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Abstract 

Over the past years the use of unmanned aerial vehicle (UAVs) swarms has increased 

drastically. Multiple cooperative unmanned aerial vehicles have introduced numerous 

possibilities of performing several tasks, saving time, money and impediments. However, even 

though they are making life easier unequal responsibility propagation amongst unmanned aerial 

vehicles in a swarm is the biggest detriment that has resulted in inconsistent battery consumption. 

Missions have failed as a result of unequal propagation of responsibilities as some unmanned aerial 

vehicles in a swarm work more than the others hence consuming more battery and in turn leaving 

the swarm before the completion of the designated mission, which then compels the remaining 

unmanned aerial vehicle to abort the mission. In response to the aforementioned disadvantage, 

this dissertation presents an energy aware and harmonization algorithm which will ensure equal 

responsibility propagation safeguarding that battery is drained evenly amongst the unmanned 

aerial vehicles.  

 
This algorithm sets its foundation on bio-inspiration, specifically adapting the same biological 

makeup of geese because they share responsibility when they fly as a flock. In this algorithm, the 

leader-follower reciprocation mechanism is integrated with the energy-aware computational 

movement to facilitate the rotation of the leadership role based on the real-time update of the 

available battery in each unmanned aerial vehicle in the swarm. These features ensure an accurate 

definition of the rotation sequence with knowledge of when and how to rotate. This novel proposed 

algorithm was tested for feasibility and validity by field experiments. The equal propagation of 

responsibilities allocated to each unmanned aerial vehicle proved to enhance the battery 

consumption consistency of unmanned aerial vehicles in a swarm by 98% resulting in an increase 

in formation flight range as they were able to reach lap 4 and lap 6 as a swarm compared to lap 2 

without the algorithm. Our Energy harmonization algorithm is adaptable to any similar swarm 

or group based systems that hinge their integrity and correctness on the consistent consumption 

of energy.  
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Introduction 1 

1.1 Introduction  2 

 3 

The use of Unmanned Aerial Vehicles (UAVs) – also referred to as drones have become not 4 

only of paramount importance to modern day warfare but a critical, substantial necessity. These 5 

sentiments have been echoed by Xueping et al. [1] and Wei  et al. [2]  who say, the 6 

aforementioned aircraft which does not require an on-board pilot has revolutionised from the 7 

execution of a solitary task to execute various missions like surveillance, monitoring, acquiring, 8 

tracking and destruction of targets with the use of advanced technologies. 9 

 10 

Unmanned aerial vehicles have transformed from making use of a single entity to using 11 

multiple entities referred to as ‘unmanned aerial vehicle swarm’. According to Mamta and 12 

colleagues [3] a swarm is a collection of interacting and cooperating individuals working in 13 

unison to achieve a common goal. Xueping and colleagues [1] state that an unmanned aerial 14 

vehicle swarm is a group of vehicles that work collectively, collaborating and communicating 15 

with each other to accomplish an objective. Research shows that having more than one  16 

unmanned aerial vehicle assigned to a mission dramatically increases the probability of  success 17 

[4]. The advantages of a swarm of unmanned aerial vehicles is that: they can collect data from 18 

several vantage points concurrently [5], performance is improved as tasks are executed 19 

efficiently [3], there is task enablement and also the distributed sensing is much wider leading 20 

to successful  flights. A swarm of unmanned aerial vehicles can be used for search and rescue 21 

as they can travel over a large area faster than a single unmanned aerial vehicle [1]. The other 22 

applications of unmanned aerial vehicle swarms are to help track and stop poachers, land 23 

survey, weather data collection, capturing huge image mosaic and many other mission based 24 

flights.  25 

 26 

In spite of all the benefits associated with unmanned aerial vehicle swarm. There are  27 

limitations of unmanned aerial vehicle swarm, including erratic battery consumption which has 28 

limited their infiltration into everyday life [6]. The disparity has resulted in other unmanned 29 

aerial vehicles leaving the swarm earlier than the others because the battery had run out. This 30 

led to a disruption of data collection since a collection task is assigned to each unmanned aerial 31 



 

3

vehicle and thus resulting in unsuccessful swarm missions. According to Duan and colleagues 32 

[7], the primary cause of inconsistent battery consumption amongst unmanned aerial vehicles 33 

in a swarm is unequal role allocation [7]. In an unmanned aerial vehicle swarm, one unmanned 34 

aerial vehicle leads while one or more unmanned aerial vehicle(s) follows the leading aerial 35 

vehicle, this arrangement is referred to as a leader-follower formation [8], [9]. The leader 36 

unmanned aerial vehicle is allocated more tasks to do than the follower unmanned aerial 37 

vehicle(s) [10], leading to more battery being exhausted by the leader unmanned aerial vehicle 38 

as compared to the follower unmanned aerial vehicles [7], [11]. This means the leader 39 

unmanned aerial vehicle will leave the swarm sooner than the following unmanned aerial 40 

vehicle and will directly fly back to the deployment location and land resulting in the 41 

termination of the whole mission [12]. 42 

 43 

The reason for the termination of the mission is that in an unmanned aerial vehicle swarm the 44 

leader connects the follower unmanned aerial vehicles with the base station, it is allocated the 45 

role to direct and even convey commands from the base station with the other unmanned aerial 46 

vehicles. If it breaks out of the swarm, the whole mission is aborted because there will be no 47 

unmanned aerial vehicle relaying information on where they are going or what they are 48 

supposed to do. (The termination of the whole swarm applies to any unmanned each unmanned 49 

in the swarm as each unmanned aerial vehicle has a major role to play in the swarm for the 50 

mission to be successful [13]). This then limits the flight scope of the whole unmanned aerial 51 

vehicle swarm [7], [14].  Figure 1 displays a summary of limitations of an unmanned aerial 52 

vehicle swarm which are a result of lack of harmonization which is the major problem in 53 

unmanned aerial vehicle swarms. 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

4. Range Restriction of 
the whole UAV formation 

 

3. Loss of UAVs in the 
swarm in the middle of 

the mission 

Problem 

Definition 

1. Unequal 
Responsibility 
propagation 

2. Inconsistent 
battery 
consumption 

Figure 1: Diagram showing problem definition framework interpretation 
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In response to the above-mentioned predicaments, this study sets its foundation in the 62 

application of nature by adopting the same behavioural capacities of geese in unmanned aerial 63 

vehicles. Geese, which are also known as migrating birds fly in a rotational leader-follower 64 

formation in order to preserve energy so that they complete their mission together [14]–[16].  65 

When the leader tires it rotates back into the formation and another goose becomes the leader 66 

[15]. This is because there is more effort needed at the front than at the back [15]. The same 67 

notion has been incorporated in this study by developing geese inspired unmanned aerial 68 

vehicle swarm energy-aware and harmonisation algorithm. The algorithm: 1. Adopts the 69 

leader-follower formation control where one unmanned aerial vehicle is assigned as a leader 70 

and the other unmanned aerial vehicles as followers, 2. Ensures equal responsibility 71 

propagation by virtually rotating unmanned aerial vehicles safeguarding that battery is drained 72 

evenly amongst the unmanned aerial vehicle s leading to the success of the designated mission, 73 

3. Integrates the energy-aware computation with the leader-follower formation mechanism in 74 

order to get the real-time update of the available battery in order to know when to facilitate the 75 

rotation between the leader and follower. 76 

 77 

The energy-aware and harmonisation algorithm certifies that the unmanned aerial vehicles in 78 

a swarm start the mission together and end the mission as a group. It focuses on an all-or-79 

nothing mission, meaning either fully or not at all operative. This means it engages the entire 80 

swarm formation in a mission (all unmanned aerial vehicles in use) and if any unmanned aerial 81 

vehicle is lost, then the whole mission is aborted. When the mission commences a leader 82 

unmanned aerial vehicle is chosen and the remaining unmanned aerial vehicles become 83 

followers, both the leader and follower unmanned aerial vehicles are allocated tasks as per their 84 

role.  As the mission continues the battery level of all the unmanned aerial vehicles is in 85 

constant check (at each threshold interval) and if there is a follower unmanned aerial vehicle 86 

with the highest battery level than that of the leader unmanned aerial vehicles they will then 87 

switch responsibilities (the preceding leader becomes the follower and the follower becomes 88 

the leader). The rotation continues in order to safeguard that there is equal responsibility 89 

propagation amongst the unmanned aerial vehicles, ensuring that the battery is drained evenly 90 

because the survival of each drone is critical and fundamental to the accurate performance of 91 

the mission [9]. The energy-aware and harmonization feature is what makes the algorithm 92 

distinctive. This feature ensures the workload is shared evenly in all the unmanned aerial 93 

vehicles in a swarm and also it alerts the base station to be aware of when to execute the rotation 94 
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threshold sequence, allowing the unmanned aerial vehicle with more battery than the others to 95 

be the leader.  96 

 97 

Figure 2 shows a summary of how this research was conducted. It explains how the necessary 98 

data and information to address the research objectives were collected, presented and analyzed. 99 

The first segment shows the algorithm development phases which were used labelled as: 1. 100 

Problem Identification and Analysis 2. Design and development 3. Implementation and 101 

Evaluation. The second segment shows the objectives that were being addressed. The third 102 

segment shows the approaches that were followed in addressing the set objectives. The last 103 

segments show the tools that were used to fulfil the sets methods. This methodological 104 

approach was used to produce a generalizable understanding of responsibility propagation in 105 

order to make available an archetypal sample that can be replicated by other researchers. The 106 

other reason for using this methodology was because the research questions needed to be 107 

resolved and fulfilled by carrying out experiments, making this a suitable approach to use. 108 

 109 

  110 
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 112 
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 114 

 115 
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 118 
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 120 

 121 
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1.1.1 Motivation 136 

 137 

This  segment  discusses  the  three  factors  that  motivate  the  research  undertaken. First, 138 

there is a dearth of research on unmanned aerial vehicle swarm energy-aware and 139 

harmonization algorithms [17]. Second, there is a need to explore methods that can increase 140 

the success rate of unmanned aerial swarm missions. Third, there need to improve the battery 141 

inconsistency in unmanned aerial vehicle swarms. This research provides numerous benefits 142 

that address the problem area. It enables the valuation of the rate at which battery is consumed 143 

in a single unmanned aerial vehicle and also numerous unmanned aerial vehicles in a leader-144 

follower formation. This allowed us to verify if unequal sharing of responsibilities was indeed 145 

the primary cause of battery consumption inconsistency as stated by Duan and colleagues [7]. 146 

It also enabled us to come up with ways on what can be done to solve the confirmed problem 147 

of unequal responsibility propagation and how the solution can be incorporated which in our 148 

case is the development of the Geese Inspired UAV Swarm Energy-Aware and Harmonisation 149 

Algorithm. Furthermore, we evaluated if indeed the algorithm has solved the problem of 150 

unequal responsibility propagation by the experiments carried out. 151 

 152 

1.1.2 Contribution 153 

This segment focuses on the contributions of this dissertation.  154 

 155 

1. The geese inspired UAV energy aware and harmonization algorithm is validated in a 156 

practical outdoor experiments, unlike the previous studies which only proposed 157 

theoretical solutions, all the proposed methods will be tested in a practical setup not 158 

simulators. 159 

2. The proposed algorithm ensures battery is balanced in all the unmanned aerial vehicles 160 

by rotating responsibilities of leading and following. This attribute ensures that no UAV 161 

is lost due to low battery during mission undertaking. If in case the battery becomes 162 

low then it will reflect in all the UAVs and they will all land for recharging then 163 

continue where they left of as a swarm. 164 

3. The algorithm has an attribute referred to as a threshold, this feature is what makes the 165 

proposed algorithm distinctive. The threshold alerts when each rotation should be 166 

triggered. After calculating the threshold the resulting figure is subtracted from the 167 
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battery percentage of the leader, then rotation point is established and when the leader 168 

reaches the threshold the rotation sequence is executed.   169 

4. The other contribution is that within the proposed algorithm there is an energy-aware 170 

feature which provides real-time update of the available battery in order to know when 171 

to facilitate the rotation between the leader and follower. This feature is what will 172 

influence the continuation of the swarm or discontinuation looking at the battery-level 173 

of each UAV in swarm without blindly flying the UAVs. 174 

 175 

This Chapter is subsequently organized as follows. In Section 1.2, we define the problem 176 

account. In Section 1.3, we present the research objectives so as to have a well-defined picture 177 

of what was achieved in this research. In Section 1.4, we present the research questions. In 178 

Section 1.5, we present the significance of the research. In Section 1.6, we present the 179 

dissertation structure. These Sections are then followed by the summary of Chapter 1 in Section 180 

1.7. 181 

 182 

1.2 Problem Statement 183 

 184 

Kai Li et al. [17] substantiates that the problem of balancing energy consumption  amongst the 185 

unmanned aerial vehicles is there and verifiable and that there is a need to resolve it. Duan and 186 

colleagues [7] further state that the lack of balanced energy consumption is a result of unequal 187 

responsibility propagation amongst unmanned aerial vehicles in a swarm. Unmanned aerial 188 

vehicle swarm missions have failed as a result of losing some unmanned aerial vehicles in the 189 

process of execution because of inconsistent battery consumption as a result of unequal 190 

responsibility propagation because some unmanned aerial vehicles are allocated more tasks 191 

than others. In a leader-follower formation, the leading unmanned aerial vehicle uses more 192 

battery than the follower unmanned aerial vehicles because it acts as a gateway for the other 193 

unmanned aerial vehicles in a swarm to the ground station [7]. This means a leading unmanned 194 

aerial vehicle will use more battery and then leave the swarm before it completes its mission 195 

leading to a failed operation. This has been regarded as the biggest problem faced thus far in 196 

unmanned aerial vehicle swarm missions [8]. 197 

Therefore, the problem that has been addressed in this study is the lack of comparable 198 

responsibility propagation which leads to inconsistent battery consumption of unmanned aerial 199 

vehicles in a swarm. Duan et al. [7] state that this problem causes swarm missions to fail as 200 
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some unmanned aerial vehicles(drones) run out of energy sooner than the others, hence, leaving 201 

the formation in the process of execution without completing the designated missions. Duan 202 

and colleagues further ague that this restricts the range of the whole Unmanned Aerial Vehicle 203 

formation leading to erroneous information collection [7].  204 

 205 

1.3 Research Objectives 206 

 207 

The overall research objectives that encompass the scope of this dissertation are summarized 208 

as follows: 209 

 210 

1.3.1 Main Objective 211 

1. Develop and evaluate a geese inspired unmanned aerial vehicle swarm energy-aware 212 

and harmonisation algorithm: The overall objective of this research is to build and 213 

assess an algorithm which addresses lack of comparable responsibility propagation 214 

which leads to inconsistent battery consumption of unmanned aerial vehicles in a 215 

swarm. 216 

 217 

1.3.2 Specific Objectives  218 

1. Evaluate the battery consumption rate of a standard UAV in three states; when 219 

stationery, hovering and flying. 220 

2. Assess battery utilization in UAVs within a swarm in a leader and follower formation. 221 

3. Design an energy-aware harmonising scheme / algorithm. 222 

4. Implement and Test the Energy-Aware and Harmonisation Algorithm. 223 

5. Evaluate the algorithm Energy-Aware and Harmonisation Algorithm. 224 

 225 

1.4 Research Questions 226 

 227 

1.4.1 Main Research Question 228 

1. How is the development and evaluation of a geese inspired unmanned aerial vehicle 229 

swarm energy-aware and harmonisation algorithm going to be carried out in order to 230 

addresses the problem of lack of comparable responsibility propagation in UAV 231 

swarms. 232 
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 233 

1.4.2 Specific Research Questions 234 

1. At what rate does a standard UAV consume battery when stationery, hovering and 235 

flying? 236 

2. How much battery is utilized by UAVs within a swarm in a leader-follower formation? 237 

3. What is the systematic plan of developing the Geese Inspired UAV Swarm Energy-238 

Aware and Harmonisation Algorithm? 239 

4. How is the Geese Inspired UAV Swarm Energy-Aware and Harmonisation Algorithm 240 

going to be implemented? 241 

5. How is the Energy-Aware and Harmonisation Algorithm evaluated? 242 

 243 

 244 

1.5 Significance of the research 245 

 246 

This research presents a geese inspired unmanned aerial vehicle energy-aware and 247 

harmonization algorithm that will endure equal responsibility propagation by rotating 248 

unmanned aerial vehicles in a swarm safeguarding that battery is drained evenly amongst the 249 

unmanned aerial vehicles. In our algorithm development, we adopted the already existing 250 

leader-follower formation control where one unmanned aerial vehicle is assigned as a leader 251 

and the other unmanned aerial vehicles as followers and integrated it with the energy-aware 252 

and harmonization feature that we designed, making it a significant contribution to the body of 253 

knowledge of computer science. It has been called an energy-aware and harmonization 254 

algorithm because the aim is to equally share responsibilities among unmanned aerial vehicles 255 

in a swarm by rotating unmanned aerial vehicles based on the acquired real-time knowledge of 256 

the available battery in each unmanned aerial vehicle. This algorithm manages, disseminates 257 

and allows unmanned aerial vehicles to collaboratively share roles.  258 

 259 

1.5.1 Practical Applications of the algorithm 260 

 261 

This algorithm is not only of significance to the scientific body of Knowledge of computing 262 

but also to the nation as a whole. There are various applications of this algorithm such as: 263 

search and rescue missions, precision farming in agriculture missions, and many other 264 

applications. In this research we focus on the application of capturing mosaics.  265 
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In capturing huge mosaics unmanned aerial vehicles in a swarm cooperatively aerial image to 266 

create an overview picture. The capturing of huge mosaic pictures can be done when one needs 267 

to view the land from a high viewpoint when there were disasters. There is a need to see how 268 

much the area has been affected. It can be for capturing change or other important applications. 269 

Figure 3 shows the simulation of how 16 UAVs captured 104 images and then putting them 270 

together to make a huge mosaic. The first image a) shows initial state points, simulation of 16 271 

UAVs with 104 captured images which are then combined and processed producing b) The 272 

topology captured by the UAVs [18]. 273 

  274 

 275 

 276 

 277 

 278 

 279 

 280 

Figure 3: Shows the simulation of how 16 UAVs captured 104 images and then putting them 281 

together to make a huge mosaic 282 

The geese inspired Unmanned Aerial Vehicle swarm energy-aware and harmonization 283 

algorithm ensures that during huge mosaic capturing no UAV is lost because of reasons that it 284 

has run out of battery before other UAVs. It ensures that the battery is exhausted equally to 285 

avoid losing one or more UAV(s) during the operation.  This enables complete mosaic 286 

capturing to create an overview picture. 287 

 288 

1.5.2 Expected Outcomes 289 

 290 

Main outcome of the study: The developed geese birds inspired unmanned aerial vehicle 291 

swarm energy-aware & harmonisation scheme. The nature inspired patented control 292 

algorithm that synchronize battery consumption in a swarm of unmanned aerial vehicles. This 293 

algorithm can be applied in several applications that have an impact on society. These include 294 

search and rescue, crime prevention, anti-poaching, disaster management, construction and 295 

land surveys. 296 

a) b) 
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1.6 Structure of the Dissertation 297 

 298 

The remainder of this dissertation is organized as follows. In Chapter 2, we present the 299 

literature review. In Chapter 3, we present the methodology. In Chapter 4, we present the results 300 

and analysis of the experiments conducted. In Chapter 5, we present the conclusion, which 301 

summarizes and outlines future research improvements and recommendation of the area of 302 

research. These Chapters are then followed by References and Appendices. 303 

 304 

1.7 Summary 305 

 306 

The problem of lack of inconsistent battery consumption of unmanned aerial vehicles has 307 

resulted in failed swarm missions as some unmanned aerial vehicles run out of batteries in the 308 

middle of missions. This is a result of the unequal role allocated to the drones as some are given 309 

more work than the others. The objective of this study is to develop geese inspired energy-310 

aware and harmonization algorithm in order to ensure equal responsibility propagation by 311 

rotating roles so as to ensure synchronized battery consumption. The algorithm consists of three 312 

features, being: the leader-follower mechanism and the energy-aware and harmonization 313 

approach. This features enable alertness, real-time battery update, and synchronisation and a 314 

precise rotation sequence of unmanned aerial vehicle in a swarm. In the next Chapter, we 315 

present literature review.  316 
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Chapter 2:  Literature Review   317 

2.1 Chapter Overview 318 

 319 

This Chapter is organized as follows. In Section 2.2, we present the background of the study. 320 

In Section 2.3, we present a review of related works and the limitations of the existing works. 321 

In Section 2.4, we present the research gap. These Sections are then followed by the summary 322 

of this Chapter in Section 2.5. 323 

 324 

2.2 Background of the study 325 

 326 

2.2.1 Geese 327 

Birds are described as warm-blooded vertebrate creatures [19]. Various birds’ attributes have 328 

set them apart from each other, categorizing them into different types. With over 10000 various 329 

species of birds across the world [20], attributes such as their external anatomy, behaviour, 330 

breeding and ecology differ from bird to bird. Figure 4 shows the different types of birds with 331 

unique fowl vents.  332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

This research is only centred on Goose birds. Goose (also known as Geese in plural) are heavy-342 

bodied birds that are widely recognized for their nomadic and V-formation attributes [16], [21], 343 

[22]. Geese fall into two categories which are the non-migratory and migratory geese. Non-344 

Figure 4: Different fowl vent distinguishers [24] 
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migratory geese are those that live in an environment that has adequate food and water supply 345 

and hence do not need to migrate to any other location as their daily needs are met. On the 346 

other hand, Migratory geese are those that live in an environment that has inadequate food and 347 

water supply forcing them to be nomadic. Our research will solitary be centred on migratory 348 

geese. Figure 5 shows geese flying in a leader-follower formation also known as V-formation.  349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

Out of all the birds that are existing, we chose to use geese birds as our focal inspiration for our 364 

algorithm. The reason for selecting geese was: 365 

 Their Capability of maneuvering while maintaining their formation which helps them avoid 366 

collision and also helps each goose to visually see where they are going [21]. 367 

 Their Capability to travel thousands of kilometres between breeding grounds and temperate 368 

winter as a flock of geese[14], [15] 369 

 How they collaborate by taking turns to share the responsibility of leading the flock. When 370 

the leader goose tires, it rotates back into the formation to become the follower and another 371 

goose flies to the point position and becomes the leader [21]. 372 

 373 

 374 

  375 

Figure 5: Snow Geese Flying in a leader-follower (V) Formation [83] 
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Migration of Geese Birds 376 

 377 

The term migration means periodic or time to time movements. There are three different types 378 

of migration distances, there is short distance migration, medium distance and long distance 379 

migration [23]. Various Species including geese birds have been known to migrate over large 380 

distances. The journey requires them to have considerable navigational skills as they are prone 381 

to be exposed to harsh conditions throughout [24]. Geese fly between 40 and 50 miles an hour 382 

or even go to an extent of flying 400 to 500 miles per day [24]. Figure 6 shows the migration 383 

of the Canada goose. Their movement keeps pace with the progress of spring. The increase in 384 

daylight during spring triggers migration northwards. 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

Formation in Geese Birds 398 

 399 

Geese fly together in flocks and they frequently align themselves in formations [15]. The 400 

formation portrayed by geese birds is one that allows one bird to fly in front of the flock while 401 

the rest follow. The benefits of flying in these formation is to increase aerodynamic 402 

performances, hence yielding energy saving abilities. Cutts and Speakerman [15] conducted  403 

research that showed that 2.4% of energy was saved in the formation flight of Pink-Footed 404 

Geese. 405 

Figure 6: Shows the migration of Canada goose. [24]. 
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The  arranged formation of 3 birds increases the distance by 25% while a formation of 25 birds 406 

advance the distances by 70% as compared to a single flying bird  [25]. The second benefit 407 

shown by Beauchamp [26] is that geese that travel in flocks tend to head in the right direction 408 

more often. This can be likened to the knowledge that during migration inexperienced 409 

individuals attain an understanding of the flocks’ migratory route [26], [27]. The other benefit 410 

is that flocking helps the birds to avoid collisions as each bird has  visual contact with the rest 411 

of the birds in the formation and also it is aware and can see where they are headed  [27].  Geese 412 

birds believe in starting a migratory mission together as a flock and ending it without losing 413 

any bird in the process, so the third benefit of moving as a group is that there is less risk of 414 

predation attack. 415 

 416 

2.2.2 Unmanned Aerial Vehicles Swarm 417 

 418 

Unmanned Aerial Vehicle 419 

 420 

An unmanned aerial vehicle, commonly referred to as a drone; is a flying machine that 421 

functions without the presence of a human (on-board)[1], [2], [28]. It is usually controlled from 422 

afar (remotely) or onboard [2] as such pilot safety is not an apprehension anymore.  423 

 424 

Swarm of unmanned aerial vehicles 425 

 426 

Zhu et al. [1] define a swarm as a collection of objects or particles that are in coordination with 427 

each other. He further adds to say a UAV swarm is a group of vehicles that work together, 428 

interconnecting with each other and assisting other members of the swarm in tasks to 429 

accomplish set missions.  430 

 431 

The definition of UAV swarm according to context of this research 432 

 433 

A swarm is a collection of two or more drones working together and communicating with 434 

each other to achieve a specific goal. The UAVs in a swarm are given an assignment to do 435 

and they then divide it amongst themselves  436 

 437 

The advantages of a UAV swarm are: 438 

 439 

Scalability: A swarm of Unmanned Aerial Vehicles can increase the range coverage [29]. 440 
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Workload sharing: In a swarm of UAVs the tasks allocated to them can be shared amongst the 441 

UAVs, reducing the workload and hence reducing the battery consumption [1], [30]. 442 

Task enablement: Swarm UAVs can do tasks that are impossible for a single UAV. They can 443 

be allocated different functions in one mission. By having more than one UAV assigned to a 444 

mission, the probability of success dramatically increases [30], [31]. 445 

 446 

Improved performance: Tasks are performed more efficiently. More than one UAV assigned 447 

to a mission, increases the probability of success dramatically. 448 

Distributed action: A swarm UAVs can work in different places at the same time. This enables 449 

them to be able to collect data from multiple vantage points simultaneously. 450 

 451 

Application of Unmanned Aerial Vehicles 452 

 453 

Unmanned Aerial Vehicles have transformed industries with more than two hundred limitless 454 

applications [32]. Their ability to gather data has remarkably increased their use in numerous 455 

industries. For the reason that there are a lot of applications of UAVs in this fragment, only a 456 

select few will be discussed. Figure 7 gives a holistic potential listing of the different 457 

applications of UAVs. 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 Unmanned Aerial Vehicles in Agriculture 474 

Figure 7: Different applications of Unmanned Aerial Vehicles [32]. 
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 475 

Unmanned Aerial Vehicles are transforming industries, including the agricultural sector. 476 

Farmers are now able to see their fields from above. The elevated view from above has paved 477 

a way for precision agriculture. UAVs are helping in the collection of data, mapping 478 

agricultural land, managing farms, data analysis, and also application of pesticide and fertilizers 479 

[33]. UAVs commonly known as Drones collect data related to crop yields, livestock health, 480 

soil quality, nutrient measurements, weather and rainfall results, and other areas that need 481 

inspection[34].  482 

 483 

The collected data will be analyzed and farm decisions will be made based on the results 484 

inferred from the analysis [33]. In order to produce high yields crops require consistent 485 

fertilization and spraying and drones have been equipped with large reservoirs which are filled 486 

with fertilizers, herbicides and pesticides making the whole process safer and cost-effective 487 

[34]–[36]. Figure 8 illustrates an unmanned aerial vehicle monitoring a field and the other 488 

identifying an animal. 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 Unmanned Aerial Vehicles in Transportation 504 

 505 

Transport and logistics industries have moved to the use of UAVs because of their capability 506 

to maneuver around and above areas such as stockrooms and shipping container points and 507 

stations [37]. The health sector has also moved to UAVs for transportation of blood products, 508 

medication, and emergency first kits [38], [39]. Business enterprises are also shifting to the use 509 

a)  b)  

Figure 8: Drones in Agriculture: a)shows a drone monitoring the field [84] and b) 

shows a drone identifying an animal [85] 
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of UAVs for transportation.  For example, Amazon is aspiring to deliver pizza using Unmanned 510 

Aerial Vehicles [33]. The advantages  of using these vehicles are their ability to go where there 511 

is no passage road, UAVs are immune to traffic delays and they are low overhead costs [38]. 512 

 513 

 Unmanned Aerial Vehicles in Construction Inspection 514 

 515 

The construction industry is now one of the areas where drones are significantly used. 516 

Unmanned Aerial Vehicles are applied in construction in many different ways. The first 517 

application of unmanned aerial vehicles in construction is building inspection. In most cases 518 

going to the rooftop of a building can be demanding, it requires the use of ladders, cherry 519 

pickers, or even the erection of the scaffold, which are all costly and time- consuming.  520 

 521 

Hence using unmanned aerial vehicles will reduce the costs, time and safety risks involved 522 

with inspecting the rooftop. The second application of unmanned aerial vehicles in construction 523 

is site inspections [6], [40], [41]. Site inspections on a construction site can be very hazardous 524 

and complex, with the help of unmanned aerial vehicles the visual assessment saves lives as 525 

risks are reduced as well as save time and money [6]. UAVs are able to cover a larger distance 526 

in a very short time and because of their easy usability and access the inspections can be done 527 

regularly.  528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

In addition, UAVs are used for monitoring the progress of buildings in construction which is 543 

the most critical component in construction management [42]. Figure 9 shows a UAV swarm 544 

Figure 9: UAV monitoring a construction project [42] 
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monitoring a construction site. The current monitoring process is error-prone, labor-intensive 545 

and time-consuming. The progress evaluation using UAVs gives the chance of recognizing the 546 

current conditions in a project proficiently, to identify differences between the as-built and as-547 

planned evolvements, and to help in deciding on counteractive actions, as well. Other uses for 548 

UAVs in construction are as follows; promotional videos, health and safety inductions, site 549 

logistics, and other applications.  550 

 551 

 Unmanned Aerial Vehicles in Videography/Photography 552 

 553 

Drone photography has been the fastest-growing photography trend in recent years. Using 554 

drones you can get up high to photograph landscapes, cityscapes, real estate, and weddings. 555 

They allow one to photograph and video from an entirely new perspective. 556 

 557 

There has been rapid advances in drone technology in recent years. Their deployment has 558 

shown to make jobs easier and less costly, they have tremendously reduced risks. Their visuals 559 

have positively impacted various industries ranging from videography/photography, 560 

inspection, agriculture, construction, health, transportation, and other various industries.  561 

 562 

Types of UAVs 563 

 564 

The unmanned aerial vehicle can be differentiated by the following attributes: type, degree of 565 

autonomy, size and weight, and the power source. These specifications are important to help 566 

get a better understanding of Unmanned Aerial Vehicles.  That is the reason why this segment 567 

elaborates on the types of UAVs. There are two types of Unmanned Aerial Vehicles being the 568 

Fixed Wing and Rotary Wing that will be explored in conjunction with their benefit and 569 

detriment.  570 

 571 

 Fixed Wing Unmanned Aerial Vehicle 572 

 573 

According to Hassanalian et al. [32] and Liew et al. [43] a fixed wing unmanned aerial vehicle 574 

is one that uses static wings to make flying possible by creating lift triggered by the unmanned 575 

aerial vehicle forward airspeed. Hassanalian and colleagues [32] further add that fixed Wing 576 

UAVs utilize a motor and propeller as their thrust method. The design allows for them to be 577 

able to be impelled to the right site or route. When they run out of power, their grinding 578 

aptitudes naturally come on-stream [44], this allows them to be prominent in the survey and 579 

mapping industry.  580 
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 581 

Typical Uses: 582 

Due to their data focused designs, fixed-wing drones are usually used for commercial purposes 583 

which include aerial mapping, inspections, security, and surveillance, to name but a few [45]-584 

[46]. 585 

 586 

 Rotary Wing Unmanned Aerial Vehicle 587 

 588 

Commonly referred to as the ‘multi rotor system’, the rotary-wing drone is one that uses 589 

rotatory wings to generate lift. Multi-rotors are characterized by multiple rotors, which tend to 590 

make less noise and do not require a landing strip when compared to their fixed-wing 591 

counterparts. Ranging from single rotary-wing (small drones) substantially big drones, their 592 

popularity has grown over the years. Unlike their competitors, the rotary-wing drones are not 593 

qualified for survey and mapping operations. Rather, they are best suited for search and rescue 594 

along with various other uses such as package delivery work. In addition, the rotary-wing has 595 

made the work of filmmakers and photographers less complex to execute. 596 

 597 

Typical Uses 598 

The rotary wing drone is utilized in sectors varying from that of the fixed wing. Those include 599 

aerial photography, leisure, construction and also security. 600 

 601 

 The difference between the rotary UAV and fixed wing UAV 602 

 603 

Table 1: Comparing Fixed Wing UAV with Rotary Wing UAV 604 

 FIXED WING UAV ROTARY WING UAV 

ENDURANCE Good flight endurance [47] Poor flight endurance [47] 

DISTANCE Covers large areas [47] Covers small areas  [32] 

ALTITUDE Higher Altitude [32], [47] Lower Altitude  [47] 

FLIGHT TIME Long flight time [32], [47], [48] Short flight time  [47] 

COSTS Expensive [47] Cheap [48] 

SKILLS Requires operational skills as it is 

hard to fly  [47] 

Easy to fly [47], [48] 

PAYLOAD Can carry more weight  [47] Limited payload Aptitudes [48] 

Table 1 shows a comparison between Fixed Wing UAV and Rotary Wing. The main advantage 605 

of the fixed-wing is its ability to cover larger distances and good flight endurance, however, it 606 
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Figure 10: Virtual leader-based close formation flight control [52] 

is very expensive [47]. The other disadvantage is that it requires skill in order to be able to fly 607 

it and land it [47]. On the other hand, the Rotary wing type of  UAV is very easy to control and 608 

manoeuvre [47], [48] and also very much affordable as compared to the fixed-wing UAV [48], 609 

all this being its advantages. The disadvantages of the rotary-wing are the limited flying time 610 

[47]and payload capabilities [48].  611 

 612 

2.2.3 Formations 613 

 614 

In a UAV swarm, there is a need for a control strategy in order to achieve coordinated flight of 615 

a group of UAVs. These control formations help UAVs with an approach on how they can 616 

interact with each other and the environment. As such, this Section reviews the two standard 617 

strategy types of formation control, those being the Virtual structure formation and the Leader-618 

follower formation strategy.  619 

 620 

 Virtual Structure formations 621 

 622 

Virtual structure formation was first introduced in 1997 by Lewis and associates [49]. The 623 

reason why they initiated this structure was to force a group of robots to behave as if they were 624 

molecules set in a firm structure[49]. This concept evolved as authors kept adding more new 625 

viewpoints to it. According to Lewis et al. [49] Virtual structure formation is a collection of 626 

elements that maintain a (semi-) rigid symmetrical connection to each other and to a position 627 

of reference. This definition is echoed by Ren et al. [50] , Li et al. [51] and recently by Zhang 628 

et al. [52].  629 

 630 

 631 

 632 

 633 

 634 

 635 

In a virtual structure formation, a virtual leader coordinates the motion and behaviour of the 636 

UAVs in a formation. A route is disseminated to the virtual leader which will also be prescribed 637 
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to the whole formation. The entire formation is treated as a single module. The  main  detriment  638 

of  the existing  virtual  structure  execution  is  the centralization feature that it has, which  639 

leads  to  a  single  point  of  failure  for  the  whole system. The other disadvantage is that the 640 

more the number of UAVs in a formation flight, the more it becomes complicated. The other 641 

thing is that the virtual structure is undesirable due to the rigidness of the formation, which then 642 

limits the range of applications that can make use of such a formation [9]. Figure 10 shows a 643 

pictorial representation of the Virtual leader-based close formation. 644 

 645 

 Leader Follower formations 646 

 647 

  648 

 649 

  650 

 651 

 652 

 653 

Cooperative tasks are more efficiently performed with desired robustness using multiple robots 654 

than with single benefits. However, multiple mobile robots need formation control to ensure 655 

that they move effectively as a whole to jointly perform certain tasks. Even though there are 656 

numerous formation approaches, this segment focuses only on the leader-follower approach. 657 

 658 

The leader-follower strategy was originally introduced by a German economist Heinrich 659 

Freiherrvon Stackelberg [55]. The concept was later adopted in various fields, including in the 660 

robotics area. This approach involves one drone leading one or more follower drone(s). The 661 

leader-drone is typically capable of tracking a path commanded by a ground-control station. 662 

The follower-drones track the leader position and maintain some safe distances between the 663 

drones, to avoid collisions. Figure 11 shows a leader-follower formation. 664 

 665 

In a leader-follower approach, one UAV is assigned the role of the leader, and the remaining 666 

UAVs are set as followers as they follow their designated leader. All these UAVs pursue a 667 

team objective apportioned to them. According to Qiu et al. [56] in a leader-follower formation 668 

structure, a leader follows a pre-defined trajectory, while the followers keep the position and 669 

direction with a specified distance to the leader. The advantage of this approach is that it is 670 

a) 

b) 

Figure 11: UAVs in a Leader-follower formation a) [53] b) [54] 
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easy to understand and implement. The main disadvantage is the leader UAV will use more 671 

battery as compared to the follower’s UAV(s). 672 

 673 

2.2.4 Communication Architecture 674 

 675 

The communication arrangement is the most important factor of a UAV swarm. It permits 676 

interactions in command and control messages and allows remotely collected mission data to 677 

be sent to processing centres. In this Section, three types of communication architectures will 678 

be discussed, those being centralized, decentralized and hybrid. 679 

 680 

 Centralized Communication Architecture 681 

 682 

Centralized architecture is defined as a communication structure that uses client/server design 683 

where one or more client nodes are directly linked to a central server. In the context of our 684 

research, Hejase et al. [9] define it as a communication controller that consists of a ground 685 

station as a central node with UAVs directly connected to it. The information is gathered and 686 

processed in the ground station. Figure 12 shows a visualization of the centralised architecture. 687 

 688 

                   689 

 690 

 691 

 692 

 693 

 694 

Figure 12: Centralized Architecture Visualization: a) [9]   b) [57] 695 

 696 

 Decentralized Communication Architecture  697 

 698 

According to Ren and associates [50], a decentralized architecture is a communication network 699 

in which all UAVs in a swarm have access to the same number of communication channels. 700 

Figure 13 shows a pictorial presentation of a decentralized communication architecture. In a 701 

decentralized communication architecture, a central node is not required and two UAVs can 702 

b) a) 

 



 

25

communicate with each other either directly or indirectly. This implies that information data 703 

that are not destined to the ground station can be routed through a UAV instead of the ground 704 

station.  705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 Communication Architecture comparison 714 

 715 

Table 2 shows the difference between a centralized communication architecture and a 716 

decentralized communication architecture.  717 

 

Figure 13: Decentralized Architecture Visualization 

Two way communication 

DC – Decentralized Controller 
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Table 2: Communication Architectures Appraisal 718 

Communication 

architecture 

Advantages Disadvantages 

Centralized According to Hejase et al. [9] 

Giulietti et al. [58] the first 

advantage of the centralized 

structure is that it offers the most 

robust and optimal resolutions 

because the entire state data is 

gathered and processed in a single 

place, making the formation more 

accurate and logical [9], [58] 

 

- Choutri et al. [54] adds to say the 

centralized architecture is simple 

and effortlessly operational 

 

- It is hard to gauge a formation 

running on a centralized architecture 

because the more UAVs in the 

formation, the more difficult it will be 

to gather and process all state data 

centrally [58]. 

 

- Data conveyed amongst two UAVs 

will experience a comparatively 

elongated delay because the data 

needs to be routed through the ground 

station [59]. 

 

- In the UAV communication 

architecture, if the ground station 

encounters faults, the whole UAV 

swarm will be interrupted [54], [59]. 

 

Decentralized - However, communication loads 

and fault reaction times are 

considerably better making 

decentralized controllers more 

feasible to implement in practical 

situations. 

 

- Formations based on decentralized 

schemes are easily scalable since the 

communication requirements do not 

considerably increase with the 

addition of UAVs to the formation  

- Less optimal and accurate than 

centralized controllers 

  719 
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2.3 Related Work 720 

2.3.1 Current solutions  721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

  729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

Figure 14 shows all the gathered existing works of authors who were trying to solve the same 743 

problem of unequal responsibility propagation. 744 

 745 

Franco et al. [23] and Gramajo 

et al. [24] presents another 

alternative denoted as path 

planning as a solution for 

saving energy in Unmanned 

Aerial Vehicles.  

Another attempt to 

harmonize energy 

consumption in UAVs is 

modelled by Duan and 

colleagues [7], in the 

proposed said algorithm 

a distributed formation 

control is used. Each 

individual UAV follows 

undistinguishable rules 

to accept followers and 

switch among following, 

leading, and accelerating 

modes.  

Qui et al. [56] propose a 

UAV distributed close 

formation control method 

based on in-flight 

leadership hierarchies of 

pigeon flocks.  

 

Path Planning 

 

Attaching flying 

robots to ceilings 

Roberts et al. [20] and 

Stirling et al. [21] made an 

effort to minimize battery 

consumption in UAV, they 

demonstrated preserving 

energy in indoor flying 

robots by attaching the 

flying robots to ceilings.  

 

On the other hand Cai 

and associates [22] bring 

about another solution, a 

localized Altitude 

schedule, the flying UAV 

swarm will be made to 

fly at lower altitudes to 

conserve energy.  

Wagner et al. [25] 

attempted to minimize 

battery consumption in 

UAVs by tight 

formation. The induced 

drag reduction effect 

was explored with its 

benefits.  

Drag Reduction 

in tight 

formation 

Multi-UAVs 

close formation 

control 

UAV 

Distributed 

Formation 

Localized 

Altitude 

schedule 

Figure 14: Diagram presenting the existing related works 
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Consistent Battery Consumption 746 

 747 

Attempts have been done to equalize energy consumption amongst the Unmanned Aerial 748 

Vehicles in a swarm. Roberts and collaborators [60] tackled the issue of aerial search within 749 

an indoor setting by using ceiling attachment as a means of preserving energy and also by 750 

propositioning a model to assess the endurance of a hovering robot. They attached all the 751 

unmanned aerial vehicles to the ceiling so that the energy can be consumed equally. They tested 752 

the model on their designed quad rotors and ceiling arrangement and effectively operated the 753 

model with a minimal error, however, the model used did not have an awareness feature bearing 754 

knowledge of the position of the other unmanned aerial vehicles or how much energy is 755 

available. 756 

 757 

Stirling and colleagues [29] modified the solution presented by Roberts et al. [60] by designing 758 

an algorithm that is fully distributed and scalable. The similarity between the two authors was 759 

the notion of attaching the flying robots to ceiling to preserve energy. However, the algorithm 760 

that was designed by Stirling et al. [29] depends on a local sensing and low bandwidth 761 

communication. To advance the reduction of energy being utilised, the swarm was arranged in 762 

a way that it initialised only one agent per interval, which in turn lowered the overall flight 763 

time and reducing the collision possibility. These studies have exclusively focused on indoor 764 

navigations and not outdoor, which means that this is a restraint as it limits the scope of the 765 

research. 766 

 767 

On the other hand, Cai his affiliates [61] brought about another solution, that is, a localized 768 

altitude schedule. The flying unmanned aerial vehicle in a swarm were made to fly at lower 769 

altitudes to conserve energy. What occurred was, the minimum possible altitude based on the 770 

targets of each drone was computed and the unmanned aerial vehicle were made to fly covering 771 

the minimum and maximum altitude only [61]. The specified altitude meant energy depletion 772 

will be equalized in all the UAVs. Calabrie et al. [23] criticized this algorithm with a 773 

justification that this solution would mean the unmanned aerial vehicles covers a small area, 774 

because the higher the altitude, the larger the observed area. 775 

Franco et al. [62] and Gramajo et al. [63] proposed a solution known as path-planning for 776 

saving energy in unmanned aerial vehicles. Path-planning is said to be an important primitive 777 

for autonomous mobile robots that lets robots find the shortest – or otherwise optimal – path 778 
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between two or more points [64] and [65]. Gramajo et al. [63] attempted to solve the issue by 779 

the propositional design of an optimization formulation for the path planning of a single UAV 780 

that maximizes the spatial coverage of an area under the constraints of limited energy and non-781 

constant energy consumption. Similarly, Franco and Colleagues [62] proposed an energy-782 

aware path planning algorithm that minimizes energy consumption modifying what Gramajo 783 

and associates have done by additionally satisfying a set of other requirements, such as 784 

coverage and resolution. These researches were only limited to a single Unmanned Aerial 785 

Vehicle. 786 

 787 

Extended flight formation 788 

 789 

Wagner and his affiliates [25] attempted to extend the flight formation in unmanned aerial 790 

vehicles by tight formation. They explored the induced drag reduction effect by increasing the 791 

steam wise spacing between the unmanned aerial vehicles by five wingspans. They made use 792 

of the wake rollup, atmospheric effects on circulation decay, and vortex motion. Although this 793 

is a good to extend flight formations, a number of studies demonstrate the importance of 794 

knowing the position of unmanned aerial vehicles instead of a blind extended flight formation 795 

[7], [56].  Qiu and his associates [56] propose a UAV distributed close formation control 796 

method based on in-flight leadership hierarchies in order to extend the flight range. The 797 

proposed method allows a UAV flock to not only fly in a line close formation under conditions 798 

with delay, noise and accidents, but also to reconfigure formation.  799 

 800 

Another attempt to extend the flight range in UAVs is modelled by Duan and colleagues [7]. 801 

They proposed a distributed formation control algorithm, were each individual UAV followed 802 

undistinguishable rules to accept switching among following, leading, and accelerating modes. 803 

The UAV swarms were set to fly in a changing and compact line formation to increase the 804 

swarm range. All the proposed algorithms showed insight on how energy can be consistently 805 

be consumed and how flight formation can be extended but they have proved to have 806 

limitations which need to be remedied in this study. 807 

 808 

 809 
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2.3.2 Limitations of the existing solutions  810 

 811 

Table 3: Limitations of the existing solutions 812 

Research Summary Deficiencies in Research References 

Attaching flying 

robots to ceilings 

 These studies have exclusively focused on indoor 

navigations and not outdoor which means this is a 

restraint as it limits the scope. 

 Does not have an awareness feature that helps one see 

the available energy, this works in a blind state. 

[29], [60] 

Localised Altitude 

Schedule 

 Critiques that this algorithm would mean that the UAV 

covers a small area because the higher the altitude the 

larger the observed area. 

[29], [61] 

Multi-UAVs close 

formation control 

based on wild geese 

behaviour mechanism 

 Have not been tested in a real life scenario but restricted 

to simulation 

 Only focuses on saving fuel but not changing leadership 

position in order to maintain the swarm quantity 

[66], [67] 

Formation Rotation 

Control Inspired by 

Leader-Follower 

Reciprocation of 

Migrant Birds 

 Attempts not only being validated in practical outdoor 

experiments but rather simulated with software’s indoor 

 Only focus on just balancing the battery consumption 

but not harmonizing to maintain the whole swarm 

without dropping any UAV. As these UAVs are being 

balanced they in the end loses some UAVs in the 

process. 

[7] 

Energy Optimization 

For UAV Network 

 

 Not Stable 

 The power level cannot be seen, so it optimising the 

energy without being aware of the available energy  

 Not aware of how much each UAV consumes battery, 

that means it is a blind state as the UAV behaviour 

cannot be identified 

[68] 

Drag Reduction 

Through extended 

Formation Flight 

It does not work on a swarm of more than 3 UAVs 

Does not rotate leadership 

[25], [69] 

 813 
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Table 3 shows the shortcomings of the existing solutions. A serious weakness arises when other 814 

UAVs are dropped during the mission, even though the notion is to increase the ‘whole’ swarm 815 

formation radius. In a UAV Swarm, all UAVs are equally important as each one of them is 816 

allocated a task which it has to accomplish and if any UAV breaks out because it has consumed 817 

more battery due to the more tasks allocated to it then it will result in the termination of the 818 

mission because each UAV has a role to play in order for the mission to be successful. 819 

 820 

Apart from these attempts only being validated in practical outdoor experiments but rather 821 

simulated with software’s indoors; 2. These only focus on just balancing the battery 822 

consumption but not harmonizing to maintain the whole swarm without dropping any UAV. 823 

As these UAVs are being balanced, they lose some UAVs in the middle of the mission. 3. The 824 

fuel quantities are subtracted by the same amount of quantity without taking into consideration 825 

the leader or the follower differences in the roles, which means they allocate all the UAVs the 826 

same roles. 4.The other disadvantage is that the attempts are not aware of the energy available 827 

to qualify if the UAV can lead or not, what they do is just allow each UAV to take the role of 828 

leading the swarm whether the battery is lower or not. 5. The calculation of the remaining fuel 829 

is the biggest detriment of these studies because for one to be able to rotate UAVs in order to 830 

balance the consumption one needs to be mindful of the available battery which will influence 831 

the continuation of the swarm or discontinuation not blindly flying the swarms. 832 

 833 

2.4 The Gap 834 

 835 

In a leader-follower formation, one UAV is assigned the role of the leader, and the remaining 836 

UAVs are set as followers as they follow their designated leader. The leader is responsible for: 837 

1. managing the whole swarm 2. Leading the swarm to the destination 2. Connecting the whole 838 

swarm with the base station 3. Collecting data from the base station and sending it to the 839 

followers and collecting data from the followers and itself to the base station 4. Carrying out 840 

tasks allocated to each individual UAV to accomplish a mission. On the other side, the role of 841 

the follower UAVs is to carry out tasks allocated to them and send the collected information to 842 

the connected leader UAV. This unequal leader- follower role allocation has resulted in failed 843 

missions because the leader will consume battery faster than the follower UAV, and in turn 844 

exit the swarm, leaving the follower UAVs idle with no direction compelling them to abort the 845 

mission. The problem of unequal responsibility propagation has necessitated this study in order 846 

to find solutions to this issue. 847 
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2.5 Summary  848 

 849 

Algorithms discussed in this chapter make use of the leader-follower formation proposed by 850 

Hejase et al. [9]. However, the algorithms proposed by Hejase and colleagues can be further 851 

improved to aid some functionalities of the algorithm such as rotational sequence feature, 852 

available energy alertness feature and harmonization feature. This dissertation has explored the 853 

development of a geese inspired UAV swarm energy-aware and harmonization scheme. The 854 

algorithm has embedded functionalities such as rotational sequence, energy-aware and 855 

harmonization as an improvement of the already existing solution mentioned in Figure 14. In 856 

the next Chapter, we present the methodology.  857 



 

33

Chapter 3:  Methodology   858 

3.1 Chapter Overview 859 

 860 

This Chapter expounds on the constructs adopted by this research to achieve the objectives 861 

stated in Section 1.3 (Chapter 1). It is organized as follows. In Section 3.2, we present the 862 

research design and methodology. In Section 3.3, we then present the method application. 863 

 864 

3.2 Research Design and Methodology  865 

 866 

3.2.1 Justification of Methodology 867 

 868 

The methodical approach adopted in this research is shown in Figure 15. It has been divided 869 

into three segments, those being quantitative, experimental design and pre-test-post-test design. 870 

The first task was to select the type of research approach which satisfies the objectives, and the 871 

one this research focused on was the quantitative research approach. Within the quantitative 872 

research approach, there was a need to select the type of research design that was going to be 873 

used and the experimental research design approach was chosen as the second methodical 874 

approach. The third task within the experimental design is the pre-test and post-test design. 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

Research Category: Quantitative approach 885 

 886 

Quantitative 
Research

Experimental 
Design

Pretest & 
Posttest 
Design

Figure 15: Methodical Approach Phases 
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The  investigative  approach  that  was  followed  for  the  purposes  of  this  research was  the 887 

quantitative approach.  According to research, in this approach the researcher decides what to 888 

study; asks specific, narrow questions; collects quantifiable data from participants; analyses 889 

these numbers using statistics; and then conducts the inquiry in an unbiased, objective manner 890 

[70], [71]. The reasons for using quantitative approach was that it allows greater objectivity as 891 

it involves many subjects leading to accurate results [70]. In addition, quantitative approach 892 

allows for the research to be replicated, analysed and compared with other studies without 893 

biasness [72]. However, the main weakness of the quantitative approach is that the results are 894 

limited as it provides numerical descriptions rather than detailed narratives. The type of 895 

quantitative approach which was chosen was the experimental approach.  896 

 897 

The aim of this research was to address a practical problem which in our case was an unequal 898 

sharing of responsibilities of Unmanned Aerial Vehicles within a swarm. The reason for 899 

adopting a quantitative approach was to produce a generalizable understanding of 900 

responsibility propagation to make available an archetypal sample that can be replicated by 901 

other researchers. The quantitative approach was the most suitable approach for answering the 902 

research questions. Reasons being for research questions to be resolved and fulfilled there was 903 

a need for experiments to be conducted and thus an experimental data collection approach is a 904 

type of quantitative methodology [70]. To test reliability, the parallel form reliability was used 905 

to determine how consistent our method was. The algorithm was developed and tested on 906 

different environments and with different numbers of UAVs, hence the reason for selecting the 907 

parallel form reliability criteria. 908 

 909 

Data Collection Method: Experimental approach 910 

 911 

The qualitative method that was used for information collation is the Experiment method. This 912 

method was used as a means of collecting data. The experimental approach involves the 913 

discrepancy of two rudimentary conditions: exposure and non-exposure to the treatment 914 

condition of the self-determining variable [73]–[75]. In the context of this research, we found 915 

out the effects of not having the energy-aware and harmonization algorithm and the effects of 916 

having the algorithm on Unmanned Aerial Vehicles. The experimental approach was used to 917 

implement the energy-aware and harmonization algorithm and find out if it truly harmonises 918 

battery consumption of UAV in the swarm. 919 

 920 
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In addition, the reason for using the Experimental approach was to set the foundation of the 921 

algorithm, deploy it and see its effects in the UAV swarm. The Experimental approach enabled 922 

the study of cause and effect because it involved the deliberate manipulation of one variable 923 

while trying to keep all other variables constant [74], [75]. The other reason for selecting the 924 

experimental approach for data collection was the effect of the replica, with the experimental 925 

approach the experiments were repeated easily for validity [75]. The last motive for selecting 926 

experimentation as our data collection method was because it yielded numerical amounts of 927 

quantitative data that was analysed thereafter [73]. 928 

 929 

Analysis Method: Pre-test – Post-test Design 930 

The method that was used for analysis is referred to as the Pre-test – Post-test design. The pre-931 

test information regarding the behavioural composition of UAV swarms was recorded as well 932 

as the post-test information on the implementation of the algorithm on UAV swarms. The 933 

results were then used to measure the difference between the two subjects, that being the Pre-934 

test and Post-test method as it is used to measure the degree of change taking place. The effects 935 

of the Energy Aware and Harmonization Algorithm were examined. The reason for using the 936 

pre-test and post-test approach was because this method has a strong level of internal and 937 

external validity in addition this type of method did not require a large sample size. 938 

 939 

3.2.2 Objective based Design  940 

 941 

Objective 1 

Evaluate the Battery consumption rate of a standard UAV in three states; when stationery, 

hovering and flying 

Objective Goal (Purpose) 

In the first phase we captured the battery consumption of a stationary, a hovering drone, a 

flying drone which moves back and forth so as to see the battery life span of a UAV.  The 

reason for this was to substantiate the starting point of the consumption of battery in a UAV. 

All of the three experiments was the initiation of our research foundation so that we can be 

able to compare and justify our solution with facts that we have tested not assumption hence 

the importance of the set Objective. 

 Location of the Objective Experiment 
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This stationary drone experiment was done indoor, the hovering and flying drone were done 

outdoors at the drone port of the university. 

Equipment 

Parrot A.R 2.0 Drone was used as the agent and node.js was used as a client for controlling 

Parrot AR Drone 2.0 quad-copter 

 

Repetition 

This experiment was repeated for accuracy. Investigation the battery consumption of a 

stationary UAV was done twice using different batteries and comparing with the initial 

results.  

 

Objective Experimental Procedure 

STEP 1: Switched on Parrot A.R 2.0 Drone 

STEP 2: Connected the computer to the drone directly via Wi-Fi 

STEP 3: Opened Node.js and wrote a code that collects the battery percentage of the 

drone 

Stationary Drone: We performed all the 3 steps and collected the battery percentage of 

the UAV every 5 minutes. Repeated Step 3 using a different battery and captured the 

battery consumption using the same Parrot A.R 2.0 Drone 

Hovering Drone: After doing the above 3 steps, we inscribed a code in Node.Js that allows 

the drone to hover and then ran it and recorded the battery percentage of the drone every 

5 minutes to see how much battery was being consumed. 

Flying Drone: We completed the above 3 steps and continued by running a code in 

Node.js that allows the drone to move around and ran it then recorded the amount of 

battery consumed every 5 minutes. 

Question 

At what rate does a stationery drone, a hovering drone and a flying drone consume battery? 

 942 

 943 

Objective 2:  

Assess Battery utilization in UAVS within a swarm (leader and follower UAV). 

Objective Goal (Purpose) 
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In the second phase we captured and assessed the battery consumption of UAVs in a swarm 

to see how much energy the leader UAV uses and how much energy is consumed by the 

follower UAV. This was to verify the concept indicated by research that the leader UAV 

works more than the follower drone. 

Location of the Objective Experiment 

This Objective was done outdoor at the University drone port. 

Equipment 

Parrot A.R 2.0 Drone was used in the Objective as the agent and node.js was used as a client 

for controlling Parrot AR Drone 2.0 quad-copter 

Repetition 

This Objective was repeated for accuracy.  

Objective Experimental Procedure 

STEP 1: Switched on three Parrot A.R 2.0 Drones 

STEP 2: Connected the computer to the UAV that was the leader directly via Wi-Fi 

STEP 3: Opened Node.js and wrote a code that flies the three UAVs together assigning 

one as the leader and the other one as the follower drone, along with the code that shows 

the battery percentage of each drone. 

STEP 4: Captured the battery percentage in both the drones every 5 minutes 

Question 

At what rate does UAVs within a swarm consume battery? (The leader and the follower 

drones). 

 944 

 945 

Objective 3:  

Design an energy aware harmonizing scheme / algorithm  

Objective Goal (Purpose) 

In this phase we designed a systematic plan of the algorithm reasons were for us to 

comprehend and appreciate how the algorithm would harmonize the battery consumption by 

taking into consideration the number of UAVs in the swarm and the available battery of the 

UAVs. 

Objective Experimental Procedure 
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STEP 1: Set Mission Rules and Constraints 

STEP 2: Design the mission approach instructions 

STEP 3: Transform the instructions into an algorithm 

Question 

What is the systematic plan of the energy-aware and harmonising algorithm? 

 946 

 947 

Objective 4:  

Implement and Test the Energy-Aware and Harmonization Algorithm  

 

Objective Goal (Purpose) 

This is the part where the Algorithm was implement and test. This is the most important part 

where the algorithm was actuated then tested to see if the results prove that the algorithm 

was the solution to lack of harmonization in UAV Swarms. 

Location of the Objective Experiment 

This Objective was done in two environments, the first being indoors and the other being 

outdoors. 

Equipment 

Parrot A.R 2.0 Drone was used in the Objective as the agent and node.js was used as a client 

for controlling Parrot AR Drone 2.0 quad-copter 

Repetition 

This experiment was repeated with the addition of more UAVs. 

 

Objective Experimental Procedure 

STEP 1: Switched on Parrot A.R 2.0 Drone 

STEP 2: Opened Node.js and wrote a code that flies drones as a swarm of three UAVs 

and also recording the battery percentages of each UAV 

STEP 3: Repeated Step 2 but with five UAVs in a swarm instead of the initial three 

UAVs 

Question 

How is the Energy-Aware and Harmonisation Algorithm going to be implemented and 

tested? 

 948 
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3.2.3 Experimental Design 949 

 950 

This Section comprises three phases that present the investigational plan. The first part is the 951 

requirements which outline the prerequisites of the experiments. The requirements phase is 952 

then followed by the Data preparation phase and then the environmental setting. Figure 16 953 

shows how an experiment station was set up. 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

Requirements 967 

 968 

This segment outlines the hardware and software requirements to run these experiments. 969 

Node.js is the software that was used to code the drones so that they can follow up the set 970 

instructions of the Geese Inspired UAV Energy-Aware and Harmonization Algorithm. 971 

 972 

 Unmanned Aerial Vehicles 973 

      974 

 975 

 976 

 977 

 978 

Agent: Drone 

Model:  Parrot AR Drone 2.0  

Type: Macro - Quadrotor 

Figure 16: Setting up the experiment 

Figure 17: Parrot AR Drone 2.0 
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Unmanned Aerial Vehicles known as Drones were used as agents. They were used as what is 979 

commonly referred to as algorithm actuators. Parrot AR Drone 2.0 was chosen from the many 980 

types of  Drones available because it was the only programmable drone that was accessible 981 

[76]. Figure 17 shows a Parrot AR Drone 2.0 which was used. The AR stands for Augmented 982 

Reality. An AR.Drone 2.0 is a quad-rotor that allows one to see the world from above [77]. 983 

The mechanical assembly encompasses four rotors joined to the four ends of a crossing to 984 

which the battery and the RF hardware are attached. The Parrot AR Drone 2.0 was 985 

manufactured as an improvement of the Parrot Company’s initial Parrot 1.0 with improvements 986 

mostly in performance.  The Parrot has a flight time of 36 minutes.  987 

 988 

This drone serves as an affordable model that is deemed a lively, swift, and well balanced drone 989 

that shoots stable videos and photos [78]. The remote-controlled quad-copter has a 720p high 990 

definition camera capable of streaming live video or recording to an IOS or Android device 991 

[76]. In addition, the Parrot is also equipped with a stabilization system to achieve smooth 992 

indoor and outdoor environment flight. The Parrot is equipped with sensors to stop the drone 993 

from getting out of flight control range and the indoor hull to ensure that the drone does not 994 

break even if it crashes[76]. In addition to GPS enabled location system, the drone propellers 995 

are protected from damage by the design of the indoor and outdoor hull [79]. Figure 18 shows 996 

the interior and exterior of an AR Drone that was used in this research. 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

Figure 18: Indoor and Outdoor hulls of an AR Drone 2.0 [79] 1009 

Parrot AR Drone 2.0 was used to: 1010 

 1011 
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 Evaluate the rate it consumes battery when it is stationary, hovering and flying. 1012 

 Assess the rate it consumes battery when there are more than one and in a leader 1013 

follower-formation. 1014 

 Implement and Test the Energy-Aware and Harmonization Algorithm after we 1015 

developed it.  1016 

 Node JS 1017 

The software that was used to run the code is node js. Node.js is an open-source, cross-platform 1018 

JavaScript run-time environment that executes JavaScript code outside of a browser. Node.js 1019 

lets developers use JavaScript to write command-line tools and for server-side scripting—1020 

running scripts server-side to produce dynamic web page content before the page is sent to the 1021 

user's web browser. Consequently, Node.js represents a "JavaScript everywhere" paradigm [7], 1022 

unifying web application development around a single programming language, rather than 1023 

different languages for server- and client-side scripts. 1024 

 1025 

Though .js is the standard filename extension for JavaScript code, the name "Node.js" does not 1026 

refer to a particular file in this context and is merely the name of the product. Node.js has an 1027 

event-driven architecture capable of asynchronous I/O. These design choices aim to optimize 1028 

throughput and scalability in web applications with many input/output operations, as well as 1029 

for real-time Web applications (e.g., real-time communication programs and browser games) 1030 

[8]. 1031 

 1032 

The Node.js distributed development project, governed by the Node.js Foundation [9], is 1033 

facilitated by the Linux Foundation's Collaborative Projects program [10]. 1034 

 Control Station or Base Station 1035 

The  typical ground  station  consists  of  a  wireless  router  along  with  a  computer  to  capture,  1036 

process and display of data. It fulfils requirements such as open system architecture, 1037 

compatibility with different platforms like airborne, ship and ground, execution of data in real-1038 

time, ability to control multiple UAVs, payload control, and communication with other ground 1039 

control stations. 1040 

 1041 
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Data Preparation and Analysis 1042 

 1043 

Microsoft Excel 2019 was used for data entry during the experiments. Data were collected 1044 

without any restrictions of size or dimension based on the flexibility of Excel. The captured 1045 

data was then organised and structured in preparation for data analysis. Data preparation was 1046 

done in order to check for inconsistencies and anomalies in the data entered. This helped rectify 1047 

any typing errors that had occurred during data capture. 1048 

Similarly, Microsoft Excel was used, however, this time for analysis. Data were cleaned and 1049 

aggregated in order to explore it and identify patterns in it, thereby fulfilling and getting 1050 

answers for research questions. 1051 

 1052 

Environment – Setting 1053 

 1054 

The experiment was carried out in two different environmental settings for comparison and 1055 

validation. Experiments were carried out indoors and outdoors, respectively. In order to 1056 

effectively determine the effect of the algorithm on the drone, two sets of experiments were 1057 

run for each setting; a control which was done by flying the drone without running the 1058 

algorithm, and then for comparison, a treatment was conducted where the energy-aware and 1059 

harmonization algorithm was run. 1060 

 1061 

 Indoor Setting 1062 

 1063 

The first experiment was conducted in a controlled and enclosed environment, being the 1064 

BIUST multipurpose hall which is an open room. The size and height of the room were not 1065 

considerable factors for this study. Three drones were deployed and the energy-aware and 1066 

harmonization algorithm was run.  1067 

 1068 

The indoor experiment was necessary because indoor environments offer fewer disturbances. 1069 

There are fewer uncertainties in a controlled environment. Furthermore, an indoor setting 1070 

provides protection from weather conditions such as uncontrolled wind forces. An indoor 1071 

setting minimizes the effects that are present in the outdoor environment, which are not the 1072 

interest of the study. The elimination of undesirable conditions leads to more accurate results. 1073 

It was important to conduct the flight in a controlled environment in order to hold constant 1074 

variables that are not of importance which the study was not concerned with quantifying. This 1075 
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ensured that there were no deviations in the environment in which the flight was conducted 1076 

that had the potential to affect the outcome of the experiment, leaving only the actual variables 1077 

that were being investigated.  1078 

 1079 

 Outdoor Setting 1080 

 1081 

The second experiment was conducted in an outdoor setting at the BIUST drone port. This is a 1082 

designated drone flight area that is subject to normal weather conditions. Given its outdoor 1083 

nature, this environment offers low control over operations because independent variables 1084 

continuously change. Some of the changing independent variables include wind speed, wind 1085 

direction, and humidity. These variables have an impact on the experiment results. 1086 

 1087 

3.2.4 Summary 1088 

 1089 

The approach used in this study is the experimental approach under quantitative research. Three 1090 

stages were used, the first was categorizing the type of research this study is, and in our case it 1091 

was classified as quantitative research. The second stage was identifying the type of 1092 

quantitative research method it was. It was concluded that this is an experimental type because 1093 

experiments had to be carried out in order to come up with a set solution. The third stage was 1094 

identifying the types of experimental approach, and it was found out that it is the pre-test post-1095 

test type of experiment. Whereby one tests the entity before and after the experiment to see the 1096 

difference if there is any. 1097 

 1098 

The methodical approach was then followed by an objective based design. This is where the 1099 

test subjects were identified, the experimental procedures were outlined and the design plan 1100 

was defined. The experimental design outlined the hardware and software requirements, data 1101 

preparation and analysis, and lastly the setting. These approaches proved to be clear indicators 1102 

for undertaking and fulfilling all the research questions. 1103 

 1104 

 1105 

3.3 Method Application 1106 

 1107 

This section describes the application of the methodology on the full scheme design and 1108 

execution adopted by this research. It gives a full representation of the algorithm designed and 1109 
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shows the step by step phases followed in the development of the Geese Inspired UAV Swarm 1110 

Energy-Aware and Harmonization Algorithm as shown in Figure 19. 1111 

 1112 

Figure 19: Development Phases of the Energy-Aware and Harmonization Algorithm 1113 

 1114 

The first segment is algorithm analyses. This is where a full explanation of the algorithm takes 1115 

place and it entails: the leader-follower reciprocation mechanism, energy-aware computational 1116 

movement, harmonization algorithm approach, and the rules and constraints of the algorithm. 1117 

It is subsequently followed by the second Segment, which is the design of the algorithm. This 1118 

segment comprises of the flow chart which shows the sequence of processes of the energy-1119 

aware and harmonization algorithm in a diagrammatic representation. In addition, the segment 1120 

also encompasses the use case diagram which will give an interactive visualization of the leader 1121 

and follower approach in Unmanned Aerial Vehicles. The third Segment is the development 1122 

phase where the building of the algorithm is explicated and designed. It comprises of the pseudo 1123 

code algorithm and the step by step explanation of the algorithm. The fourth segment is the 1124 

implementation stage. This is where the full demonstration of how the algorithm works is 1125 

shown, including the system architecture. The setup of the experiment will then be shown in 1126 

the last Section of chapter 3. 1127 

3.3.1 Analysis 1128 

 1129 

To solve the problem of lack of comparable responsibility propagation an energy-aware and 1130 

harmonization algorithm based on the behavioral makeup of birds called Geese is proposed. 1131 

Analysis

•Summary of the algorithm, the
defination of the key concepts
of the algorithm and capturing
the details of each requirement

Design

•Understanding the technical
requirements of the algorithm
and focusing on the logic
specifications

Development

•Everything that is needed to implement the 
project is arranged, the logical information 
documented in the previous phase is 
tranformed into an executable form

Implementation

The deployment of the 
algorithm. Put it into action
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The algorithm ensures equal responsibility propagation by virtually rotating UAVs 1132 

safeguarding that battery is drained evenly amongst the UAVs. This denotes that the battery 1133 

life of the UAV in a swarm will deplete in an evenly proportional pattern, in turn leading to the 1134 

success of the all or nothing designated mission.   1135 

 1136 

 Leader Follower Reciprocation Mechanism 1137 

 1138 

In this algorithm, a leader-follower approach is adopted where one Unmanned Aerial Vehicle 1139 

is assigned the role of a leader and the other remaining Unmanned Aerial Vehicles become 1140 

followers [8]. When the leader reaches a certain battery level which is comparatively lower 1141 

than any of the follower Unmanned Aerial Vehicles in that particular swarm it will rotate roles 1142 

with the follower UAV having the highest battery level, the follower Unmanned Aerial Vehicle 1143 

will take over the role of being a leader and the first leader UAV will be a follower. This is to 1144 

ensure that all the Unmanned Aerial Vehicles in a swarm share responsibility as research shows 1145 

that the follower drones work less than the leader Unmanned Aerial Vehicle [80]. The leader 1146 

UAV is responsible for directing the follower UAV to the designated location. It is responsible 1147 

for communication with the base workstation and it also keeps the information about its self 1148 

which shows that the leader UAV works more than the follower UAV making the battery 1149 

consumption higher, hence the need to rotate leadership [80]. 1150 

 1151 

Figure 20 shows the virtual rotation analogy of the rotation. The UAVs alternated the 1152 

leadership role while they maintained their positions. Figure 20 was further explained in Figure 1153 

21, Figure 22, Figure 23 and Figure 24. Figure 21-24 gives a full demonstration of how the 1154 

proposed algorithm worked in a set-up of four UAVs (in order to entirely comprehend the 1155 

algorithm). 1156 

 1157 

 1158 

 1159 

 1160 

 1161 

 1162 

 1163 

 1164 

 1165 
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 1166 

 1167 

 1168 

 1169 

 1170 

 1171 

 1172 

 1173 

   1174 

 1175 

 1176 

 1177 

 1178 

In the following scenarios this image  represents an Unmanned Aerial Vehicle which is 1179 

referred to as UAV in the diagram.   The oval shape exemplifies where the 1180 

rotation will take place between the Unmanned Aerial Vehicles. 1181 

 1182 

Scenario 1: 1183 

 1184 

 1185 

  1186 

 1187 

 1188 

 1189 

 1190 

 1191 

Figure 20: Virtual Rotation Illustration (Sharing Responsibility equally) 

UAV 1: Leader  UAV 4: Follower   UAV 3: Follower UAV 2: Follower  

UAV 3: Leader  UAV 1: Follower UAV 2: Follower UAV 4: Follower 

UAV 4: Leader  UAV 3: Follower UAV 2: Follower UAV 1: Follower 

UAV 1: Follower UAV 2: Leader  UAV 3: Follower UAV 4: Follower 

Scenario 1 

Figure 21 

Scenario 2 

Figure 22 

Scenario 3 

Figure 23 

Scenario 4 

Figure 24 

UAV 1:  

Leader 

Figure 21: UAV 1 as the leader and UAV 2, 3, 4 as followers 

UAV 3:  

Follower 2 
UAV 2:  

Follower 1 

UAV 4:  

Follower 3 

UAV 1:  

Leader UAV 
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The mockup of the virtual rotation process based on the threshold is shown in Figure 21. UAV 1192 

1 in the diagram is the leader and UAV 2, UAV 3, UAV 4 are the followers. When UAV 1 1193 

reaches a certain limit referred to a threshold, the algorithm executes the leader-follower virtual 1194 

rotation process handing over the leadership role to UAV 2 and making UAV 1 the follower, 1195 

assuming that UAV 2 has more battery energy level than UAV 3 and UAV 4.  This is because 1196 

the virtual rotation process is not a random selection process but a clear calculated process 1197 

based on the highest energy or battery level of all the UAVs in the swarm. 1198 

 1199 

A threshold is referred to as a start point of rotation determination [81].The threshold is 1200 

calculated by the average battery percentage of all the Unmanned Aerial Vehicles in a swarm 1201 

divided by the total number of drones in a swarm, therefore, when the resulting Figure is 1202 

subtracted from the battery percentage of the leader, the rotation sequence is executed. The 1203 

computation shown in equation (1) is used for calculating the threshold. In Figure 21 we assume 1204 

that all the UAVs have a 100% battery percentage As such, the 100% of battery energy level 1205 

divided by the number of Unmanned Aerial Vehicles, and subtracting the outcome from the 1206 

battery percentage level of the leader (i.e., 100% divided by 4 UAVs is equals to 25% ) 1207 

.therefore 25% is our threshold This means that when 25% of the battery level of the leader has 1208 

been depleted the battery of all the drones will checked and if there is a drone with more battery 1209 

that the leader UAV then rotation will be initialized to allow the UAV with more battery to 1210 

lead the swarm. 1211 

∑ (𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝐿𝑒𝑣𝑒𝑙) 𝑚
𝑖+1

𝑚
/𝑚 = 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 1212 

Equation 1: Threshold Computational formula 1213 

Scenario 2:  1214 

 1215 

 1216 

 1217 

 1218 

 1219 

      1220 

Figure 22: UAV 2 as the leader and UAV 1, 3, 4 as followers 

UAV 3:  

Follower 2 
UAV 1:  

Follower 1 

UAV 4:  

Follower 3 

UAV 2:  

Leader UAV 
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In Figure 22, we see UAV 2 taking the lead after UAV 1 has reached its energy level virtual 1221 

rotation threshold. So UAV 2 continues to be the leader and performing the roles of receiving 1222 

the data from the follower UAVs and reporting to the base station. It continues being the leader 1223 

until it reaches the second virtual rotation threshold, in which it has to rotate with the UAV that 1224 

has the highest energy level which is the follower UAV 3 as shown in Figure 22. It will continue 1225 

with the Energy-aware checking algorithm until it reaches the virtual rotation threshold, then 1226 

it rotates the leader with the next highest battery level. It will continue with the mission 1227 

command with regular energy-aware checking prompts to establish the next virtual rotation 1228 

threshold.  1229 

 1230 

Scenario 3: 1231 

 1232 

 1233 

 1234 

 1235 

 1236 

 1237 

 1238 

 1239 

In Figure 23, UAV 3 takes the lead. This means that UAV 2 had reached its rotation threshold, 1240 

therefore, it will be forced to exchange with UAV 3, which will continue being the leader until 1241 

the energy-aware prompts the threshold for rotation. 1242 

  1243 

Scenario 4: 1244 

 1245 

 1246 

 1247 

 1248 

 1249 

Figure 24: UAV 4 as the leader and UAV 1, 2, 3 as followers 

UAV 2:  

Follower 2 
UAV 1:  
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UAV 3:  

Leader UAV 

Figure 23: UAV 3 as the leader and UAV 1, 2, 4 as followers 
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Figure 24 shows the last stage of the role rotation phase when all the UAVs have taken the 1250 

leadership role. This means that the energy levels in all the UAVs would have significantly 1251 

decreased because they would have taken the leader and follower task. The leader position 1252 

demands the highest levels of battery energy levels than followers. At this phase, the drones 1253 

should be closer to finishing the mission command because the battery levels should be 1254 

significantly lower than before, which means landing should be nigh.  1255 

 1256 

When the battery energy levels reach 20% or less, the algorithm prompts the swarm to abort 1257 

the mission, therefore it will use the remaining battery level to return to the base station. When 1258 

the battery is more than 20%, the virtual rotation will continue. The rotation process is not 1259 

executed according to the numbering of the drones, but it is assigned to the drone with the 1260 

highest battery level. The drones are supposed to evenly get to lead, with the dependent notion 1261 

of distance, therefore, ensuring even battery consumption. 1262 

 1263 

The drones will be in a leader-follower formation and when the leader reaches a certain battery 1264 

level it will rotate positions. This will result in the follower drone taking over as the leader and 1265 

the first leader becomes the follower so that all the drones in a swarm can share responsibility. 1266 

The research shows that the follower drones work less than the leader drone, as it is responsible 1267 

for directing the follower drones to the designated location. It is also responsible for 1268 

communication with the base workstation and also keeps the information about itself, which 1269 

shows that the leader drones work more than the follower drones, making the battery to be 1270 

consumed more, hence the need to rotate leadership. 1271 

 1272 

 Energy-Aware Computational Movement 1273 

 1274 
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 1275 

 1276 

 1277 

 1278 

 1279 

 1280 

 1281 

Figure 25: Energy-Aware Transition graph showing the flight model of a single UAV in a 1282 

swarm 1283 

 1284 

In order to encapsulate the fundamental notion, the flight comportment is simulated using a 1285 

state machine diagram in Figure 25 which was adapted from Witt and associates [82]. There 1286 

are two states that function those are: the “Ground State” and the “Air State” [82]. In the ground 1287 

state, there are two options of action to decide on. If each Unmanned Aerial Vehicle in a swarm 1288 

has a battery percentage that is equal to 96% or more than 96% then the UAVs can switch to 1289 

the takeoff state. If the energy level is lower than 96% then it will remain in the ground state. 1290 

In the takeoff state, the algorithm will send frequent battery checking prompts using the 1291 

centralized networking communication system. These frequent prompts are designed to be an 1292 

alerting mechanism to the base station so that it can be aware when to execute the rotation 1293 

threshold sequence well on time and also to be aware as to which drone is next in the queue for 1294 

the leader position. During the flight time when the battery level of the Unmanned Aerial 1295 

Vehicles in the swarm is equal to 20% or less than 20%, then the Unmanned Aerial Vehicles 1296 

will be forced to all land as this is an all-or-nothing mission. This model helps in the 1297 

mindfulness of the energy levels of the Unmanned Aerial Vehicles in the swarm. 1298 

 1299 

 Harmonization Algorithm 1300 

 1301 

The harmonization algorithm is mainly based on synchronization of Unmanned Aerial Vehicle 1302 

to ensure the best results and also guarantee equal responsibility propagation. The 1303 

Harmonization Algorithm sequence makes sure that every UAV within a swarm flies within 1304 

the specified degree zone to avoid collision and maximizing survey accuracy. There is a 1305 

division of labor with the algorithm because of how the roles are shared equally to ensure that 1306 

GROUND AIR 

BatteryLevel ≥96 Take Off 

BatteryLevel ≤20 Land 
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no Unmanned Aerial Vehicle will deplete its energy level before the others, as this algorithm 1307 

uses an all for one and one for all principle. The main purpose of this algorithm is to divide the 1308 

workload evenly across all the drones in a swarm to avoid exhausting the energy levels of the 1309 

leader drone. All the drones in a swarm will be connected to a closed network to establish a 1310 

strong communication base between the followers, the leader, and the base station. A strong 1311 

intercommunication sequence is very crucial as it will be used to prompt the energy level 1312 

checking mechanisms between the Unmanned Aerial Vehicles in a swarm. 1313 

 1314 

 Assumptions and constraints and Rules 1315 

 1316 

Research Assumptions 1317 

o The leader Unmanned Aerial Vehicle does not physically change positions with 1318 

the follower Unmanned Aerial Vehicles. What transpires is the leader UAV 1319 

works more than the follower UAVs because it connects the follower drones with 1320 

the base station and also receives commands of the directions whilst the followers 1321 

just function to do achieve their given tasks and at the same time follow the leader. 1322 

These functions are referred to as the leader and follower barring the work that 1323 

each one has been allocated to. So when they rotate, they rotate responsibilities 1324 

and not their physical locations. 1325 

o The drones are homogeneous: meaning they are of the same type and size.  1326 

 1327 

Research Constraints 1328 

o The research will be carried out both indoors and outdoors. This has been further 1329 

explained in Section 3.2.7 1330 

o In this research we used Parrot A.R 2.0 Quadroter. This is the macro type of a 1331 

UAV (explained in Section 3.2.7). 1332 

 1333 

Research Rules 1334 

o Swarm: The UAVs are to fly as a swarm keeping the leader follower formation 1335 

in place. 1336 

o Speed: The UAVs fly at the same direction with a constant speed. 1337 
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3.3.2 Design1338 

Figure 26: Flow chart showing a sequence of the algorithm activities 
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Figure 26 show the step by step execution of the geese inspired UAV energy-aware and 1339 

harmonization algorithm. The flow chart is described below. 1340 

 1341 

Step 1- This first step shows the start of the execution of the algorithm 1342 

Step 2- Is to check whether the UAVs (drones) are equal to or more than two and        equal to or 1343 

less than 12. (i.e., when the drones are less than two, they do not qualify to be called a swarm, and 1344 

when they are more than 12, they exceed the limit set) 1345 

If the drones are less than two or more than 12, then the algorithm will return the process to step 1 1346 

until the number of drones is within the specified range. 1347 

But if the number of drones in the swarm are within the specified range then the algorithm moves 1348 

to the next step, step 3 1349 

Step 3- The algorithm gets the battery percentage and the I.P address of each drone in the swarm  1350 

Step 4- The algorithm then checks the energy levels of each drone in the swarm whether they are 1351 

96% or more 1352 

If No, then the algorithm will return to step 3, till all the batteries are fully charged & 1353 

If yes, then the algorithm will proceed to step 5 1354 

Step 5- What happens here is the algorithm computes the threshold based on the average battery 1355 

level of all the drones divided by the number of drones, and the result to be subtracted from the 1356 

battery level of the leader.  1357 

Step 6- The algorithm then goes on to randomly choose the leader 1358 

Step 7- The UAVs take off as the take-off command is initiated. 1359 

Step 8- There’s another periodic battery level checking prompt. The threshold gives the rotation 1360 

point. When the leader has reached the threshold the battery of each UAV is compared against that 1361 

of the leader UAV. 1362 
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Step 9- If the battery level is 20% or less, we skip the other steps and go to step 10, which is 1363 

executing the swarm landing sequence then step 11 and then the end. If the battery level is still 1364 

more than 20%, we continue to step 12. 1365 

Step 10- swarm landing 1366 

Step 11- end 1367 

Step 12- Check if there is a follower UAV with more battery percentage than the leader UAV in 1368 

the swarm, and if yes we go to step 13. If no, then we continue flying and go back to step 8 1369 

Step 13- The rotation is instigated between that the follower UAV with the highest battery 1370 

percentage and the    preceding leader UAV. 1371 

 1372 

 Use Case 1373 

 1374 

 1375 

 1376 

 1377 

 1378 

 1379 

 1380 

 1381 

 1382 

 1383 

 1384 

 1385 

 1386 

 1387 

 1388 

Leader UAV 
Follower UAV 

Connects swarm with base 

station 

Collects data from base station 

and sends it to the swarm 

Collects data from the 

swarm and sends it to the 

base station 

Carry out assigned 

collection tasks 

Connects with the leader 

UAV - collect and send data 

to the leader 

ROLES OF A LEADER UAV AND FOLLOWER UAV IN A SWARM 

Figure 27: Use Case Diagram showing the responsibilities of a leader and follower UAV 
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The leader-follower approach will be adopted in the Energy-Aware and Harmonization Algorithm. 1389 

This approach involves one UAV leading one or more follower UAV(s).  In the Leader-Follower 1390 

approach, the leader and follower UAVs are allocated tasks to accomplish as shown in Figure 27, 1391 

hence the roles of the leader UAV are not the same as the roles of the follower UAV. 1392 

 1393 

The leader UAV is responsible for connecting the swarm of UAVs with the base station, collecting 1394 

data for a mission duty allocated to it and sending it to the base station. In addition, it is responsible 1395 

for relaying commands between the base station and follower UAVs in the swarm. On the other 1396 

hand, the follower UAV carries out assigned tasks such as image capture and inspections 1397 

(depending on the mission being achieved). The follower UAV will then collect and send data to 1398 

the leader. A follower UAV is wholly dependent on the leader UAV. 1399 

 1400 

3.3.3 Development 1401 

 1402 

UAV Swarm Energy Aware and Harmonization Pseudo Code 1403 

 1404 

Figure 28: Algorithm 1 Pseudo Code 1405 
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 1406 

Figure 29: Algorithm 2 Pseudo Code 1407 

 1408 

Description of the UAV Swarm Energy Aware and Harmonization Algorithm  1409 

Figure 28 and Figure 29 shows the Pseudo code of the developed algorithm which has been 1410 

divided into two parts. The modules of the developed algorithm are described below. 1411 

 1412 

STEP 1: UAV Swarm Constraint 1413 

      1414 

This is where the verification of the number of UAVs that are available in a swarm takes place. If 1415 

the number of UAVs is between 2 and 12 then we proceed with the next step in the algorithm. In 1416 

a situation where the number of UAVs is less than 2 or more than 12 then it means none of the 1417 

requirements of the algorithm have been met, and the algorithm will not move to the next step until 1418 

the conditions have been met. The minimum number is 2 because a swarm is a group of vehicles 1419 

that work collectively, collaborating and communicating with each other to accomplish an 1420 

objective; hence 1 UAV does not meet the requisite of a swarm which is our focus in this research. 1421 

The reason why we restricted the maximum to 12 is to make our experiment controllable. 1422 

STEP 2: Amass UAV - Battery Percentage, Address 1423 
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 1424 

For each Unmanned Aerial Vehicle (UAV), we get the available battery level (the battery 1425 

percentage) and we also capture the IP address of each UAV. The reason for obtaining the battery 1426 

level is that the emphasis of this algorithm is being aware of the energy being consumed during 1427 

swarm flight and ensuring equal responsibility propagation amongst the UAVs. This can only be 1428 

done if we are sentient of the battery percentage hence the need to record the battery level. The 1429 

purpose of collecting the IP address of each UAV is that the allocation of tasks and the rotation of 1430 

UAVs will be done using the Internet Protocol that has been assigned to each UAV. Therefore, 1431 

after verifying the UAV available in a swarm, we will continue by checking the battery that is 1432 

available in each UAV and also the IP Address.  1433 

 1434 

STEP 3: Computing Threshold 1435 

  1436 

Subsequently, after checking the battery that is available in each UAV, we will confirm if the 1437 

battery level of each UAV is equal or greater than 96%. If it is not equal or greater than 96%, we 1438 

will then charge the batteries before we move to the next step. However, if all the Unmanned 1439 

Aerial Vehicles have 96% or more battery percentage then we will proceed to the next step which 1440 

is calculating the threshold. 1441 

 1442 

Our rotation will be based on the threshold. If the leading UAV has reached the threshold, we will 1443 

rotate it to allow the one with the higher battery level to be the leader. The threshold will be 1444 

calculated as follows; we get the initial battery level of all the UAVs in a swarm, and we sum it 1445 

and divide by the number of UAVs in a swarm to get the main mean of all UAVs and then divide 1446 

the average by the number of UAVs giving us the threshold. 1447 

 1448 

STEP 4: Leader Selection 1449 

 1450 
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After calculating the threshold, the leader of the swarm will be randomly chosen, and then the rest 1451 

of the other UAVs will be the followers.  1452 

 1453 

STEP 5: Take Off Enabled 1454 

 1455 

After fulfilling the requirements above, all the UAVs in a swarm will take off and fly, that being 1456 

the commencement of the mission. 1457 

 1458 

STEP 6: Leading UAV Power 1459 

 1460 

As they have taken off, we will be aware of the leading battery percentage which is referred here 1461 

as power. The algorithm will check if the leading power has subtracted the threshold or not. 1462 

 1463 

STEP 7: UAV land 1464 

 1465 

If the battery percentage of any of the UAVs in the swarm is less or equal to 20, then the mission 1466 

will be aborted. All the drones in the swarm will land taking into consideration that this is an all 1467 

or nothing mission, which means that if one drone leaves the swarm will result in all drones leaving 1468 

the swarm because the mission cannot continue with any of the drones missing. 1469 

 1470 

STEP 8: Computing Threshold 1471 

 1472 

If the leading UAV has a battery percentage that is more than the battery percentage with a 1473 

subtracted threshold referred to as P, we will not do anything but rather continue flying. 1474 

 1475 
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Figure 30: Shows the system architecture of the energy-aware and harmonization scheme 

 1476 

Else; if the leading UAV battery percentage (power) is less than the battery percentage with a 1477 

subtracted threshold, we get the Drone-IP-address of the UAV with the maximum battery level 1478 

and assign it to the leader role making the initial leader to assume the role of a follower drone. 1479 

3.3.4 Implementation 1480 

 1481 

System Architecture 1482 

 1483 

 1484 

 1485 

 1486 

 1487 

 1488 

 1489 

 1490 

 1491 

 1492 

 1493 

Figure 30 shows the depiction of the system architecture. This is the setup that was executed. The 1494 

human operator (see Figure 30), will provide commands and information to the base station. The 1495 

base station (see Figure 30) is a personal computer, where much of the coordination and control 1496 

of the swarm will be performed. Figure 31 shows different tasks of the base station. The tasks for 1497 

the leader and follower UAVs have been presented in Figure 27. 1498 

 1499 

Human 

Operator Base Station 

Leader UAV 

Follower UAV 

Follower UAV 

Follower UAV 
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 1500 

 1501 

 1502 

 1503 

 1504 

 1505 

 1506 

System management and monitoring 1507 

The system will set procedures and processes to ensure that the mission and tasks are fulfilled to 1508 

achieve the objectives of this research.  1509 

 1510 

Mission Planning 1511 

Mission planning depends on the operator and it is treated as an input to the system. The operator 1512 

specifies the kind of mission that has to be done by the UAVs in the swarm.  1513 

 1514 

Role distribution and Task allocation 1515 

The system will then evaluate, based on the UAV information the most suitable vehicle(s) for the 1516 

roles and will allocate tasks based on the available battery. That is where the leader-follower 1517 

formations are actuated. 1518 

 1519 

Swarm Control and coordination 1520 

Then there will be an appraisal on how the UAVs in a swarm will be rotated and coordinated to 1521 

avoid collision or loss of any UAV within the swarm. There will be a continuous checking of the 1522 

amount of energy remaining on each UAV to be operational, and if any UAV is malfunctioning. 1523 

It will be ensured that the all or nothing mission target is achieved. 1524 

 1525 

Communication 1526 

Base Station 

Swarm Control and coordination 

System management and 

monitoring 
Role distribution and Task 

Allocation 
Mission Planning 

Communication 

High-Level Low-Level 

Figure 31: High-level and low level tasks of a base station 
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Communication is a vital component of the system. It enables the coordination of the tasks. The 1527 

system is able to maintain communication between the base station and the UAVs. The information 1528 

received from UAVs is distributed between the different task modules of the system. On the other 1529 

hand, the UAVs will receive the task assignment from the base station. Communication between 1530 

the UAVs and base station is through the leader UAV which acts as a gateway between the two. 1531 

 1532 

Geese Inspired UAV swarm energy-aware and harmonization algorithm illustration using 1533 

three UAVs 1534 

 1535 

Table 4 shows the code snippet of the algorithm. It is found in Appendix A and further elaborated 1536 

in Appendix B, Appendix C and Appendix D. 1537 

 1538 

Table 4: Description of the main code snippet 1539 

Code Snippet Description 

 This is where constant 

initialization takes 

place. The IP 

addresses of the 

UAVs are defined and 

initialized 

 The UAVs are then 

added to the swarm 

using their IP address 

which will assist in 

knowing the number 

of UAVs being added  
 The conditional 

construct are defined. 

We get the position 

and the available 

battery. The number 

of UAVs are checked 

if they fall between 2 

and 12 
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The accepted battery 

level is defined to 

equal or greater than 

96%. The threshold is 

calculated as per 

equation (1). 

 

 

 

 

 

 

 

When all the above 

constructs have been 

met then the leader is 

chosen then the 

swarm will take off 

 1540 

STEP 1: Three drones are used to illustrate the algorithm. The step is shown in Figure 32.We 1541 

obtain the following (source code in Appendix B): 1542 

 1543 

 Number of drones in a swarm = 3 1544 

 IP Address of each drone 1545 

 Initial Battery level percentage for all the UAVs  1546 

 1547 

 1548 

 1549 

 1550 

 1551 

 1552 

 1553 

 1554 

 

UAV 2 UAV 1 UAV 3  

Battery Percentage: 100 

Drone IP Address: 

192.168.1.1 

 

Battery Percentage: 100 

Drone IP Address: 

192.168.1.2 

 

 

Battery Percentage: 100 

Drone IP Address: 

192.168.1.3 

 

Figure 32: Notations of three unmanned aerial vehicles 
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STEP 2: From the collected information in Step 1, it shows that the battery level of each drone 1555 

was more than 96%, therefore, the next step was to calculate the threshold. Equation 1 shows the 1556 

threshold computation formula that was used. This involved dividing the energy level available 1557 

with the number of drones is a swarm. 1558 

STEP 3: The leader was then randomly selected. Then the tasks were allocated amongst the UAV 1559 

as shown in Figure 33. 1560 

 1561 

 1562 

 1563 

 1564 

 1565 

 1566 

STEP 4: Then take off was enabled. The leader reached the threshold and the battery for all the 1567 

follower drones was checked and the drone with the highest energy became the leader. This step 1568 

was iterated until all the battery was equally drained amongst the UAVs as responsibilities were 1569 

shared equally in the swarm. 1570 

 1571 

 1572 

 1573 

 1574 

 1575 

 1576 

 1577 

 1578 

Follower UAV Leader UAV Follower UAV 

UAV 1 was randomly selected as 

the leader the eventually it 

reached the threshold. All the 

UAVs’ battery level was checked 

to see the one which has the 

highest energy. 

UAV 3 was found to have the 

highest battery percentage as 

compared to the other UAVs. As a 

result UAV 3 became the leader. It 

eventually reached the threshold 

and all the UAVs battery level was 

checked to see the one which has 

the highest energy. 

UAV 2 was found to have the 

highest battery percentage as 

compared to the other UAVs. As a 

result UAV 3 became the leader. It 

eventually reached the threshold 

and all the UAVs battery level was 

checked to see the one which has 

the highest energy. 

 

Figure 33: The selected UAV taking the role of the leadership 

Figure 34: Roles rotation process 
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 1579 

3.4 Summary 1580 

 1581 

What is Geese Inspired UAV swarm energy-aware and harmonization scheme? 1582 

An algorithm that ensures equal responsibility propagation of UAVs in a swarm so that the 1583 

battery is drained evenly amongst the unmanned aerial vehicles. 1584 

 1585 

What are the advantages of this algorithm? 1586 

1. Equal responsibility propagation among UAVs in a swarm 1587 

2. Real time update of the available energy in UAVs 1588 

3. Consistent battery consumption 1589 

 1590 

How is the algorithm developed? 1591 

The algorithm was developed using 4 phased methodology. The first phase was analysis where 1592 

we gathered all the requirements of developing this algorithm. The second phase was the design 1593 

phase where we broke down the functions into manageable tasks. The third phase was the 1594 

development phase which we were putting together the tasks which were broken down at the 1595 

design phase to do develop the algorithm. This was then followed by the implementation of the 1596 

algorithm which is the actual execution of the developed algorithm. 1597 

 1598 

This methodology is good as it enabled good progress monitoring. The step by step development 1599 

progress was seen which boosted efficiency. Dividing the functions into four phases helped us to 1600 

focus on individual stages which enabled errors to be rectified faster. The only detriment of this 1601 

methodology is that one could not move to the last stage before completing the first or preceding 1602 

phase. 1603 

What are the tools for developing this algorithm? 1604 

 Design: Flow Chart and Use Cases 1605 

 Development: Pseudo Code 1606 

 Implementation: Code sing java script in Node js 1607 
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 1608 

In the next Chapter, we present the results. 1609 

Chapter 4:  Results 1610 

4.1 Chapter Overview 1611 

 1612 

The Chapter is organized as follows. In Section 4.2, we present results. In Section 4.3, we present 1613 

the evaluation and discussion of the results. These Sections are then followed by the summary of 1614 

this Chapter in Section 4.4. 1615 

 1616 

The purpose of this study is to rectify the problem of inconsistent battery consumption in a swarm 1617 

of Unmanned Aerial Vehicles which is caused by a lack of equal responsibility propagation and 1618 

this has led to the development of a Geese Inspired UAV swarm Energy-Aware and Harmonization 1619 

algorithm. The Energy-Aware and Harmonization algorithm is entirely about using an 1620 

interconnection network between the Unmanned Aerial Vehicles to share roles within a swarm. 1621 

When there is a collaboration and deliberation between Unmanned Aerial Vehicles in a swarm, it 1622 

makes the sharing of responsibilities within a swarm even more efficient. The leader does not have 1623 

to bear the responsibilities of being a leader alone, hence the instigation of the energy-aware and 1624 

harmonization algorithm.  1625 

 1626 

This algorithm uses the energy-aware sequence to compute the threshold which will alert when 1627 

each rotation should be triggered. The threshold is calculated by the average battery percentage of 1628 

all the Unmanned Aerial Vehicles in a swarm divided by the total number of drones in a swarm, 1629 

therefore, when the resulting figure is subtracted from the battery percentage of the leader, the 1630 

rotation point is established and when the leader reaches the threshold the rotation sequence is 1631 

executed. The cycle continues until the battery percentages of the UAVs reach the landing point 1632 

(home point). This cycle enables an even pattern of battery usage within a swarm of Unmanned 1633 

Aerial Vehicles. The energy-aware approach is the mechanism that is used to check the batteries 1634 
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of the drones in a swarm to determine when to execute the rotation sequence and to establish which 1635 

UAV is taking the Leadership role. The even exhaustion of battery power enables all the drones in 1636 

a swarm to have the same interval frame of mission execution and uniform aerial surveillance 1637 

coverage. 1638 

 1639 

This chapter presents the results that were obtained from the experiments then further discusses 1640 

and analyses these results. The first three findings are those that form the foundation of our 1641 

experiments. The first one shows the rate at which a stationary UAV consumes battery. The second 1642 

one shows the battery consumption of a hovering UAV, and the last one shows the battery 1643 

consumption of a flying UAV. These three experiments are referred to as elementary as they give 1644 

us the basics of our research information which we will make use of in the key tryouts. The results 1645 

of the elementary experiments will be presented and discussed below each experiment. All this 1646 

then ushers in the presentation, discussion, and analysis of the key results of the energy-aware and 1647 

harmonization algorithm. The key results are those that show the incorporation of the algorithm 1648 

and its outcomes. The results will be presented in two categories; the indoor experiment and the 1649 

outdoor experiment.  1650 

 1651 

This chapter will aid the answering of the following research questions: 1652 

 (RQ1)- At what rate does a stationery drone, a hovering drone and a flying drone consume 1653 

battery? 1654 

 (RQ2)- At what rate does UAVs within a swarm consume battery? 1655 

  (RQ3)- How is the Energy-Aware and Harmonisation Algorithm going to be implemented 1656 

and tested? 1657 

 1658 

4.2 Presentation of elementary Results 1659 

 1660 

4.2.1 Stationary Unmanned Aerial Vehicle 1661 

 1662 

The first research question assessed the rate at which energy was being consumed in a stationary 1663 

Unmanned Aerial Vehicle. This enabled the adequate acquisition of knowledge bases of UAVs. It 1664 
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abetted the researcher in knowing the fundamental information on how much and at what rate the 1665 

Parrot A.R 2.0 consumes battery. Knowing how much battery was consumed by a stationary UAV 1666 

aided in measuring the effectiveness of the Energy-Aware and Harmonization algorithm. The 1667 

experiments show the correlation between two variables being; time and the battery percentage. 1668 

That is percentage rate of the UAV battery energy that is being consumed every after 5 minutes. 1669 

The time is in minutes denoted by the (m) symbol and the percentage is denoted by Percentage 1670 

Symbol (%).  1671 

 1672 

 1673 

 1674 

 1675 

 1676 

 1677 

 1678 

 1679 

 1680 

 1681 

In this experiment, the script which displays the current percentage of battery life left was run on 1682 

a connected UAV and the results were recorded at every 5 minutes interval. Table 5 shows the 1683 

recorded battery at every 5 minutes interval in a stationary UAV. The overall battery consumption 1684 

of the stationary UAV lasted for 4 hours 5 minutes. This means the battery life of a stationary 1685 

Parrot A.R 2.0 is 4 hours 5 Minutes. For reproducibility and verification, the same experiment was 1686 

repeated to check if the same results will be recorded. The same Unmanned Aerial Vehicle was 1687 

used but with a different battery. Table 6 shows that there was a slight time difference between the 1688 

first battery being -battery 1 and the second battery being -battery 2 but it also lasted for 4 hours 5 1689 

minutes. 1690 

 1691 

Table 5: Shows the Battery consumption of a stationary UAV every 5 minutes. 
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 1692 

 1693 

 1694 

 1695 

 1696 

 1697 

 1698 

 1699 

 1700 

 1701 

 1702 

 1703 

 1704 

 1705 

Figure 35 and Figure 36 show a graphical representation of the battery consumption rate in a 1706 

stationary UAV. Figure 35 shows the results of the first experiment on a stationary UAV. Figure 1707 

36 shows the contrasting outcomes of the two different experiments (same UAV with different 1708 

batteries). Figure 37 depicts the results of the two experiments and the mean time of the 1709 

experiments.1710 

Table 6: Battery consumption of a stationary UAV every 5 minutes using a different Batteries. 
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           1711 

 1712 

 1713 

 1714 

 1715 

 1716 

 1717 

 1718 

 1719 

 1720 

 1721 

 1722 

 1723 

 1724 

 1725 

 1726 

 1727 

 1728 

 1729 

 1730 

 1731 

 1732 

 1733 

 1734 

 1735 

 1736 

Figure 36: This graph shows the battery consumption rate of a stationary UAV using a 

different battery from the one in Figure 32. 

 

 

Figure 35: Battery ratio consumed every 5 minutes in a stationary Unmanned Aerial 

Vehicle (UAV). 
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 1737 

 1738 

 1739 

 1740 

 1741 

 1742 

 1743 

 1744 

       1745 

 1746 

 1747 

 1748 

 1749 

The variable which was not the same in the two experiments (Figure 35 and Figure 36) 1750 

was the Battery. Two different batteries of the same model were used, and according 1751 

to the results, they have shown to have a 14% slight dissimilarity but they all switched 1752 

off at 245minutes. 1753 

 1754 

4.2.2 Hovering Unmanned Aerial Vehicle 1755 

 1756 

 1757 

Figure 37: This graph depicts the mean of experiments shown in Figure 35 and Figure 36 

alongside with their results. 

 

Table 7:  Battery Consumption of a Hovering Unmanned Aerial Vehicle (indoor) 

BATTERY CONSUMPTION RATE MEAN DIFFERENCE OF TWO STATIONARY UAVs 
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 1758 

 1759 

 1760 

 1761 

       1762 

                          1763 

 1764 

Table 7 shows that a hovering Unmanned Aerial Vehicle without any other activity 1765 

taking place and in a controlled environment an AR Drones takes 55 minutes. Table 8 1766 

shows the results of a hovering Unmanned Aerial Vehicle in an uncontrolled 1767 

environment. It was performed outside at the drone port, where the wind and velocity 1768 

have not been controlled, this AR Drone only hovered for 40 minutes and landed 1769 

because of no battery.  1770 

 1771 

4.2.3 Flying Unmanned Aerial Vehicle1772 

1773 

 1774 

 1775 

 1776 

 1777 

 1778 

 1779 

Table 9 shows the results of a flying unmanned aerial Vehicle, the overall time flying 1780 

time of an AR Drone is 23 minutes. This experiment was done in a controlled 1781 

environment. 1782 

 1783 

4.3 Evaluation and Discussion of results 1784 

 1785 

Table 8: Battery Consumption of a Hovering Unmanned Aerial Vehicle (outdoor)  

Table 9: Battery Consumption rate of a flying Unmanned Aerial Vehicles 
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This Section encompasses the presentation and discussion of the main findings 1786 

gathered from the experiment where the energy-aware and harmonization algorithm 1787 

was instigated. The focus of this Section will be on the outcomes of the introduction 1788 

and implementation of the algorithm. In the first experiment (5.3.1) of this Section, we 1789 

evaluate the battery consumption of a leader Unmanned Aerial Vehicle against the 1790 

follower Unmanned Aerial Vehicles to assess how much battery is consumed by 1791 

Unmanned Aerial Vehicles in a swarm. The second experiment (5.3.2) shows the 1792 

deployment of the Energy-Aware and Harmonization algorithm in three Unmanned 1793 

Aerial Vehicles in an indoor setting. The third experiment (5.3.3) shows the 1794 

deployment of the Energy-Aware and Harmonization algorithm in three Unmanned 1795 

Aerial Vehicles in an outdoor setting. The last experiment (4.3.4) shows the 1796 

deployment of the Energy-Aware and Harmonization algorithm in five Unmanned 1797 

Aerial Vehicles in an indoor setting. 1798 

 1799 

4.3.1 Battery utilization in UAVS within a swarm (Leader-Follower Formation)  1800 

   1801 

The assessment of battery consumption of UAVs in a swarm to see how much energy 1802 

the leader UAV uses and how much energy is consumed by the follower UAV was 1803 

completed. The appraisal was performed using the leader-follower approach where 1804 

one drone was leading and the other drones following [56]. Three Unmanned Aerial 1805 

Vehicles (UAV) were used and UAV 1 was given the responsibility of being a leader 1806 

and UAV 2 and UAV 3 were the follower drones. They were placed as shown in Figure 1807 

38. They were placed at the BIUST drone port and flown from there as a swarm. The 1808 

outcomes of the experiment are depicted in Table 10. The results are further discussed 1809 

using the graph in Figure 39. 1810 

 1811 

 1812 

 1813 

 1814 

 1815 

 1816 

UAV 1 

UAV 3 
UAV 2 

Figure 38: The Swarm Formation Setup that was followed in the experiment 
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Table 10: Experimental Results of Battery utilization in UAVs within a swarm  1817 

 1818 

Figure 39 shows the battery consumption pattern of the UAVs in a swarm in an outdoor 1819 

setting, to analyse the performances of UAVs in a swarm without the Energy-Aware 1820 

and Battery synchronization algorithms. It was discovered through this experiment that 1821 

the battery usage of the UAVs in a swarm was uneven, because of differences in fixed 1822 

responsibility roles of each UAV. The leader UAVs battery level declined significantly 1823 

faster than the follower UAVs. In exactly 15minutes, the leader had depleted all the 1824 

energy in the battery, while UAV2 and UAV3’s battery levels were at 55% and 61 %, 1825 

respectively. At this point, the leader had been forced to land and abort the mission, 1826 

leaving the follower UAVs alone. The remaining UAVs in the swarm continued the 1827 

mission but they were reporting to a Leader that was now offline, which resulted in 1828 

errors because the data could not reach the base station. UAV2 had its battery level 1829 

depleted exactly 30minutes after the mission began, and UAV3 followed 35 minutes 1830 

later.  1831 

 1832 

This mission failed because 1. The leader of the formation had long left the swarm 1833 

which means the roles that were to be accomplished by the leader were left unattended 1834 

2. The second Unmanned Aerial Vehicle labelled as UAV 2 left the mission as well 1835 

leaving UAV 3 alone and that now was no longer a swarm 3. A swarm mission is set 1836 

to be successful if all the UAVs in a swarm fulfil their designated responsibilities and 1837 

if the other leaves the mission earlier it means their roles are left unattended. This is 1838 

what transpired in this experiment because of the workload of the leader UAV the 1839 

battery got depleted before the other UAVs battery can be depleted leading to the loss 1840 

Time 

(m) 

Unmanned Aerial 

Vehicle (UAV 1) 

Leader 

 

Unmanned Aerial 

Vehicle (UAV 2)  

Follower 1 

Unmanned Aerial 

Vehicle (UAV 3) 

Follower 2 

0 100% 100% 100% 

5 67% 85% 87% 

10 34% 70% 74% 

15 1% 55% 61% 

20  40% 48% 

25  25% 35% 

30  10% 22% 

35   9% 
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of the leader in the process hence a failed mission. These results confirm the necessity 1841 

of an Energy-aware and Harmonization algorithm in order to balance the battery 1842 

consumption of UAVs in a swarm so that they can start and finish as a mission as a 1843 

swarm. 1844 

 1845 

 1846 

 1847 

 1848 

 1849 

 1850 

 1851 

 1852 

 1853 

Figure 39: Unmanned Aerial Vehicle Swarm using Leader-Follower formation 1854 

 1855 

4.3.2 Energy-Aware and Harmonization algorithm using three (3) unmanned aerial 1856 

vehicles (UAV) – Indoor 1857 

 1858 

To validate the viability of the developed algorithm, three (3) Unmanned Aerial 1859 

Vehicles in a swarm were set out to fly in a leader-follower formation. Amongst the 1860 

three UAVs, a leader was randomly selected and the other UAVs claiming the follower 1861 

responsibility. The UAV rotated responsibility amongst themselves ensuring that 1862 

battery consumption is harmonized in the whole swarm arrangement. The initial states 1863 

are shown in Table 11 followed by the calculation of the threshold which acted as a 1864 

pivot point where we could then rotate the responsibility of each UAV taking into 1865 

consideration the amount of battery consumed. The calculation is shown alongside the 1866 

threshold in Figure 40. 1867 

 1868 
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Table 11:  Initial States (Preliminary Experimentation Term) 1869 

UAV Battery Percentage 

1 100% 

2 100% 

3 100% 

 1870 

 1871 

∑(
𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝐿𝑒𝑣𝑒𝑙

𝑚
)/𝑚

𝑚

𝑖+1

= 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 1872 

𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
100

3
= 33.333 = 33 1873 

 1874 

 1875 

 1876 

Table 12: Shows Experimental 2 Results 1877 

 1878 

According to the results in Table 12, UAV 1 Started at the beginning of the experiment 1879 

as the leader with 100% battery and UAV 2 and UAV 3 were the followers with the 1880 

same battery percentage of 100%. The second lap shows that the leader is now UAV 1881 

3 with 87% battery and UAV 1 and UAV 2 with 67% and 85% batteries levels 1882 

consecutively. The third lap then shows that UAV 2 becomes the leader with 70% 1883 

Lap  Unmanned Aerial 

Vehicle (UAV) 

Battery Percentage Roles 

1 1 100% Leader 

 2 100% Follower 

 3 100% Follower 

2 1 67% Follower 

 2 85% Follower 

 3 87% Leader 

3 1 52% Follower 

 2 70% Leader 

 3 54% Follower 

4 1 39% Leader  

 2 37% Follower 

 3 38% Follower 

5 1 5.7% IMMEDIATELY THE 

DRONES LANDED 

BECAUSE THE 

BATTERY LEVEL OF 

UAV 1 WAS LESS 

THAN 20 

 2 22% 

 3 26% 

Figure 40: A mathematical Expression to calculate the threshold 
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battery level and UAV 1 and UAV 3 being the followers; UAV 1 with 52%, UAV 3 1884 

with 54% battery levels. At this stage all Unmanned Aerial Vehicles had taken part in 1885 

being the leaders, they shared the role enabling battery to be consumed equally 1886 

amongst them. This was confirmed by the results of lap 4 which shows UAV 1 = with 1887 

39% battery level, UAV 2 = with 37% battery level and UAV 3 = with 38% battery 1888 

level. The difference being between 1% and 2% showing the harmony and success of 1889 

the algorithm proposed. This is further elaborated in Figure 41.  1890 

 1891 

 1892 

 1893 

 1894 

 1895 

 1896 

 1897 

 1898 

 1899 

 1900 

 1901 

 1902 

Figure 41: Energy-aware and Harmonization algorithm using three (3) unmanned 1903 

aerial vehicles (UAV) – Indoor 1904 

 1905 

The graph in Figure 41 shows the performance results of UAVs in a swarm with the 1906 

enhancement of the Energy-Aware and Harmonization Algorithm. The three UAVs in 1907 

this swarm were tested in an indoor setting. The Algorithm randomly chose the leader 1908 

since all the UAVs in the swarm had the same battery level percentage of 100%. UAV 1909 

1 was chosen to be the leader, and UAV 2 and UAV 3 were made followers. On the 1910 

first lap, the battery consumption of the leader was very steep, and it lost a lot of energy 1911 

in the first lap due to the demanding responsibilities of a leader. 1912 

 1913 

On the other hand, the follower UAVs had a steady and minimum battery usage in the 1914 

first lap, and UAV3 and UAV 2 had similar battery consumption. In the second lap, 1915 
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the Energy-Aware and Harmonization Algorithm executed the rotation sequence 1916 

which determined the next leader UAV in the swarm based on the highest battery level 1917 

percentage criteria and in this case, that was UAV3. Immediately after rotation was 1918 

initiated, UAV1 battery usage decreased, and it started stabilising, yet UAV 3 which 1919 

was now the leader, had a sudden increase in battery usage, and UAV2 was still at 1920 

average usage. When the leader reached the threshold, the energy-aware executed the 1921 

rotation sequence again, marking the beginning of the third lap.  1922 

 1923 

With the UAV2 being the leader in this lap, the steep and sudden decline of the battery 1924 

of the leader was absolute, while UAV 1 and UAV3 started to reduce their battery 1925 

usage and stabilised. On the fourth lap, all the UAVs had executed the leadership role, 1926 

and the energy-aware and harmonization algorithm computed the leader for the next 1927 

lap based on the highest battery percentage of all the UAVs in the swarm, and UAV1 1928 

was the Leader. This last lap was determined by The Energy-Aware and 1929 

Harmonization algorithm when it computed the threshold, and when the Energy 1930 

prompt sequence reported that the leader had less than 20% battery remaining, the 1931 

UAV Swarm Landing sequence was initiated and all the UAVs in the swarm landed. 1932 

 1933 

The algorithm was a success in an indoor setting, and the battery efficiency of the 1934 

drones escalated a notch as they had longer battery lifetime than if the leader was not 1935 

rotated. The Energy-Aware and Harmonization algorithm also helped to eradicate 1936 

errors in the swarm like followers sending information to the leader UAV who is out 1937 

of formation and out of the swarm. The algorithm makes sure there is always a leader, 1938 

and that in turn makes sure that all the data captured by the UAVs in the swarm in 1939 

preserved and stored to the base station through the Leader. 1940 

 1941 

4.3.3 Energy-Aware and Harmonization algorithm using 3 unmanned aerial vehicles 1942 

(UAV) – Outdoor 1943 

 1944 

The setting of the third experiment was changed from indoor to outdoor to certify the 1945 

feasibility of the developed algorithm in a different scenery. Three (3) Unmanned 1946 

Aerial Vehicles in a swarm were positioned to fly in a leader-follower formation. 1947 

Amongst the three UAVs, a leader was randomly elected and the other UAVs claiming 1948 

the follower responsibility. The UAV rotated responsibility amongst themselves 1949 
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ensuring that battery consumption is harmonized in the whole swarm. The results of 1950 

this experiment are depicted in Table 13. 1951 

 1952 

Table 13: Shows Experimental 3 Results 1953 

 1954 

Lap Unmanned Aerial Vehicle 

(UAV) 

Battery 

Percentage 

Roles 

1 1 100% Leader 

 2 100% Follower 

 3 100% Follower 

2 1 67% Follower 

 2 75% Follower 

 3 77% Leader 

3 1 42% Follower 

 2 52% Leader 

 3 44% Follower 

4 1 17% IMMEDIATELY 

THE DRONES 

LANDED 

BECAUSE THE 

BATTERY 

LEVEL OF ALL 

THE UAVs 

WAS LESS 

THAN 20 

 2 19% 

 3 18% 

 1955 

According to the results in Table 13, UAV 1 Started off at the beginning of the 1956 

experiment as the leader with 100% battery and UAV 2 and UAV 3 were the followers. 1957 

The second lap shows that the leader is now UAV 3 with 77% battery and UAV 1 and 1958 

UAV 2 with 67% and 75% batteries sequentially. The third lap then shows that UAV 1959 

2 becomes the leader with 52% battery and UAV 1 with 42%, UAV 3 with 44% as 1960 

followers. At this stage all Unmanned Aerial Vehicles had taken part in being the 1961 

leaders, they shared the role-enabling battery to be consumed equally amongst them. 1962 

This was confirmed by the results of lap 4 which shows UAV 1 = with 17% battery, 1963 

UAV 2 = with 19% battery and UAV 3 = with 18% battery, giving a mean of 18% and 1964 

a difference of 1%. 1965 

 1966 

 1967 
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 1968 

 1969 

 1970 

 1971 

 1972 

 1973 

 1974 

 1975 

 1976 

 1977 

 1978 

 1979 

 1980 

Figure 42: Energy-Aware and Harmonization algorithm using three (3) unmanned 1981 

aerial vehicles (UAV) – Outdoor 1982 

 1983 

The graph in Figure 42, shows the performance results of UAVs in a swarm with the 1984 

deployment of the Energy-Aware and Harmonization Algorithm. The focus of this 1985 

experiment was to test the Energy-Aware and Harmonization Algorithm in a swarm 1986 

of three (3) Unmanned Aerial Vehicles outside hence being identified as an outdoor 1987 

setting experiment. The Algorithm randomly chose the leader since all the UAVs in 1988 

the swarm had the same battery level percentage of 100%. UAV 1 was chosen to be 1989 

the leader and UAV 2 and UAV 3 were made followers. 1990 

 1991 

All UAVs start at a 100% battery percentage, this then launches a lap. From the graph 1992 

lap one, all the UAVs start off as precipitous and immediately they regress as they take 1993 

wing. The way the regress is vigorous because in an outdoor setting there are many 1994 

factors that affect the battery consumption of the UAV as compared to an indoor 1995 

setting. Factors such as wind are not easily controlled and thus affect the battery that 1996 

is why there is a huge decline when comparing with the initial battery percentage. In 1997 

Lap two UAV 3 becomes the leader whilst UAV 1 and UAV 2 become the followers. 1998 

There is a rotation of responsibility between UAV 1 AND UAV 3 with the aim to 1999 
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harmonize battery consumption. The flying continues and in Lap three UAV 2 2000 

becomes the leader swapping roles with UAV 3 which becomes the follower UAV. 2001 

The battery consumption of the UAVs continues to decline. Lap four validates the 2002 

feasibility of the Energy-Aware and Harmonization Algorithm because it shows the 2003 

battery being balanced amongst the UAVs. Even though the rates are below 20% 2004 

which is the landing point set out in the algorithm, the 1% difference shows that 2005 

rotating responsibility indeed balances the energy consumption rate in UAVs in a 2006 

swarm. UAV 1: 17% UAV 2: 19% UAV 3 18% 2007 

 2008 

4.3.4 Energy-aware and Harmonization algorithm using 5 Unmanned Aerial Vehicles 2009 

(UAVs) – Indoor 2010 

 2011 

The last experiment which was conducted was to check the viability of the Energy-2012 

Aware and Harmonization using five Unmanned Aerial Vehicles Indoors. The results 2013 

are shown in Table 14. 2014 

 2015 

 2016 

 2017 

 2018 

 2019 

 2020 

 2021 

 2022 

 2023 

 2024 

 2025 

 2026 

 2027 
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Table 14: Energy-aware and Harmonization algorithm using 5 Unmanned Aerial 2028 

Vehicles (UAVs) – Indoor 2029 

 2030 

LAP Unmanned Aerial Vehicle 

(UAV) 

Battery 

Percentage 

Roles 

1 1 100% Leader 

 2 100% Follower 

 3 100% Follower 

 4 100% Follower 

 5 100% Follower 

2 1 80% Follower 

 2 85% Follower 

 3 87% Follower 

 4 83% Follower 

 5 88% Leader 

3 1 65% Follower 

 2 72% Leader 

 3 70% Follower 

 4 71% Follower 

 5 68% Follower 

4 1 52% Follower 

 2 52% Follower 

 3 58% Leader  

 4 54% Follower 

 5 53% Follower 

5 1 39% Follower 

 2 32% Follower 

 3 38% Follower 

 4 40% Leader 

 5 36% Follower 

6 1 23% IMMEDIATELY 

THE DRONES 

LANDED 

BECAUSE THE 

BATTERY 

LEVEL OF HA 

REACHED THE 

MINIMUM 

LEVEL OF 20% 

 2 24% 

 3 22% 

 4 20% 

 5 21% 

 2031 

Figure 43 shows the performance results of UAVs in a swarm with the enhancement 2032 

of Energy-Aware and Harmonization Algorithm in an outdoor setting. The five UAVs 2033 

in this swarm had the same battery level of 100% before we initiated the experiment. 2034 

The leader was randomly chosen by the Energy-Aware and the harmonization 2035 

algorithm, and UAV1 was chosen. The energy-aware and harmonization algorithm 2036 
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computed the threshold to be 20%, that is, every time the leader loses 20% of its battery 2037 

percentage, the rotation of the leader will be initiated. There was a rather steep decline 2038 

in the battery percentage of the leader in the first lap, while the other follower UAVs 2039 

in the swarm had a lower battery usage rate in the first lap.  2040 

 2041 

The leader UAV1 reached its threshold and the Energy-Aware and Harmonization 2042 

Algorithm elected UAV5 as the leader based on the highest battery percentage criteria 2043 

of all the UAVs in the swarm. In the second lap, the battery usage rate of UAV5 2044 

increased a notch while that of UAV1 decreased. When UAV5 lost 20% of its battery 2045 

life, it reached its threshold, and the rotation sequence was implemented and the 2046 

energy-aware and harmonization algorithm chose UAV 2 as the leader marking the 2047 

beginning of a new lap, the third lap. UAV2 had lost 15percent on the first lap, and 13 2048 

percent on the second, which is with the same range, but when it became the leader of 2049 

the swarm in the third lap, it lost 20 percent on its third lap which is because of the 2050 

leader roles it was performing, consequently reaching its threshold. On the fourth lap, 2051 

UAV3 was chosen leader, with 58% battery percentage which was the highest battery 2052 

percentage in that lap. After 20% battery percentage was used from the UAV3 battery 2053 

pack, the rotation sequence implemented by the energy-aware and harmonization 2054 

algorithm saw UAV4 being made leader marking the beginning of the fifth lap.  2055 

 2056 

This lap had UAV4 with the highest battery percentage of 40% because it was the only 2057 

UAV that had not yet taken the leader responsibilities. After 20% of the battery, the 2058 

battery of the leader UAV was depleted, the threshold was reached, so was the 2059 

minimum level of 20%. When the minimum level was reached, the algorithm executed 2060 

the landing process, forcing all the UAVS in the swarm to land. The remaining battery 2061 

percentage of all the UAVs was reserved for landing and sending the captured data, 2062 

which avoids loss of data and damage to the UAVs. Based on the results above, the 2063 

execution of the Energy-aware and Harmonization Algorithm was a success, because 2064 

it extended the battery life of all the UAVs in the swarm and it made sure that all the 2065 

data captured was sent to the base station through the leader then finally it made sure 2066 

that all the UAVs in the swarm land safely before all the battery life was depleted while 2067 

in flight. 2068 
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Figure 43: Leader Follower Formation Swarm of 5 Unmanned Aerial Vehicles (UAV) 2080 

– Indoor 2081 

 2082 

4.4 Summary 2083 

 2084 

The first experiment was the indoor experiment with three unmanned aerial vehicles. 2085 

The second one was the outdoor experiment with three unmanned aerial vehicles. The 2086 

third one was an outdoor experiment with five unmanned aerial vehicles. According 2087 

to the results of all these three experiments, the development of the Geese Inspired 2088 

UAV Swarm Energy-Aware and Harmonization Algorithm was achieved. Unmanned 2089 

Aerial Vehicles in a swarm shared the leadership role equally hence the equal battery 2090 

consumption and no UAV was lost in the mission earlier than others. When the battery 2091 

was low they all landed waiting to be charged and continue with the mission. 2092 

 2093 

The algorithm was a success in an indoor setting, and the battery efficiency of the 2094 

drones escalated a notch as they had longer battery lifetime than when the leader was 2095 

not rotated. The Energy-Aware and Harmonization algorithm also helped to eradicate 2096 

errors in the swarm-like followers sending information to the leader UAV who was 2097 

out of formation and out of the swarm. The algorithm makes sure there is always a 2098 

leader, and that in turn makes sure that all the data captured by the UAVs in the swarm 2099 

is preserved and stored to the base station through the Leader. The more the UAVs, 2100 
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the more the flight range increases as the initial formation, hence the reason experiment 2101 

3 with 5 drones reached lap 6. The other observation is when the environment is 2102 

controlled, there is less energy consumption hence the increased flight range indoor. 2103 

In the next Chapter, we present the conclusion. 2104 
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Chapter 5:  Conclusion 2105 

5.1 Chapter Overview 2106 

 2107 

This Chapter establishes the conclusions based on the findings of the study and in 2108 

accordance with the research objectives established in Chapter one. It comprises of 2109 

three sections: Section 6.1 presents the conclusion of the study which gives an 2110 

overview of the answer to the main research question. Section 6.2 presents the 2111 

limitations encountered throughout the research. Section 6.3 presents the future works 2112 

that will consolidate this study research in the near future. Section 6.4 shows the 2113 

summary of Chapter 6. 2114 

 2115 

5.2 Conclusion of the research 2116 

 2117 

The use of UAVs swarms has increased drastically in recent years and they are 2118 

revolutionising industries from one end to the other. However, despite their 2119 

advantages, research has shown that their biggest limitation is the lack of equal 2120 

responsibility propagation which has led to numerous unsuccessful UAV swarm 2121 

missions [7]. This is because when the responsibilities are not shared equally, the 2122 

leader unmanned aerial vehicle will consume more battery than the follower UAVs 2123 

because it is given more work than the followers and in turn this will result in the loss 2124 

of the leader UAV; hence limiting the range of the whole swarm resulting in a failed 2125 

mission termed as ‘unsuccessful’. 2126 

 2127 

As a resolution, this study aimed to develop geese inspired scheme to model the UAV 2128 

swarm rotation. The model ensured that there is leadership rotation which allowed 2129 

equal responsibility propagation, safeguarding that battery is drained evenly amongst 2130 

the UAVs in a swarm. The leader-follower reciprocation mechanism and the energy-2131 

aware computational movement ensured harmonization in a swarm of UAVs by 2132 
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facilitating the rotation of UAVs while being aware of the amount of energy available 2133 

on each UAV. 2134 

 2135 

Various experiments were conducted in accordance to the research objectives. The 2136 

first experimental comparison was performed where the amount of battery consumed 2137 

was measured in a single UAV in different scenarios (i.e., stationery, hovering, flying, 2138 

and leader-follower structure), the reason being to get the bases and control point of 2139 

our experiments. The second experimental layout was the actual focus of our research 2140 

where we actuated the developed algorithm and tested it in different setups ((i.e., 2141 

indoor setting, outdoor setting, and augmented number of UAVs). The energy-aware 2142 

and harmonization algorithm was adapted and at each point we were fully aware of the 2143 

amount of battery that we had and gearing up for the next step to be taken in order to 2144 

ensure that responsibility is equally shared amongst the UAVs.  2145 

 2146 

The findings of these experiments proved that the algorithm successfully harmonises 2147 

the battery consumption of a UAV swarm leading to consistent battery consumption. 2148 

The development of the Geese Inspired UAV Swarm Energy-aware and 2149 

Harmonization Algorithm ensured that UAVs in a swarm equally share responsibility 2150 

by rotating the leadership role on the basis of the amount of battery a leader had at that 2151 

particular time. If there is a UAV in swarm with more battery than the leader then that 2152 

UAV will get the role of leading the swarm allowing consistent and equal role 2153 

propagation. The summary is shown in Figure 44 which depicts the gabs and the 2154 

resolution in fulfilling the main objective.  2155 
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OBJECTIVE: To develop and evaluate a Geese Inspired UAV Swarm Energy-Aware   

and Harmonization Algorithm 

GAB 2: Lack of inconsistent battery consumption of Unmanned Aerial Vehicles in a swarm

  

GAB 1: Lack of comparable responsibility propagation 

GAB 3: Restricted range of the whole Unmanned Aerial Vehicle formation 

  

    

    

RESOLUTION: Equally dispersing the responsibilities by rotating the 

leadership role amongst the UAVs 

RESOLUTION: Battery aware scheme development which consistently checks

 the battery consumption rate of each UAV and resolve that by resolution 

1.  

RESOLUTION: Equally sharing the leadership role will lead to inconsistent 

battery consumption, harmonizing the entire swarm   increasing the flight radius 

with all the UAVs on-board.  

Figure 44: Shows the gabs that were identified along with their resolutions 

 2156 

 2157 

 2158 

 2159 

 2160 

 2161 

 2162 

 2163 

 2164 

 2165 

 2166 

 2167 

 2168 

5.3 Achievement of Objectives 2169 

Table 15 shows where the objectives stated in Section 1.3.2 were achieved. 2170 

Table 15: The location of achievement of Objectives  2171 

Specific Objectives Where the objectives were achieved 

in the document 

Evaluate the battery consumption rate of 

a standard UAV in three states; when 

stationery, hovering and flying. 

Chapter 4. Section 4.2 

Assess battery utilization in UAVs 

within a swarm in a leader and follower 

formation. 

Chapter 4. Section 4.3 

Design an energy-aware harmonising 

scheme / algorithm. 
Chapter 3. Section 3.3 

Implement and Test the Energy-Aware 

and Harmonisation Algorithm. 
Chapter 3. Section 3.3 
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Evaluate the algorithm Energy-Aware 

and Harmonisation Algorithm. 
Chapter 4. Section 4.3 

 2172 

5.4 Limitations of the research 2173 

 2174 

The sample size was minimal as a result of the number of unmanned aerial vehicles 2175 

that were available. The research was based on the number of UAVs available which 2176 

led to a limited exploration of the research because it was impossible to test if this 2177 

algorithm would work in many UAVs. There was a need to retest in order to validate 2178 

and verify the results, this was time-consuming because it required me to charge UAV 2179 

batteries repeatedly. 2180 

 2181 

5.5 Future Works 2182 

 2183 

While this research has provided useful  insights  into  harmonizing battery 2184 

consumption in Unmanned Aerial Vehicle swarms,  further  work needs  to  be  done  2185 

in  this  area.  Future work needs to explore other Unmanned Vehicles without only 2186 

focusing on Unmanned Aerial Vehicles because lack of comparable responsibility 2187 

propagation is a mutual problem experienced by all unmanned vehicles. Furthermore, 2188 

there is a need for future works to explore the results by adding more UAVs surpassing 2189 

the maximum of 5 that was used in this study. 2190 

 2191 

5.6 Summary 2192 

 2193 

The geese inspired UAV energy-aware and harmonization algorithm allows 2194 

responsibilities to be shared equally amongst unmanned aerial vehicles in a swarm. 2195 

The real-time update on the energy-level of each unmanned aerial vehicle allows the 2196 

threshold sequence to be executed at the right time to enable rotation between the 2197 

leader and the following unmanned aerial vehicle. We look forward to continued 2198 

development in applying this algorithm in different aerial vehicles in order to 2199 

harmonize battery consumption.2200 
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Appendices  

 

Deployment of the Energy-aware and Harmonization Code 

This is the code snippet which deployed the Geese Inspired UAV swarm Energy-aware 

and harmonization algorithm. It is in this code that the practical leader follower 

rotation took place with the consistent check of the amount of battery available and 

comparing with the leader to ensure equal battery consumption. In this code ensured 

that as stated above no UAV was lost during the processes and if there is a UAV with 

a below minimal battery level then all the UAV will be stopped to avoid the sole loss 

of that particular UAV. 
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A swarm of three (3) Unmanned Aerial Vehicles initialization 
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A swarm of five (5) Unmanned Aerial Vehicles initialization 
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AR Drone swarm flying activation: controlling multiple drones (AR Drone) connected to the 

same network. 
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