarm systemwhich in turn will lead to lower maintenance cost due to faulty handling and lower risk of injuries.Life-time operation cost are composed of the fuel, electricity, batteries, expected maintenance and the cost forthe communication data plan as explained in Chapter 21. The lifetime of the swarm system is estimated to be10 years assuming two mission of six hours per day, seven days a week for six month per year. This estimationwas based upon data from similar UAVs and from data of the manufacturer. The fuel cost were estimated basedon the 10 years lifetime, number of UAVs and assuming a price of 1.5 €/litre for gasoline [129]. Furthermore,electricity cost were calculated based on an assumed average electricity cost of 0.25 € per kWh [130]. The costfor the batteries for the Albatross UAV was calculated based on a price of 250 € per battery and 300 charge anddischarge cycles per battery [32]. More details about the batteries is presented in Chapter 13 and Chapter 9 Atotal overview of the cost per subsystems and the operational start and end of life cost is presented in Table 36.5.Figure 36.2 presents a pie chart overview of the total cost break down of the swarm system for it’s entire life time.The average cost per mission is 194 €. This is based on dividing the total expected lifetime cost of the swarm bythe total amount of missions during it’s lifetime.
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36.3 Conclusion and Recommendations
The initial design goal of e250K was unfortunately not met as seen in Table 36.6, which present the initial costbudget and the final cost budget. The biggest contributor to the cost is the selection of the UAV which counts for75% as seen in Figure 36.1.Although 75% is a big part of the cost budget, the UAV market is a promising marketwithmany things happening in thismarket. Thismeans that the cost of the UAVswill definitely drop in the comingyears.
At first, the cost of the penguin B was estimated to be around e16K per UAV. The original plan was thereforeto use the Penguin B for both the searching and tracking mission. However, after contacting the manufacturerof the Penguin B, it was learned that the estimation of e16K per UAV was too conservative. A more realisticestimation wase50K per Penguin B UAV. After learning this, it was decided, due to budget limitations to only usethe penguin B for the searching element of the mission due to its superb performance. The challenge was tofind a UAV that could perform the tracking mission while being considerably cheaper than the Penguin B. Afterconsideringmany UAVs the Albatross UAVwas chosen as this UAV has low cost but is still capable of performingthe tracking mission. Learning how expensive the Penguin B UAV was, was a huge setback on the cost budget. Aplan to contain the damage caused was made and implemented. Every part of the design was reevaluated andresearched upon to find possible elements were the cost could be reduced. An example of this was deciding touse a transportation van instead of a truck with a 12 m shipping container which was the original plan. The ideato use a van instead of truck was already being considered, but the added cost benefit had the biggest impact inmaking the final decision. This change in design saved the project arounde100K. Furthermore, every subsystemwas reevaluated and this led to an average cost reduction of e10 – 20K per subsystem.
To conclude, designing the swarm system with COTS products and still respecting the e250K design budgetproved to be very challenging, maybe close to impossible. So the main recommendations to drive the total costdown is to design most, if not all, subsystems in-house. Especially the UAVs as they are the biggest contributorto the cost budget.

Table 36.6: Final cost breakdown
Subsystem Initial (€) Final (€) DifferenceSensors 50K 65K +30%Communication 30K 24K -20%UAV selection 160K 295K +84%Logistics 10K 8K -20%TOTAL 250K 392K +57%

Figure 36.2: Lifetime swarm system cost overview
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37 MARKET ANALYSIS
Designing a product is one thing, selling the product is something totally different. In order to sell a productsuccessfully, it is of utmost importance to understand the respective market for that product. This chapter willgive a concise overview of the market analysis which will aid in the launch of the product into the market.

37.1 Identification

One of the leading causes of failure when launching a product is not properly understanding who the customersand competitors are for a specific product. This section will analyse the customers and competitors of the FireMonitoring Swarm.

37.1.1 Competitor Identification
Before the competition can be identified, there needs to be a clear view of who the customers are. But even beforethat, a market need has to be present which this system can fulfil. Going back to the Mission Need Statement,the need is to aid forest rangers and firefighters in protecting forests from fires. As extinguishing is also part ofprotecting a forest from wildfires, other companies focusing on extinguishing fires and sharing the same cus-tomer could initially be thought of as competitors. However, they serve a different market need, which does notinclude the detection and supply of information during a wildfire. After this brief reminder of the need that has tobe fulfilled, the customers can easily be identified as the states, including the government and municipalities, asdefined in the stakeholder identification Chapter 5.
The only competitors that are relevant for the scope of this project are competitors who are focusing on either thedetection of wildfires or supply of information during a wildfire, or both, and are selling to the same customers.There are a lot of different systems that a customer can use to satisfy his needs of detecting and/or monitoringfires. This can range from stationary smoke detectors, to optical based systems. At this moment, there is nocompany that uses UAV swarm technology in combination with monitoring forest fires.
An example of an optical based system that has been installed in over 300 places and covers over 5 millionhectares is the FireWatch system which can be seen in Figure 37.1 and Figure 37.2. The system cost on averageEUR 131.600 annually for a 10 year period while monitoring 2500 km2 [131].

Figure 37.1: Schematic of the FireWatch system

37.1.2 Customer Identification
Potential customers are operational centres, who preside over local firefighters in a specific region. This is notlimited to Europe but could be anywhere in the world. However, the scope of this project is focused on Europe.The main focus will be on operational centres in the European Mediterranean region as over 85% of the burntarea in Europe is in this region [21]. As Figure 37.3 shows, Spain, Portugal, and Italy are the top countries in the
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Figure 37.2: Schematic of the FireWatch system

Mediterranean European region that have suffered from themost amount of burned area in the given time period,so operational centres in these countries are the most interesting ones.

Figure 37.3: Average burnt area per country in Europe from 2005 - 2014 [132]

37.2 Market

A thorough understanding of the market, the trends and the profitability of a market play a crucial role in deter-mining if a certain market is worth entering. This section informs the reader about the big forest fires market andexplains why the Fire Monitoring UAV Swarm perfectly fits in this market.

37.2.1 Market Segmentation
Forest fires occur all around the world, however certain areas experience more disastrous effects than others. Atthe beginning it is wise to divide the market in order to find the ideal customer and limit market research. Thereare in general four methods to segment a given market as seen in Figure 37.4. Demographic segmentation isa method widely used for consumer products, and divides a group of people based on variables such as age,gender, income, occupation and many more. Psychographic segmentation focuses on the lifestyle of people,their activities, interests and opinions to define a segment of the market. Behavioural segmentation is similar topsychographic segmentation, but mainly focuses on the behaviour of a group of people. Lastly, geographic seg-mentation divides themarket based on geography. Since the swarmwill not be sold to consumers but operationalcentres of certain countries, geographical segmentation is the only applicable segmentation.
The scope of this project was not on forest fires around the world, but mainly on forest fires that take place inEurope, as the characteristics of the mission areas are comparable. Figure 37.3 presents an overview of theannual average burnt area (ha) distribution for the Mediterranean area and the rest of Europe in the period 1990-2015. As Figure 37.3 shows, countries in the Mediterranean European region are severely impacted by forestfires. In particular Spain, Portugal, followed by Italy, Greece, and France are the five countries that have sufferedthe most in terms of burned area..
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Figure 37.4: Market segmentation strategy

37.2.2 Market Size Estimation
The 5 southern Mediterranean countries spent more than 2.5 billion Euros annually on fire detection and firesuppression, where 60% is allocated to equipment, personal and operations [21]. Part of this expenditure categorycan therefore be used for potentially buying the UAV swarm.
Although FireWatch does not use UAVs for fire detection, and it does not provide the tracking and scouting func-tions, it has proven to be successful which makes their sales turnover an interesting indicator. Currently, Fire-Watch has 303 systems installed the world over; generating a total estimated sales turnover of more than 23.6million. Also, insight in current aerial measures by the 5 southern countries is acquired. Table 37.1 shows theextensive use of aerial support in detection, tracking, and prevention, indicating a notable market size for aerialmeasures.

Table 37.1: Number of Aerial vehicles used by the 5 southern countries
Country Number of AerialVehicles Number ofOperational CentresPortugal 23 18Spain 15 17France 71 3Italy 20Greece 39 7Total 148 65

Next, the potential client base is evaluated. Although the government is in general ultimately responsible, regionaloperational centres will be considered as clients, as they will be purchasing and operating the UAV swarm. Thenumber of operational centres, and therefore the number of potential clients, is given in Table 37.1. It is expectedthat one operational office in a high risk area will equip itself withmore than 1 UAV swarm, as they are responsiblefor a large area.
Next, an analysis of the upper limit ofmarket volume is done. The total area under high risk of wildfires in southernEurope is more than 900million squaredmeters. Therefore, if assuming that for every 50 km x 50 km area a UAVswarm is used, the upper limit of the total demand is more than 360 UAV swarms.
Considering the large potential demand, and the annual expenditures on fire detection and suppression, the mar-ket size is found to be sufficiently large with a big market growth potential.
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37.2.3 Market Trend
The technology market for UAV applications is trending. There are a few markets to consider: UAV swarm appli-cations on wildfire detection and monitoring, the UAV market on itself, and the market of other technical subsys-tems; such as communications, and cameras. First of all, the concept of using UAVs for fire detection is rapidlydeveloping. As such, Portugal and Spain already heavily experimented and tested the use of UAVs for wildfireapplications. Furthermore, the UAV market on itself is an emerging market where performance of the UAVs, andthe price per UAV is expeditiously improving, making COTS UAVs increasingly attractive as time passes. Also theother subsystems show rapid improvements in the price and performance aspects. In the USA for example, com-munication networks are widely accessible throughout the country, decreasing the design limitations. Moreover,Europe as well is moving forward in the accessibility and performance of public networks. Comparable trendscan for example be found in subsystems such as autopilots, cameras, and fire detection algorithms.
In order to illustrate the current position in the market trend of UAV applications to wildfire, use is made of thediffusion curve show in Figure 37.5. Current position of the fire monitoring swarm will be the innovators; well-informed risk-takers willing to try an unproven product.

Figure 37.5: Rogers Diffusion Curve [133]
Furthermore, more general trends are taking place. Specifically, in economic, social, regulatory, and political con-dition sense. The 5 southern countries were all hit hard by the economic crisis. Apart from maybe Greece andItaly, the economy is rapidly improving, resulting in more buying power and therefore more capital available forpurchasing wildfire detection and monitoring equipment. Next, the standpoint towards autonomous UAVs fromthe social point of view is reserved. However, as the research and usage of autonomous vehicles, and in partic-ular UAVs, is increasing, social acceptance grows accordingly. Especially, since the swarm purpose is improvingnature and society safety, autonomous UAV usage will be less insurmountable. Thereby, considering increasingsocial acceptance and the swarms purpose, autonomous and UAV regulations are expected to become less re-strictive and thereforemore favourable to the design. Lastly, wildfire disasters is a sensitive topic in all of society’slayers, including politics. Due to improving available equipment and increasing awareness of nature protection,it is likely that politicians will be supporters of a system responsible for decreasing wildfire damage.
37.2.4 Market Profitability
Market profitability will be analysed in order to determine the financial health of the swarm. The analysis containsfive key points: buyer power, supplier power, barriers to entry, threat of substitute products, and rivalry amongfirms in the industry.
• Buyer PowerThere are a few reasons for the low buying power. First of all, the buyers are less concentrated than thesellers. Current need is thus considered higher than current supply of fire detection and monitoring alter-natives. Further indications of low buying power are: buyer purchases product in low volume (only a fewswarms per operational centre), the swarm is a differentiated product, and the switching cost to anothersystem is high.
• Supplier PowerSupplier power is considered average, as there are a few points indicating both strong and weak supplierpower. Especially for the current UAVmarket, supplier power is considered high, as the options of attractiveCOTS UAVs are extremely limited. However, as already indicated in market trends, it is expected this will
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change considerably. Also, the supplier switching costs are expected to be significant as the assemblyprocess has to be altered which indicates high supplier power. However, low supplier power is indicatedby the following factors; buying larger volumes of standardised products, well-educated buyers, and theavailability of substituting products for most subsystems.
• Barriers to entryThe main barrier to entry is the start-up cost, where a few things have to be considered. First of all, testingthe design in order to be assured of a success takes time and funding. Also, once successfully tested,funding is required for the necessary real estate, assembly equipment, wages, materials, and productswhich have to be purchased in advance. In conclusion, the main barrier will be the necessary funding.
• Threat of substitute productsThree factors determine that the threat of substitute products is high. As shown in competitor analysis, theswarm will determine the new price ceiling. Also, superior quality over current systems is achieved, againsetting a new target for other companies. Lastly, the functions provided by the swarm are unique and notyet successfully combined or even used in the current market (tracking and scouting). In conclusion, interms of price, quality and functions provided, the swarm surpasses the current market ceiling. Therefore,setting new targets to beat for competitors.
• Rivalry among firms in the industry Currently, rivalry is low as only a few products are available for a bigdemand. However, with the market trends indicated, this is likely to change.

37.2.5 Market Expansion
Wildfires is not just the problem of Portugal, Spain, France, Italy, and Greece. Other European countries such asRussia, Croatia, Cyprus, Macedonia, Hungary, Poland, Sweden, and Turkey encounter and suffer from wildfires.All of those countries can potentially benefit from using a UAV swarm. Secondly, globalisation is an exquisitepossibility for expanding the UAV swarm. However, as effectively detecting and suppressing fire requires a lotof expenditures, buying the UAV swarm, despite its low cost, might not be realistic for all countries. Regionsto consider expanding to are; North America (USA and Canada), South America (Brazil and Chile) north Africa(Morocco), South Africa, South-East Asia (Indonesia and China), Australia, and the middle east. An overview isgiven of wildfires disasters which have taken place between 1984 and 2013 in Table 37.2, which illustrates thatEurope is not the only one suffering from wildfires [134]. It is a worldwide problem, which allows the emphaticconsideration of worldwide market expansion after success has been achieved for southern Europe.

Table 37.2: Economic costs due to wildfire disasters[134]
Region Economic Costs (€m)Africa 393America 25544Europe 10626Oceania 11276Total 46734

37.3 Product

A successful product is a product that caters to the need of the identified customers. It should also add value insome way and be distinctive from its competitors. This section presents the specific value that the swarm sys-tem adds and analyses the advantages and shortcomings of the swarm system by performing a SWOT analysis.

37.3.1 Value Identification
The UAV fire monitoring swarm is a state of the art, low cost, easy to use and highly reliable system, capableof providing real-time data on temperature, humidity, wind speed and direction, optical images, spread of thefire and vegetation map/ Providing real-time data is a unique and powerful distinction as most fire detection andmonitoring systems are not capable of this function. On top of that, the systemhas an average annual cost of 60KEUR as explained in Chapter 36, compared to 130K EUR of the main competitor, the FireWatch system.
Furthermore, the swarm is system is flexible, as it can be deployed anywhere and is not limited to a certain fixedarea like most optical and/or smoke detection based systems like the FireWatch. Due to the autonomous nature
Chapter 37 Market Analysis FMUS-FR-2017 123



VIIIFurther Development

of the swarm, only a low amount of manpower is required to fully operate (including deployment and withdrawal)the swarm opposed to other systems.
Concluding, compared to other fire detection and monitoring systems, the biggest advantage is the system’sautonomy, which translates in to low personnel cost, and the real time data functionality that translates intobetter fire control strategies for the fire fighters.
37.3.2 Return on Investment
Using the FMUS, firefighters are able to respond quicker and form a better strategies which in turn leads to aminimisation of the burned area. Especially, when considering that 80 % of the total area burned is due to only2% of fires taking place [21]. As long as fires do not become too big due to early detection, and the relevantinformation is acquired, fires can be relatively easily extinguished. These are key aspects provided by the FMUS.As such, a projection is made for the ROI. For the projection it is assumed that, when operating the FMUS, the80% burned area due to the large fires can now be controlled and those large fires are now considered as averagefires, just as the other 98%. Also, it is assumed that after 5 years, starting in 2017 and ending in 2022, all areasunder high risk make use of the FMUS. Note: a linear increase in number of FMUS is assumed. The projectedarea burnt under the assumptions described above, and when using the FMUS, is indicated by the dotted red linein Figure 37.6.
In Table 37.3, the annual economical costs is provided, alongwith the projected annual economical costs in 2022.Considering approximately 360 UAV swarm are required to detect and monitor wildfires in southern Europe, theROI for the Mediterranean region is estimated to be more than 1961% on annual basis. For the calculation of theeconomic costs, it is assumed that there is a linear translation between area burnt and the economic costs in theMediterranean region. As such, a decrease of 80% in area burnt equals a decrease of 80% in annual economiccosts.

Figure 37.6: Projection of decrease in area burnt in Mediterranean [132]
Table 37.3: Economic costs due to wildfire disasters

Country Economic Costs (€m) 2015 Projected Economic Costs (€m) 2022Portugal 551 110Spain 849 170France 115 23Italy 551 110Greece 230 46Total 2295 459

37.3.3 SWOT Analysis
Figure 37.7 presents the SWOT analysis of the fire monitoring UAV swarm. This analysis gives an overview of thestrategic positioning of the product in themarket and how internal and external factors influence the performanceof the swarm.
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Figure 37.7: SWOT Analysis
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38 PROJECT RESULTS
For the successful engineering of any complex aerospace solution, it is essential to properly assess the marketneed, and the corresponding potential mission specifications for the problem. Specifically, when facing the prob-lem of wildfire monitoring, a nebulous multitude of possible system mission objectives and functions presentedthemselves; as such, an initial specification was developed in the baseline phase, which has been further devel-oped during the midterm phase. With the further study of current literature in the field, over the course of themidterm and final phase, the project’s mission specification has evolved and now crystallised into a clear, fixedform. The conceptual design of the fire monitoring swarm was finished in the project span of 10 weeks.
Wildfire causes countless lives and damages to the forest every year, and south of Europe specifically suffersfrom such problem. There is high demand for unmanned aerial systems (UAS) in the field of wildfire monitoring.Broadly, there are three reasons for such demand: performance, cost, and safety [2]. In terms of performance, aUAS typically allows for higher resolution imaging of target areas than current satellite solutions, as well as higherscanning efficiency compared with current ground and manned aerial solutions. For the cost aspect, mannedaerial systems are generally very expensive to operate for prolonged periods; furthermore, the minimal numberof human personnel for operating such a system yields desirable cost savings on wages. The reduced costsare especially important for southern European countries which were hit particularly badly in the wake of the2008 financial crisis [25]. Finally, unmanned systems remove the risk associated with using human operators toperform aerial missions above fires.
The final report of the DSE project contains detailed design of the final concept selected at the end of themid-termphase, namely the Eagle Eye and Hyenas. This design consists of 5 searching unmanned aerial vehicles (UAVs)along with 10 tracking UAVs. Searching element has the function of searching and detecting fire during missiontime. Searching element maps the area for vegetation which provides vital information to the fire fighters andoperational centre, enabling them to perform predicts on fire spread, dangers areas, and escaping routes. In caseof a fire, a searching UAV will serve as a mother UAV, providing constant monitoring of the fire until the trackingelement steps in. For the design, the Penguin B was chosen to perform the role of searching element. Penguin Bwas extremely long endurance and high speed, which are 2 of themost critical performance parameters. Throughresearch, the price of Penguin B was relatively cheap compared to other similar systems.
Penguin B will be equipped with a Optris PI 640 IR camera sensor, HDR S1000 Mini CCTV RGB camera sensorand 1000TVL 12mm Mini RGB camera sensor. 1000TVL 12mm Mini is a zoom camera used for fire confirmationin case the fire is too small for the other cameras to capture and fully confirmed. All of the camera sensors will bestabilised during flight using a UX1 Gimbal. As for the communication system on board of the searching element,it is equipped with three sets of antennas. One set to establish contact between the Penguin B and Operationalcentre. The second set of antennas will enable will allow commands to be received through the ground stationrelay. Finally, the last set of antennas will be used to communicate with the tracking elements. Penguin B willalso come with the Piccolo Nano autopilot along with Latitude AGL-M Laser altimeter. Piccolo autopilot will alsoinclude GPS and Radio on board. The data Snapdragon 650 processor will carry out the data analysis on boardwhich reduces the amount of data needed to be sent over to the OC. Finally, searching UAV is equipped with aproximity beacon in order to locate the UAV in case of a critical failure which causes the UAV to crash.
After the data has been captured, data processing is required to make sure that only essential data is com-municated to the operational centre. Different methods such as feature extraction, geometric and radiometriccorrections will be applied to remove noise and improve efficiency. In combination with ancillary data and usingdata fusion to produce big data. This data is then processed using spectral, spatial and temporal analysis areapplied to analyse different properties of the data. Finally, fire will either confirmed by the data processing or bythe secondary camera with zooming capability.
As for the tracking element, Albatross was chosen due to its higher required number and lower price. Other speci-fications of the UAV are still within functional range. Albatross provides constant monitoring of the fire front suchthat accurate and real time data for fire fighting purposes. ALbatross will be deployed whenever a searchingelement detects a fire or an external fire detection source is provided to the fire fighters or operational centre,which the Albatross will be deployed on command. Albatross can provide high altitude tracking which monitorsthe fire front line, providing fire rate of spread. Albatross can also provide low altitude tracking which has the ca-pability of providing local temperature, wing and humidity data which could be beneficial to predict real time firespread. Finally, Albatross has the capability of providing scouting functions on command by the operational cen-tre. Scouting can provide valuable data such as nearby infrastructures and roads which can benefit fire fightingforces.
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Albatross is equipped with a Optris Pi160 IR camera alongside with a 600TVL HS Colour CMOS. IR camera willbe used to determine the fire time whilst RGB camera allows the UAV to perform continuous front line tracking.As mentioned in the paragraph above, the Albatross will also be equipped with a Bosch Sensorteh BME280 en-vironmental in order to measure local temperature, humidity and wind data. Similar to Penguin B, Albatross’scamera will be stabilised using UX1 gimbal as well. Different from Penguin B, Albatross only consists of two setsof antenna since it will not have direct contact with the operational centre. Finally, the autopilot of the chosenfor Albatross was Pixhawl Mini autopilot which includes the GPS module as well. Combined with a LightWareSF11/C Lidar Sensor, Diginal airspeed sensor, it ensures fully automated flight, take off and landing.
Albatross data was mainly captured during the tracking of fire. Such data will then go through a series of dif-ferent algorithms to reduce the noise. Algorithms such as feature matching algorithm and image warping allare algorithms used for vibration deletion in the data. Data then needs to be processed and using a set of fireanalysing algorithm, different fire properties was identified. The hardware used to process the data is a Snap-dragon 821 which provides high performance with low power consumption. A proximity beacon is installed in toallow location of the UAV in case of critical failure.
The system as a whole is very sophisticated and can be deployed at locations that are hard to reach for humans.The system is also capable of covering the area of 50 km x 50 km within 2 hours autonomously. Having asystem with great efficiency and accuracy, in the mean time, reducing potential damage to humans operating afire monitoring system are all great benefits.
The next step for the project would be to develop a even further detailed design which includes all differentaspects of the system along with a more detailed production plan. In order to reduce the cost of the system, it ispossible that the team will look into designed the UAV instead of purchasing COTS.
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39 RECOMMENDATIONS
A number of SMART (Specific; Measurable; Achievable; Realistic; Time-bound) recommendations for improve-ments to the proposed system are given in this chapter.
• Dialogues with suppliersBy fostering dialogues with COTS suppliers, the costs of components in the design can be brought downas well as cultivate optimisation of the entire design process16

• Human detectionDeveloping a functionality for detection of humans can be of benefit to firefighters for finding trapped civil-ians or firefighters. This would be implemented in the tracking algorithm, specifically and necessitates aredesign of the gimbal system to cope with the oblique angles required.
• Solar powerThe design of the Penguin B UAVs can be optimised by switching piston engines for solar cells. A company,Alta Devices, provides conversions of this kind to UAVs17.
• Guardian angelNASA recently showcased an AI system called AUDREY, Assistant for Understanding Data through Rea-soning, Extraction, and sYnthesis18. Using the ‘Internet of Things’, it acquires data from satellites, GPS, andmicrosensors worn by firefighters fighting fires in urban environments. In the same vein, this sort of AIcould be implemented in the wildland environment too. A recommendation for this proposed system is forfirefighters on the ground to be able to carry a rotary-wing UAV in a backpack that can be deployed at thescene of the fire and hover over firefighters, whilst integrating into the wider swarm sensor network to addto the swarm’s own ‘Internet of Things’.
• Operation outside EuropeModifications can be made to the system such that it can be optimised to different environments, suchas those outside of Europe. The vast, remote expanses of boreal forest in Canada offer a very differentmission environment to that of southern Europe.

16http://mil-embedded.com/articles/uav-payload-designs-turn-cots/ (Accessed: 28/06/17)
17http://www.altadevices.com (Accessed: 28/06/17)
18https://www.jpl.nasa.gov/news/news.php?feature=6590 (Accessed: 28/06/17)
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IXConclusion

A List of Requirements
* Stakeholder Requirement
* FMUS-Tech-SOPS-1 The total weight of the swarm shall be at most 500 kg

XInput Inspect Chapter 9, Technical Resource BudgetOutput The total weight of the swarm is 189.7 kg
* FMUS-Tech-SOPS-2 Each mission shall be launched with at least 2 UAVs

XInput Inspect Section 11.2, DeploymentOutput Each mission is launched with at least two searching UAVs
* FMUS-Tech-SOPS-3 The area that can be monitored by the system shall be at least 50 by 50 km

XInput Inspect Chapter 7, System OverviewOutput Missions are performed in a 50 by 50 km area
* FMUS-Tech-SOPS-4 The time of operation of the entire system shall be at least 6 hours

XInput Inspect Chapter 7, System OverviewOutput The minimum time of operation of the system is 6 hours
* FMUS-Tech-SOPS-5.1 Themaximumflying altitude of eachmember of the swarm shall be atmost10,000 ft above sea level during all operations

XInput Section 12.1, Searching ElementOutput The searching UAVs fly at amaximumaltitude of 3.05 km (10,000 ft) abovesea level,the tracking UAVs fly lower
* FMUS-Tech-SOPS-5.2.1 Each member of the swam shall be able to operate in temperatures of atleast 50°C in the thermal plume region above a forest fire

×Input Subsection 19.3.3, Sensor ConsiderationsOutput RGB cameras on the searching UAVs can withstand a maximum temper-ature of 45°C
* FMUS-Tech-SOPS-5.2.2 Each member of the swarm shall be able to operate in wind speeds of atleast 40 km/h in the thermal plume region above a forest fire

×Input Stability tests with a prototypeOutput This test requires a prototype so it needs to be performed in the post DSEphase, no results are known yet
FMUS-Tech-SOPS-6 Each searching UAV shall be able to operate in temperatures of at least -15°C ×Input Subsection 19.3.3, Sensor ConsiderationsOutput The sensors can sustain a minimum temperature of at most -10°C
FMUS-Tech-SOPS-7 The system shall be able to operate in a fire searching and a fire trackingmode

XInput Figure 8.2, Top Level FFBDOutput Functions of the swarm system include both a fire serching mission anda fire tracking mission

FMUS-Tech-SOPS-8
During a fire searching mission, the entire area with an average elevation ofat most 1000 metres shall be scanned for fires at least once every 2 hoursof operation XInput Section 12.1, Searching Element and Chapter 29, Product VerificationOutput The searching UAVs can scan area with an average elevation up to 1 km in2 hours, confirmed by searching flight path model
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FMUS-Tech-SOPS-9 The system shall autonomously determine the flight path for coverage of thearea with priority locations in all operations
X

Input Chapter 18, Searching Control Subsystem, and Chapter 24, Tracking ControlSubsystemOutput The software in the operational centre can autonomously determine way-points to upload to the UAV autopilots, tracking UAVs can perform fire frontline tracking, which includes priority areas

FMUS-Tech-SOPS-10
During a fire tracking mission, the entire area shall be scanned for spot firesat least once every 2 hours in case at most 3 fires are already present in themission area ×Input Subsection 30.1.3, Case Study 3 - Worst case scenarioOutput Analysis of the case study indicates it is not possible to deal with 3 fires atthe same time and still fulfil the requirement on fire searching time

FMUS-Tech-SOPS-11 The searching UAVs shall be able to scan areas for wildfires with an elevationup to 2000 metres XInput Section 12.1, Searching Element, Chapter 19, Searching Data Acquisition Sub-systemOutput Areas up to 2 km will be scanned by the searching UAVs
FMUS-Tech-SOPS-12.1 The swarm shall still be able to cover the entire area in 2 hours in case of failureof up to one searching UAVs during a fire searching mission XInput Section 10.2, Technical Risk HandlingOutput A redundancy UAV is included to deal with UAV failures
FMUS-Tech-SOPS-12.2 The swarm shall still be able to fulfil the requirements on communication incase of failure of 1 member of the swarm during fire searching missions XInput Section 10.2, Technical Risk HandlingOutput A redundancy UAV is included to deal with UAV failures
FMUS-Tech-SOPS-13 During a fire trackingmission, the entire fire front shall be covered at least onceevery 10 minutes by the tracking UAVs XInput Section 12.2, Tracking elementOutput Measurements on the fire front line are updated at least once every 10 min-utes
FMUS-Tech-POPR The entire swarm system shall include a power and propulsion subsystem

XInput Chapter 13, System UAV PlatformsOutput From the design documentation it is clear that a power and propulsion sub-system is included in the UAVs
FMUS-Tech-POPR-1 After landing for refuelling or recharging, each member of the swarm shall beready for a new mission within 1/3 of its flight endurance time

XInput Section 36.2, Operational CostOutput Spare batteries are included in the design to swap batteries in the trackingUAVs: no time is spent waiting for the batteries to recharge, meaning therequirement is fulfilled
FMUS-Tech-POPR-2 Each member of the swarm shall still be able to perform the recovery phaseof the mission in case of failure of one engine

×Input Chapter 13, UAV Platforms. A test with a prototype will give more insight.Output The UAVs only have one engine. The Penguin B has an alternative powersource, but it is not known whether the autopilot can land without an engine.Verification requires additional testing.
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FMUS-Tech-CTRL Each UAV shall include a control system
XInput Chapter 18, Searching Control Subsystem, Chapter 24, Tracking ControlSubsystemOutput All UAVs include an autopilot

* FMUS-Tech-CTRL-1 Each member of the swarm shall be able to fly autonomously
XInput Chapter 18, Searching Control Subsystem, and Chapter 24, Tracking Con-trol SubsystemOutput The autopilots of the UAVs enable autonomous flying

FMUS-Tech-CTRL-2 The control systemof eachUAV shall provide lateral and longitudinal stabilityto the UAV during flight
XInput Chapter 18, Searching Control Subsystem; Chapter 24, Tracking ControlSubsystem; Figure B.5, Searching Mission Navigation FFBDOutput One of the functions of the control system is maintaining lateral and longi-tudinal the stability throughout the flight

FMUS-Tech-COMM The system shall include a communication network
XInput Chapter 21, OC Communication Down-link; Chapter 27, Inter Swarm Com-municationOutput There are communication subsystems included in both mission phases

FMUS-Tech-COMM-1 Each swarm member of the system shall include a communication subsys-tem which is able to connect to the communication network
XInput Chapter 21, OC Communication Down-link Chapter 27, Inter Swarm Com-municationOutput Each member carries a subsystem to communicate with other swarmmembers and the operational centre

FMUS-Tech-COMM-2.1 The external communication link between searching UAVs and the opera-tional centre shall have a minimum link bit rate of 5 Mbits per second
X

Input Chapter 21, OC Communication Down-link. A test with a prototype wouldgive more insight.Output This link has been designed to have a sufficient bit rate. Preliminary anal-ysis is assumed to be correct. A test will result in a more reliable assess-ment.
FMUS-Tech-COMM-2.2 The internal communication link between tracking UAVs and searching UAVsshall have a minimum link bit rate of 40 kbits per second

X
Input Chapter 21, OC Communication Down-link; Chapter 27, Inter Swarm Com-munication. A test with a prototype would give more insight.Output This link has been designed to have a sufficient bit rate. Preliminary anal-ysis is assumed to be correct. A test will result in a more reliable assess-ment.
FMUS-Tech-COMM-2.3 The internal communication link for commands to all UAVs in the swarmshall have a minimum link bit rate of 5 kbits per second

X
Input Chapter 21, OC Communication Down-link; Chapter 27, Inter Swarm Com-munication; Chapter 21, OC Communication Down-link. A test with a proto-type would give more insight.Output This link has been designed to have a sufficient bit rate. Preliminary anal-ysis is assumed to be correct. A test will result in a more reliable assess-ment.
* FMUS-Tech-COMM-2.4 Each member of the swarm shall exchange data about its functionality withthe operational centre at least once every minute XInput Subsection 14.3.1, OC Communication Down-link; Chapter 27Output The UAVs will send status updates every second
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FMUS-Tech-COMM-3 Each UAV shall have a constant antenna gain in the horizontal plane
X

Input Chapter 15, Communication Link for Commands to the Swarm, Chapter 21,OC Communication Down-linkOutput The antennas chosen for the communication system are omnidirectional,meaning they have a constant antenna gain in the horizontal plane
FMUS-Tech-SENS The swarm shall include sensors for real time data acquisition

XInput Chapter 19, Searching Data Acquisition Subsystem; Chapter 25, TrackingData Acquisition SubsystemOutput All types of UAVs in the swarm carry sensors for real time data acquisition
FMUS-Tech-SENS-1 Each member of the swarm shall carry at least one type of sensors

XInput Section 19.3, Sensor Selection Searching UAV and Section 25.3, Sensor Se-lection Tracking UAVOutput All UAVs carry three sensors
* FMUS-Tech-SENS-2.1 The swarm shall include air humidity sensors

XInput Section 19.3, Sensor Selection Searching UAV and Section 25.3, Sensor Se-lection Tracking UAVOutput The tracking UAVs carry a humidity sensor
FMUS-Tech-SENS-2.2 The air humidity sensors shall measure the air humidity at least once every 50metres of flying

XInput Section 19.3, Sensor Selection Searching UAV and Section 25.3, Sensor Se-lection Tracking UAVOutput Since the frequency of the temperature/humidity sensor is 32Hz, it canmea-sures every 1.5 metres when flying at top speed
* FMUS-Tech-SENS-3.1 The swarm shall include air temperature sensors

XInput Section 19.3, Sensor Selection Searching UAV and Section 25.3, Sensor Se-lection Tracking UAVOutput The tracking UAVs carry a temperature sensor
FMUS-Tech-SENS-3.2 The air temperature sensors shall measure the air temperature at least onceevery 50 metres of flying

XInput Section 19.3, Sensor Selection Searching UAV and Section 25.3, Sensor Se-lection Tracking UAVOutput Since the frequency of the temperature/humidity sensor is 32Hz, it canmea-sures every 1.5 metres when flying at top speed
* FMUS-Tech-SENS-4.1 The swarm shall include wind speed sensors

×Input Section 25.3, Sensor Selection Tracking UAVOutput The wind speed will be measured by the control system accelerometers andgyroscope, no wind speed sensors will be included
FMUS-Tech-SENS-4.2 The wind speed sensors shall measure wind speed at least once every 50metres of flying

XInput Section 25.3, Sensor Selection Tracking UAVOutput The autopilot sensors and algorithm determining wind speed can providedata at a rate faster than every 50 meters of flying
* FMUS-Tech-SENS-4.3 The swarm shall include wind direction sensors

×Input Section 25.3, Sensor Selection Tracking UAVOutput The wind direction will be measured by the control system accelerometersand gyroscope, no wind direction sensors will be included
FMUS-Tech-SENS-4.4 The wind direction sensors shall measure wind direction at least once every50 metres of flying

XInput Section 25.3, Sensor Selection Tracking UAVOutput The autopilot sensors and algorithm determining wind direction can providedata at a rate faster than every 50 meters of flying
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FMUS-Tech-SENS-5 The swarm shall include sensors able to detect forest fires
X

Input Section 19.3, Sensor Selection Searching UAV and Chapter 20, Searching DataHandling Subsystem. A test with a prototype would give more insightOutput The sensors and algorithms that have been developed are expected to be capa-ble of detecting forest fires. However, a test in real life would give more evidentresults.
FMUS-Tech-SENS-6 The gimbal mounted on the searching UAVs shall be able to rotate at least 30degrees around the longitudinal axis of the UAV XInput Figure 19.5Output The gimbal is able to turn over a 30°angle around the longitudinal axis
FMUS-Tech-LOGI The entire swarm system shall be able to fit in a sea container with dimensionsof 12.2 metres by 2.44 metres by 2.60 metres

XInput Section 11.1, TransportationOutput The entire swarmsystem is transportable in a Fiat Ducato van, with dimensionsof 3.13 metres by 1.75 metres by 1.90 metres
FMUS-Tech-OCIF The system shall include an interface at the operational centre.

XInput Chapter 14, Operational Centre OverviewOutput The operational centre contains interfaces, which are part of the swarmsystem
FMUS-Tech-OCIF-1 The operator shall be able to take full control of the swarm at any time duringthe mission

XInput Subsection 14.2.1, General Mission PlanningOutput The operational office can take control of the swarm at any point during themission
FMUS-Tech-OCIF-2.1 The interface at the operational centre shall indicate fire location on a map witha resolution of at least 10 m by 10 m

XInput Subsection 14.3.2, Fire Tracking MissionOutput The location of the fire will be indicated on a map with a resolution of 10m by10m once detected
FMUS-Tech-OCIF-2.2 The interface at the operational centre shall indicate fire type on a map with aresolution of at least 10 m by 10 m XInput Subsection 14.3.2, Fire Tracking MissionOutput The fire type will be determined by measuring the temperature of the fire
FMUS-Tech-OCIF-2.3 The interface at the operational centre shall include an option to display themea-sured air temperature data

XInput Subsection 14.3.3, Data Screen Interface DesignOutput Measured air temperature can be displayed using the ’T’ button on the inter-face.
FMUS-Tech-OCIF-2.4 The interface at the operational centre shall include an option to display themea-sured air humidity data

XInput Subsection 14.3.3, Data Screen Interface DesignOutput Measured air humidity data can be displayed using the ’H’ button on the inter-face.
FMUS-Tech-OCIF-2.5 The interface at the operational centre shall include an option to display themea-sured wind direction data XInput Subsection 14.3.3, Data Screen Interface DesignOutput Measured wind data can be displayed using the ’W’ button on the interface.
FMUS-Tech-OCIF-2.6 The interface at the operational centre shall include an option to display themea-sured wind speed data XInput Subsection 14.3.3, Data Screen Interface DesignOutput Measured wind data can be displayed using the ’W’ button on the interface.

Appendix A List of Requirements FMUS-FR-2017 138



FMUS-Tech-OCIF-2.7 The interface at the operational centre shall include an option to display pre-dicted fire spread with an interval of 5 minutes up to 30 minutes in advance
XInput Subsection 14.3.3, Data Screen Interface DesignOutput Predicted fire spread can be retrieved by using the ’PS’ button on the inter-face

FMUS-Tech-OCIF-2.8 The interface at the operational centre shall include an option to display pre-viously measured locations of the fire front line
XInput Subsection 14.3.2, Fire Tracking MissionOutput Previously measured locations of the fire front line are displayed on theinterface using the ’AS’ button

FMUS-Tech-OCIF-3.1 The interface at the operational centre shall include terrainmaps of all coun-tries which are full member of the European Union
XInput Subsection 14.2.1, General Mission PlanningOutput Terrain maps of all the countries of the EU are indicated in the design ofthe interface and will be included

FMUS-Tech-OCIF-3.2 The interface at the operational centre shall include satellite image maps ofall countries which are full member of the European Union
XInput Subsection 14.3.3, Data Screen Interface DesignOutput Satellite images of all the countries of the EU are indicated in the design ofthe interface and will be included

FMUS-Tech-DATH The system shall include data handling software for data processing
XInput Chapter 20, Searching Data Handling Subsystem and Chapter 26, TrackingData Handling SubsystemOutput The system does include data handling software to process the data

FMUS-Tech-DATH-1 The data handling software shall be able to create a vegetation map of theentire mission area with a resolution of at least 5 m by 5 m per pixel
XInput Chapter 19, Searching Data Acquisition SubsystemOutput The resolution that will be used is 5 x 5 m per pixel as indicated in therequirement

FMUS-Tech-DATH-2 The data handling software shall be able to detect wildfires covering an areaof at least 1 square meter
×Input Chapter 19, Searching Data Acquisition Subsystem. Test will be needed toverify this requirementOutput Requires testing to verify

FMUS-Tech-DATH-3 The operational centre fire prediction model shall be able to predict firespread up to 30 minutes in advance
×

Input Chapter 26, Tracking Data Handling Subsystem. A test would give moreinsight in to theOutput The algorithm is able to predict the spread for an infinite amount of time,but obviously the accuracy decreases. A real life test would give more def-inite results about the prediction capabilities of the algorithm.
* FMUS-Nontech-ORGA-1 The system shall have a production cost no more than e250,000

×Input Section 36.3, Cost Conclusion and RecommendationsOutput The production cost of the system is e391,174
FMUS-Nontech-ORGA-2 The operations of the system shall cost no more than 500 euro per mission

XInput Section 36.2, Operational CostOutput The operational cost per mission is €194
FMUS-Nontech-ORGA-3 The conceptual design shall take no more than 10 weeks to complete

XInput Chapter 38, Project ResultsOutput The conceptual design phase was finished in 10 weeks, resulting in thisfinal report
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FMUS-Nontech-ORGA-4 At least 2 stakeholders shall be engaged to discuss the set requirements
×Input Chapter 5, StakeholdersOutput Only the coaches and tutor were involved in a discussion about the require-ments, other stakeholders were contacted but requirements have not beendiscussed

FMUS-Nontech-ORGA-5 The system shall be able to operate in all countries which are full member ofthe European Union
XInput This entire reportOutput Throughout the entire report, the legislation has been considered. For ex-ample the bandwidth and coverage of the communication system and themaximum flight altitude.

FMUS-Nontech-SUST-1 The design shall be RoHS compliant
XInput Subsection 31.1.3, Legal AspectsOutput The materials used in the design are RoHS compliant

FMUS-Nontech-SUST-2 All parts of the system shall be re-useable
XInput Chapter 31, Sustainable Development StrategyOutput All part of the systems are re-usable

FMUS-Nontech-SUST-3 The design shall not contain glue connections
×Input Figure 9.1, UAV weight and power breakdownOutput The weight breakdown shows that glue is used in the design

FMUS-Nontech-SUST-4 Tracking UAVs shall fly within a range of ±5km/h around the cruise speedonce they have reached the fire location XInput Chapter 12, Mission StrategiesOutput Tracking UAVs will fly at the cruise speed once arrived at the fire location
FMUS-Nontech-SUST-5 All UAVs shall have a noise level on the ground which does not exceed 30 dB

XInput Subsection 31.1.6, NoiseOutput The searching UAVs have a maximum noise level on the ground of 10.5 dB,the tracking UAVs have a maximum noise level on the ground of 20 dB
FMUS-Nontech-REGU The entire system shall comply with all relevant rules and regulations in theEuropean Union ×Input Subsection 37.3.3, SWOT AnalysisOutput It is currently prohibited by law to fly an autonomous UAV swarm in the EU
FMUS-Nontech-RISK The design shall incorporate mitigation of risks and potential collateral dam-age of one member of the swarm or the entire swarm XInput Chapter 10, System Technical Risk AssessmentOutput Potential risk are identified with a proper mitigation plan
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IXConclusion

B Functional Diagrams

Figure B.1: Searching Mission FBS

Figure B.2: Tracking Mission FBS
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Figure B.3: Communication FFBD

Figure B.4: Searching Mission Data Acquisition FFBD

Figure B.5: Searching Mission Navigation FFBD

Figure B.6: Fire Front Line Tracking FFBD
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IXConclusion

C Technical Role Reporting Distribution
The work reported in this document has been a collaborative effort, where each team member wrote on thetechnical area that he had worked on during the midterm phase. The distribution of these efforts between eachteam member is presented in Table C.1. Note that a managerial role work distribution is not provided since thisis harder to gauge based on the written material of the report.

Table C.1: Task Distribution
Chapter Author(s)Preface AlexSummary Jules1 Introduction Alex2 Background Alex3 Need & Opportunity Alex, Coen4 Objective Lian, Bernard5 Stakeholders and Requirements Victor, Thomas6 System Conceptualisation Lian7 System Overview Coen, Gijs8 System Functional Analysis Michiel9 System Technical Resource Budget Lian10 System Technical Risk Assessment Jules11 System Logistics Jules12 System Mission Strategies Coen13 UAV Platforms Lian14 Operational Centre Overview Bernard, Michiel, Victor15 Communication Link for Commands to the Swarm Gijs16 Searching Overview Michael17 Searching Technical Resource Budget Lian18 Searching Control Subsystem Victor, Michiel19 Searching Data Acquisition Subsystem Michael, Alex20 Searching Data Handling Subsystem Alex, Lian21 OC Communication Down-link Gijs22 Tracking Overview Michael23 Tracking Technical Resource Budget Lian24 Tracking Control Subsystem Michiel, Victor25 Tracking Data Acquisition Subsystem Michael, Alex26 Tracking Data Handling Subsystem Bernard27 Inter Swarm Communication Gijs28 Sensitivity Analysis Lian29 Proposed Product Verification Thomas, Michiel30 Proposed Product Validation Victor, Bernard31 Sustainable Development Strategy Bernard32 Feasibility Analysis Victor, Thomas33 Design & Development Logic Bernard34 Assembly & Integration Plan Lian,Bernard35 Operational Management Lian36 Cost Analysis Jules37 Market Analysis Jules, Coen38 Project Results Lian39 Recommendations Alex
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