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Abstract

PATH PLANNING FOR UNMANNED AERIAL VEHICLE USING
VISIBILITY LINE-BASED METHOD

Rosli bin Omar

This thesis concerns the development of path planning algorithms for unmanned aerial
vehicles (UAVs) to avoid obstacles in two- (2D) and three-dimensional (3D) urban
environments based on the visibility graph (VG) method. As VG uses all nodes
(vertices) in the environments, it is computationally expensive. The proposed 2D path
planning algorithms, on the contrary, select a relatively smaller number of vertices
using the so-called base line (BL), thus they are computationally efficient. The
computational efficiency of the proposed algorithms is further improved by limiting
the BL’s length, which results in an even smaller number of vertices. Simulation
results have proven that the proposed 2D path planning algorithms are much faster in
comparison with the VG and hence are suitable for real time path planning
applications. While vertices can be explicitly defined in 2D environments using VG, it
is difficult to determine them in 3D as they are infinite in number at each obstacle’s
border edge. This issue is tackled by using the so-called plane rotation approach in the
proposed 3D path planning algorithms where the vertices are the intersection points
between a plane rotated by certain angles and obstacles edges. In order to ensure that
the 3D path planning algorithms are computationally efficient, the proposed 2D path
planning algorithms are applied into them. In addition, a software package using
Matlab for 2D and 3D path planning has also been developed. The package is designed
to be easy to use as well as user-friendly with step-by-step instructions.



Acknowledgements

First of all, thanks to Allah for the blessing and opportunity for me to successfully
complete my studies. | would like to express my deepest gratitude to my thesis advisor
Professor Da-Wei Gu for his continued guidance and support. His drive and
enthusiasm for research is captivating, and he was able to continuously motivate me
throughout this research. His insight and knowledge in the subject matter were
invaluable to my success. | must also express my gratitude to the sponsors of this
research effort namely The Ministry of Higher Education (MOHE) of Malaysia and
Universiti Tun Hussein Onn Malaysia (UTHM). Their support is gratefully
acknowledged. | would also like to thank my peers in the Control Systems Research
laboratory including Dr. Halim Alwi, Naeem Khan, Mangal Kothari, Bharani Chandra,
Dr Sajjad Fekri, Dr. Andrade Emmanuel and Dr. Georgios Kladis. All of them could
be counted on to provide necessary insight into the research at hand. Special
acknowledgement goes to my wife, Zaharah Mohamed Nor. She has given me
unconditional support throughout my studies. Last but not least | would like to express

my special thanks to my parents and family for their prayers and support.



Contents

Acknowledgements i
L INEFOTUCTION ...ttt 1
1.1 MOBIVALION .o 1
1.2 AUONOMY INUAV ..ottt sttt nre s 3
1.3 Path Planning OVerview and ISSUES ...........cccveiverieiieieeie e e e sie e sieesie e e 5
1.3.1  Criteria of Path Planning..........ccccooviiiiiiiii e 6
1.3.2  Path Planning StEPS.......cooueiiiiiiieiiiie sttt 6
1.3.3  C-Space RepreSentation..........cccccueiveiueiieeieeiesieseesieses e eesree e srees 7
1.3.4  Graph Search AlGOrithms ........ccccoiiiiiiiiiicce e 8
1.3.5 Real Time and Off-line Path Planning...........c.cccocvevviieiieiieiicce e 9

1.4 Assumptions and Problem Statement...........c.ccooeveiieiieie e 9
1.5 Thesis CONHDULIONS ........coviiiiiiiiicee e 10
1.6 TRESIS STTUCIUIE ... .cueiiiitiieiieit it 11
2 Path PIANNING .....ooveiieiiee ettt 13
2.1 INEFOTUCTION ..o 13
2.2 Workspace Representation ............cccoveeeiieiecie et 15
2.2.1  Configuration SPACE ........c.covuieiiieiiieeiie sttt sre e 15
2.2.2  C-Space Representation TEChNIQUES..........ccovvvivviiii i 18
2.2.3  VISIDIILY LINE .ot 19

2.3 Graph Search AlgQOrithms..........cccoviiiiiiiic e 23
2.3.1  Depth-first SEArCh .....cc.coiiiiicc 23



2.3.2 Breadth-fIrSt SEAICH ...t e e 24

2.3.3  Dijkstra’s AIOTithm .........cccoviiiiiiiiiiii e 25
2.3.4  BeSt-TIrSt SEAICN .......coiiiiiiicce e 28
2.3.5  AFAIGOMTNM ..o 30
2.4 Path Planning Using Direct Optimisation Methods ............cccccovniniiiiiiennne 32
2.5 Real-Time Path PIanning ... 32
2.6 Path Planning in 3D ENVIFONMENL.........ccoiiiiiiiiiieieee e 33
2.7 CONCIUSTON. ...ttt bbb 35
3 2D Path Planning Using Visibility Line-Based Methods...........ccccccovvvvieiveiennnnne. 37
3.1 INTrOTUCTION ..ot 37
3.2 ViSiDIlity LINE (VL) woueieeieieeeeieeie ettt 39
3.2.1  Definitions and AlGOrithm .........ccocoriiiiiiiiiiie e 39
3.2.2  Path P1anning USING VL ......cooiiiiiiiiii it 39
3.2.3  Advantages and Drawbacks 0f VL .........cccriiiinniineneneeseseeeee, 41
3.3 Core AlGOMtNM ... e 43
331 The Idea Of COre .....cooi i 44
3.3.2  Path P1anning USiNG COTe.........coeiiiiiiiiniiiiiieieeee e 45
3.4 BLOVL AIQOITNM ..o e 51
341  The ldea 0f BLOVL ..ot 51
3.4.2  Path Planning USiNg BLOVL ..ot 53
3.5  Performance Comparisons of VL and BLOVL.........ccccevviiniiiniinnnieen 57
3.6 BLOVL PAh ..o 62
3.7 SATELY IMAIGIN .t 65
3.8 BLOVL for Real Time Path Planning...........cccccoovviniininieniieneneseseee 67
3.9  Improvement t0 BLOVL .....cooiiiiiiiieeee e 71



0 L O [¢] (1] [0 R 74
4 3D Visibility Line Based Path Planning........cccoooiiiiiiiiiieicieec s 76
O 011 (o 1o [Vt o] S 76

4.2  Direct Applications of BLOVL 2D Path Planning Algorithm in 3D

ENVIFONMENT ...t b bt 77
42.1 Pstart aNd Prarget With Identical Altitude ..., 77
4.2.2 Pstart aNd Prarget With Different Altitudes ..., 80
4.2.3  Find aPath ona Vertical Plane..........c.ccooooiiiiiiiiiiieeeee, 83

4.3  Path on the Base Plane ... 85
431 Creating a Base Plane ... 85
4.3.2  FInding INtersection POINTS ........cccciiiiiiiniiinieieee e 88
4.3.3  Finding a 3D Path on the Base Plane............cccoceviiiiiiiiniiiniccee, 91

4.4  BLOVL 3D AIQOIThMS ...coeiiiiiiiiiiisieeie et 94
441 Rotating a Base Plane ... 97
4.4.2 3D Path Planning Using BLOVL3D2..........ccccoeiiiiniiene s 100
443  BLOVL3D2 PerfOrmances ........cccoeieierirenisieieesiesie e 109

45 CONCIUSTON. ...ttt bbbt 116

5 Software Packages for Path PIanning...........ccoceviiiiiiiiininicee e 117

5.1 INTOTUCTION ..ottt 117

5.2 The GUIS AIMS ..oiiiiiiiit e 118

5.3 The GUIS FEALUIES .......oviiiiiiiiiiiieiieie e 118

5.4  Path Planning using 2D GUI ........ccoiiiiiiiiiiiiieeee e 119
541  Operating the 2D GUI......cccoiiiiiiiiiieiieee e 119
5.4.2  Real-Time Path Planning Using the GUI..........ccccoiiiiiiiiiinicicen, 127

55  Path Planning UsSiNg 3D GUI .......cccoiiiiiiiiiiiiceee s 131



55.1  Operating the 3D GUI......cooiiiiiiiiiiie s 131

ST ©0] o] 111 [ o HO OSSP 138

6 Conclusions and FULUFe WOTK..........oooiiiiiiiiiee e 140
T8 A O o] U1 [ OSSP 140
6.1.1  Path Planning in 2D enVIrONMENTS ........ccccvviiiiiieieieseseseseeeeeeeee 140
6.1.2  Path Planning in 3D €nNVIrONMENTS ........ccoovviiiiiiiieieieseseseeeeeeeee 141
6.1.3  Path Planning Package for 2D and 3D environments.............cccccceunne. 142

6.2 FULUIE WOIK ...ttt enes 143
] (] (=] (o0 OSSR 144



List of Figures

Figure 1.1: Pathfinder UAV used for environmental research. .............cccccoovvviinicnene, 1
Figure 1.2: A UAV, RQ-1 predator is equipped With missiles............c.ccoovvvriiiinienennn, 2
Figure 1.3: UAV autonomy levels and trend (adapted from [33]) ....ccooovvvrininiiniicinennn, 4
Figure 2. 1: A circular vehicle is transformed into a point in C-space............cccccevenee.. 16

Figure 2.2: A scenario represented in (a) original form (b) configuration space. The

darker rectangles in (a) are those with actual dimensions while in (b) are those

enlarged according to the size of vehicle A. The white areas are the free space. ......... 17
Figure 2.3: Path planning representation techniques Categories..........ccccvevivieervernenne. 18
Figure 2.4: A path planned by VL method ...t 19
Figure 2.5: A summary of path planning methods based on VG............cccccovevevienane. 22
Figure 2.6: Graph search algorithms...........ccccco e 23
Figure 2.7: Depth-first search (adapted from [12])......cccccevviiiiiiiiiciiieceee e 24
Figure 2.8: Breadth-First search (adapted from [12]) ....c.cccceveiiiviviieiiece e 25
Figure 2.9: Dijkstra’s algorithm illustration ...........c.cccoovvviiiiniiniiicicn 27
Figure 2.10: llustration of Best-first search algorithm. ...........c.ccccoeiviiiiiic e, 29
Figure 2.11: Hlustration of A* algorithm..........cccooviiiii i 31
Figure 3.1: The algorithm to conStruct VL Set........cccccveiieiiiiiie e 39
Figure 3.2: A randomly generated scenario for path planning ...........cccccoeveiiveiiennnnn, 40
Figure 3.3: The network of visibility lIN€ .........cccooviii i, 40

Vi


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706268
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706269
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706270
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706272
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706273
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706273
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706273
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706274
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706275
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706276
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706277
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706278
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706279
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706280
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706281
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706282
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706283
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706284
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706285

Figure 3.4: The path planned using Visibility line and Dijkstra’s algorithm

Figure 3.5: A scenario with 2 rectangular obstacles

Figure 3.6: The numbers of obstacles in C-space increase the number of segments in

A PP TP PPRTRPPRPUPRPPIS 43
Figure 3.7: The process 0F COTE ........cccuiiiiiieiiie e 44
Figure 3.8: The base line (dashed red) that is used to identify the obstacles for path
PLANNING . ..ttt bbb 46
Figure 3.9: The network created BY COre .........coccoiiiiiiiiniieee e, 48
Figure 3.10: The planned path DY COre ........ccoiiiiiiiiiiireeeee e, 48
Figure 3.11: BLOVL @lgorithm. ....ccooiiiiiiiiee e 51
Figure 3.12: BLOVL AIQOIthm .....ccooiiiiiieeiie e 52
Figure 3.13: The paths generated by Core and BLOVL........cccccooviiiiiiiininicicee, 54
Figure 3.14: The final path calculated by BLOVL. ........ccccoviiiiiiiiiieieecee, 55
Figure 3.15: Path planning complex and structured SCENArio ..........c.ccocevvrvrereeeennen. 56
Figure 3.16: The resultant paths calculated by (a) BLOVL, (b) VL......cc.ccoovvivriinennnn. 56
Figure 3.17: A scenario with increased number of obstacles .............ccccooviiiiiennen, 57
Figure 3.18: A path generated by BLOVL ......ccoccoiiiiiiiiiiiiece e, 58
Figure 3.19: A path generated DY VL .......coooiiiiiiieee e, 58
Figure 3.20: Computation time of VL from different number of obstacles.................. 59
Figure 3.21: Computation time of BLOVL from different number of obstacles.......... 60
Figure 3.22: Comparison of VL’s and BLOVL’s computation time in log scale......... 60
Figure 3.23: Paths lengths of VL and BLOVL in environments with different number
OF ODSTACIES. ...t 61
Figure 3.24: A scenario for path planning. ........cccoceiiriniiinieee e, 62
Figure 3.25: The paths planned by BLOVL (black) and VL (magenta)............cccc....... 63

vii


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706286
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706287
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706288
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706288
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706289
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706290
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706290
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706291
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706292
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706293
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706294
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706295
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706296
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706297
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706298
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706299
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706300
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706301
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706302
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706303
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706304
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706305
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706305
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706306
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706307

Figure 3.26: BLOVL updates the path as the path planning progresses..............cce.c.... 63
Figure 3.27: BLOVL updates the path as the path planning progresses............cccc.c..... 64
Figure 3.28: The paths planned by BLOVL (black) and VL (magenta).............cc....... 64
Figure 3.29: A piece-wise linear segments path in the worst case scenario.................. 65
Figure 3.30: The enlarged obstacle with safety margin............cccocevviiiniiiiin e 66
Figure 3.31: The obstacles with safety margin. .........ccccccoevveiiiiininienesee e 66
Figure 3.32: A path with safety margin generated by BLOVL .........ccccooiiiiiiiciennen, 67
Figure 3.33: The scenario in which a real-time path planning will take place. ............ 68
Figure 3.34: BLOVL for real time path planning..........c.ccoovviiiiiiiiiccee, 69
Figure 3.35: The resultant path using BLOVL with a pop-up obstacle........................ 70
Figure 3.36: BL identifies the obstacles to be used by BLOVL.........cc.ccocvvviiiiveiennnn. 71
Figure 3.37: BL with limited range identifies the obstacles to be used by BLOVL....72
Figure 3.38: Computation time comparison between BLOVL and BLOVL with
TIMITEA FANGE ..ottt b bbbt 73
Figure 3.39: Paths lengths comparison between BLOVL and BLOVL with limited

55T 00 TP TP 74
Figure 4.1: A 3D environment with a 3D obstacle, in which the starting and target
points have an equal altitude; (a) top view, (b) side view, (c) 3D View. ......c..ccccen..... 78

Figure 4.2: The visibility lines network; (a) top view, (b) side view, (c) 3D view. .....79

Figure 4.3: The 2D path (solid magenta lines) in 3D scenario; (a) top view, (b) 3D

viii


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706308
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706309
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706310
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706311
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706312
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706313
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706314
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706315
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706316
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706317
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706318
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706319
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706320
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706320
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706321
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706321
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706322
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706322
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706323
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706324
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706324
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706325
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706325

Figure 4.5: A horizontal path connecting the starting point and the project point py,
which is represented by the red triangle. (a) side view, (b) 3D VIeW. .......ccccccevvrnrnen. 81

Figure 4.6: A path that has been planned in a 3D environment. (a) side view, (b) 3D

Figure 4.8: A path (solid magenta lines) that has been planned in a 3D environment.
(@) Side VIEW, (D) 3D VIBW......coiiieiiieicsieee et 82
Figure 4.9: The vertical plane in which the green dots are the intersection points.......83

Figure 4.10: A 3D path found the vertical plane; (2) top view, b) side view, (c) 3D

1Y, [ TRRPRTRTRRRRORORRRRE  § 0 WIS o W 84
Figure 4.11: BasePlane algorithm ..o 85
Figure 4.12: The illustration of B. (a) top view, (b) Side VIEW...........ccccerinirirircienen, 86

Figure 4.13: The PX’y’usart generated by the BasePlane algorithm. (a) top view, (b) 3D

Figure 4.14: The orientation v is the angle between the the Y-axis of Pxyusrt and the

BL3D OF P Ustart. «eeeveereesseesseareeseesueauesseesueasessseesseaseesseesseasssssessseessesseesseessessessseessesnes 87
Figure 4.15: The FindIntersection algorithm...........c.ccocoiiiiiiie, 89
Figure 4.16: A line-plane intersection found using the FindIntersection algorithm. ...90
Figure 4.17: The borders’ edges of a 3D obstacle intersect with a plane. .................... 91
Figure 4.18: The BLOVL3D1 algorithm .......ccccooiiiiiiiiiiieee e, 91

Figure 4.19: A scenario with two 3D obstacles with a plane; (a) top view, (b) 3D view.

Figure 4.20: The transformed local plane (Px’y ‘ustart) and the intersection points shown

DY the TeA AOTS. ... sre e e e e ne e 93


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706326
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706326
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706327
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706327
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706328
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706328
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706329
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706329
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706330
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706331
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706331
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706332
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706333
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706334
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706334
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706335
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706335
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706336
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706337
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706338
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706339
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706340
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706340
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706341
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706341

Figure 4.21: The visibility lines network is represented by the cyan lines................... 94

Figure 4.22: The path (magenta lines) on the plane found using Dijkstra’s algorithm.94

Figure 4.23: The BLOVL3D2 algorithm ........ccooiiiiiiiniiieecee e, 95
Figure 4.24: The BLOVL3D2 PrOCESS......cueiuereierieniesiesieaieesiesiesiesie st s i sseseeeeneens 96
Figure 4.25: The Rotatesp algorithm ..o 98
Figure 4.26: A local plane Px’y ‘usart t0 be rotated by 30 degrees about BL3p. ........... 99
Figure 4.27: The plane in Fig. 4.16 is rotated about the BLgp line. ..o, 99
Figure 4.28: A 3D scenario with 35 obstacles. (a) top view, (b) 3D view. ................ 100

Figure 4.29: The Px’y ‘usiart plane generated by BasePlane. (a) top view, (b) 3D view

Figure 4.30: The nodes (red dots) obtained by the FindIntersection algorithm and the

visibility lines network (cyan lines) generated by the BLOVL3D1; (a) top view, (b) 3D

Figure 4.31: A path on Px’y ‘usiar: represented by the magenta segments found by
BLOVL3D1; (a) top VIeW, (D) 3D VIBW.......cooeiiiiiiiiiiisieeeeee e 102
Figure 4.32: The plane is rotated by 15 degree..........ccovvvveieieienc i 103

Figure 4.33: The nodes and visibility lines network of the plane rotated by 15 degree.

Figure 4.34: The shortest path on plane rotated by 15 degrees...........ccoovvvvvrieiennenn. 103
Figure 4.35: The plane rotated at {0:15:165) degrees to find a 3D path from Ustar tO
PP 104
Figure 4.36: The path obtained by BLOVL3D2 in the first iteration. (a) top view, (b)
K]0 Y -SSR 105
Figure 4.37: The plane generated by BasePlane from the second waypoint of the

previous shortest path to Prarget (2) top View, (b) 3D VIEW.......cccvvviiiiiiiiice 106


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706342
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706343
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706345
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706346
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706347
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706348
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706349
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706350
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706350
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706351
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706351
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706351
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706352
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706352
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706353
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706354
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706354
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706355
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706356
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706356
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706357
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706357
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706358
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706358

Figure 4.38: The nodes, the visibility lines network and the path at O rotation angle of
second repetition (2) top View, (D) 3D VIEW. ......ccceviiiiiiniiiie e e 106
Figure 4.39: The path obtained by BLOVL3D?2 in the second iteration. (a) top view,
() TR 1 DR 1= SRRSO RURTOPRPR 107
Figure 4.40: The resulted path (solid magenta line) planned by BLOVL3D2. .......... 108
Figure 4.41: The scenario used to examine the performance of BLOVL3D2 using
different sets of rotational angles. (a) top view, (b) 3D VIEW. .......ccccovvieviiininnienne 109
Figure 4.42: The path (solid magenta lines) planned by BLOVL3D2 using {0} degree
rotation angles. (a) top View, (0) 3D VIEW. .......ccooeiiiiiiiiiiceee e, 110
Figure 4.43: The path (solid magenta lines) planned by BLOVL3D2 using {0,90}
degrees rotation angles. (a) top View, (D) 3D VIEW. .....cccccveveriereeiiiieseee e 110
Figure 4.44: The path (solid magenta lines) planned by BLOVL3D?2 using {0:60:120}
degrees rotation angles. (a) top View, (D) 3D VIEW. .....cccccveevieienriiieieenesee e 111
Figure 4.45: The path (solid magenta lines) planned by BLOVL3D2 using {0:30:150}
degrees of rotation angles. (2) top view, (D) 3D VIEW. .......ccceevververieriieneee e 112
Figure 4.46: The path (solid magenta lines) planned by BLOVL3D?2 using {0:15:165}
degrees rotation angles. (a) top View, (b) 3D VIEW. .....ccccceeeriereeieiieneee e 112
Figure 4.47: The simulations results of BLOVL3D2 using different number of rotation
angles in 100 random scenarios, each with 50 cuboids obstacles; (a) path lengths,

(D) COMPULALION TIME .. ..t e e e nneenaennees 113
Figure 4.48: A scenario with 25 cuboids obstacles. (a) top view, (b) 3D view.......... 114
Figure 4.49: A scenario with 50 cuboids obstacles; (a) top view, (b) 3D view.......... 115
Figure 4.50: A scenario with 75 cuboids obstacles; (a) top view, (b) 3D view.......... 115
Figure 4.51: The results of the BLOVL3D2 simulations using different number of

obstacles; (a) paths lengths, (b) computation time...........cccccevveviereiiesceese e 116

Xi


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706359
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706359
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706360
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706360
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706361
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706362
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706362
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706363
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706363
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706364
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706364
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706365
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706365
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706366
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706366
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706367
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706367
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706368
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706368
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706368
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706369
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706370
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706371
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706372
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706372

Figure 5.1: The objects used in the GUI ... 118
Figure 5.2: The GUI for 2D path planning using the proposed algorithms................ 120
Figure 5.3: The STEP 1 of the 2D package ..........cccoovririiiniieienesc e 121
Figure 5.4: A warning window asking user to enter the range correctly. .................. 121
Figure 5.5: A scenario of 500x500 units with 50 obstacles has been set.................... 122
Figure 5.6: A complete scenario with the area of 500x500 units, 50 obstacles, a

starting point and target POINT. ..........coviiiiiiiieere s 123

Figure 5.7: Necessary parameters are required to plan a 2D collision-free path. ....... 124

Figure 5.8: The planned path shown in red, satisfying the kinematic constraints......124

Figure 5.9: The visibility lines are shown from the starting point............cc.ccoceeennne. 125
Figure 5.10: The visibility lines are shown from the second waypoint...........c.......... 125
Figure 5.11: The traces of the planned path.............cccoviiiiniiiiiee 126
Figure 5.12: The information of the planned path. ........c.ccccoiiiiiniii 127
Figure 5.13: The scenario that is used to demonstrate the real-time path planning....128
Figure 5.14: The globally optimal path...........cccccoiiiiiiiii 128
Figure 5.15: The UAV is traversing the planned path. .........cccoveiiiiiiiiiiice 129
Figure 5.16: The UAV detects the pop-up obstacle............cccovveiiiiiiiiiiiiice 129
Figure 5.17: The new path is re-planned when the pop-up obstacle is detected......... 130
Figure 5.18: The UAV traverses the re-planned collision-free path...........cccccoenee. 130
Figure 5.19: The UAV successfully reaches at the target point. ...........cccceevvviiennne 131
Figure 5.20: A GUI for 3D path planning using the proposed algorithms ................. 132
Figure 5.21: The STEP 1 of the 3D package. .........ccoceviriiieiiiiien e 132
Figure 5.22: The 3D scenario With 75 0DStaCIeS...........cccoiriiiiiiicc e 133

Xii


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706373
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706374
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706375
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706376
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706377
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706378
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706378
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706379
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706380
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706381
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706382
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706383
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706384
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706385
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706386
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706387
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706388
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706389
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706390
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706391
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706392
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706393
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706394

Figure 5.23: The complete 3D scenario with 75 obstacles, starting point (blue triangle)
and target point (SQUAIe MAGENTA) .......ccoveverrerierierierierie st 134
Figure 5.24: Necessary parameters are required to plan a 3D collision-free path. .....134
Figure 5.25: The 3D path planned by BLOVL3D1 algorithm............ccccooovvviieiennne. 135
Figure 5.26: The 3D path planned by BLOVL3D2 algorithm............ccccooovvvniiiennne. 135
Figure 5.27: The planes generated by BLOVL3D1 are seen from top view.............. 136
Figure 5.28: The planes generated by BLOVL3D1 are in 3D VIEW. ........ccccovvevennnne. 136
Figure 5.29: The planes generated by BLOVL3D?2 are viewed from top .................. 137
Figure 5.30: The planes generated by BLOVL3D?2 are viewed in 3D. .......cccccoveeee. 137
Figure 5.31: The Results frame showing the information about the planned path. ....138

Xiii


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706395
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706395
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706396
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706397
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706398
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706399
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706400
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706401
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706402
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706403

List of Tables

Table 2.1: The recorded costs of Dijkstra’s algorithm for Fig. 2.8. ........cccoovviviinnnn. 28
Table 3.1: NOUES arrangeMENT ......ccveiieiieie ettt neesnee e 45
Table 3.2: The TiSt OF NOUES. ........ooiiiiiiee e 47
Table 3.3: The MAtriX OF COSE, Cpeeiiviiiiiiiiiiie et 49
Table 3.4: The SIMPHTIEA Cpeeieeieeieiieiieie e 50
Table 3.5: The waypoints generated DY COre .........ccoeiveveiiieiieie e 50
Table 3.6: The waypoints generated by BLOVL ........cccoieiieiieiiiie e 55
Table 3.7: Comparison of VL’s and BLOVL’s computation time ...........ccccuevvrverruennn. 61
Table 4.1: Waypoints generated by BLOVL3D1 at 0 degree..........ccccevveviiievnennenne. 102
Table 4.2: The waypoints generated by BLOVL at 15 degrees rotation angle........... 104
Table 4.3: The waypoints generated by BLOVL3D?2 in the first iteration. ................ 105
Table 4.4: The waypoints generated by BLOVL3D?2 in the second iteration at 0
(01110 T 1o o | =TSP PTOPRRP 107
Table 4.5: The waypoints generated by BLOVL3D2 in the second iteration at 150
(01110 T Tg Vo ] =TSPTSRO 108
Table 4.6: The waypoints of the path shown in Fig. 4.40 generated by BLOVL3D?2.
..................................................................................................................................... 108
Table 4.7: The sets of angles used in the simulation. ............cccccoeveiiiiiiccie e, 109
Table 4.8: The average of path lengths and computation time using sets of rotation

angles. .....

.................................................................................................................... 113

Xiv


file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706405
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706406
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706407
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706408
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706409
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706410
file:///C:/Users/user/Desktop/Thesis%20Corrected%2006012011/Thesis%20-%20%2007012012%20Rosli.docx%23_Toc313706411

Chapter 1

Introduction

1.1 Motivation

Unmanned Aerial Vehicles (UAVs) are a vital means of performing hazardous
missions in adversarial environments without endangering human life. They have been
used for peaceful purposes in civilian applications such as weather forecasting,
environmental research, search and rescue missions, observation during wildfire
incidents and traffic control [3]. Fig. 1.1 illustrates a Pathfinder UAV used for
environmental research. On the other hand, UAVs have also been used for warfare
such as carrying out aerial reconnaissance and surveillance over the opponent’s area or
attacking strategic facilities in enemy territory. Fig. 1.2 shows an RQ-1 predator which

is armed with missiles for combat purposes [1].

Figure 1.1: Pathfinder UAV used for environmental research.

1



Figure 1.2: A UAV, RQ-1 predator is equipped with missiles

Since UAYV requires no human pilot, there is no loss to human life if it crashes or gets
attacked during a mission. Besides, UAV also reduce operating costs because it does
not require a highly trained pilot onboard as a manned aircraft does. The latter is cost-
ineffective often caused by expensive investment needed as part of the pilot’s training
to cover advanced facilities such as buildings, flight simulators and support equipment
including instrumentation, the cockpit and ejection systems. Therefore UAVs are by
far the best way forward. In addition, with no human pilot, a UAV can be designed to
achieve higher gravitational forces i.e. 50g [2], which results in relatively higher
manoeuvrability (a human can sustain up to only 9g). A UAV with higher
manoeuvrability may have better performance such as faster speed, smaller minimum
turning radius and larger maximum roll angle and hold a higher probability of

escaping from enemy’s missile attack.

However, many current UAVs still involve a human-in-the-loop to oversee and control
the UAVS’ operation [4, 31]. This in turn requires a communication link through radio
signals between the human operator and the UAV to transmit/receive the
command/sensory signals over a frequency spectrum, which is often limited.
Furthermore, the radio signal is vulnerable and might be jammed by opponents. In the
event of a lost or interrupted signal, as the UAV is dependent on human operators’

decisions, it would not be able to execute a mission as desired and to some extent, it



may crash. Thus, the dependency on human instructions through a communication link
needs to be minimised or eliminated if possible. This requires the UAV to have the
capability of making its own decisions based on the current state and circumstances of
its surrounding environments. The capability of doing so will greatly enhance the

autonomy of UAVs.

1.2 Autonomy in UAV

Current technologies are capable of operating a UAV in a relatively structured and
known environment. However, in a dynamic environment where uncertainties exist
such as obstacles that might pop-up during a mission, the technologies are insufficient
due to the UAV’s inability to make decisions by itself [32]. This requires a new
concept called autonomy.

Autonomy means the capability of a UAV to make its own decision based on the
information presently available captured by sensors, and potentially covers the whole
range of the vehicle’s operations with minimal human intervention [5]. Autonomy
increases system efficiency because all decisions are executed onboard except for
critical decisions such as launching a missile that have to be made by humans [30]. A
UAV with autonomy would be able to execute a mission in environments with
uncertainties. Furthermore, with autonomy, the UAV can perform a long duration
mission, which is beyond the capability of human (operators). Autonomy covers the

following areas [6]:

i.  sensor fusion
ii.  communications
iii.  path planning
iv. trajectory generation
v. task allocation and scheduling

vi.  cooperative tactics

Additionally, as introduced in [33], there are ten UAV autonomy levels known as
Autonomous Control Level (ACL). The ACL and trends in UAV autonomy are

illustrated in Fig. 1.3. The concept of ACL as a metric to describe the autonomy in



UAVs is widely accepted [31]. Readers are referred to [33] for a detailed description
of ACL.

However, autonomy technology is still in its early stage, fairly undeveloped [5] and is
the bottleneck for UAV development in the future [6]. The RQ-1 Predator as shown in
Fig. 1.1 for example, at present, can perform up to only level 3 of ACL.

Autonomous Control Levels
Fully Autonomous Swarms = 10

Group Strategic Goals |~ 9
QUCAR Goal

Distributed Control = 8

Group Tactical Goals = 7

Group Tactical Replan = 6 J-UCAS Goal

Group Coordination = 35
Onboard Route Replan |- 4

Adapt to Failures & Flight Conditions = 3
Global Hawk, Shadow,

ER/MP, and Fire Scout

Real Time Health/Diagnosis = 2 O Predator

Pioneer

Remotely Guided |~ 1

1 1 1 1 1 1 1
1955 1965 1975 1985 1995 2005 2015 2025

Figure 1.3: UAV autonomy levels and trend (adapted from [33])

The list of autonomy areas included previously, as well as the ACL (Fig. 1.3), have
shown that onboard path planning and re-planning, which deals with traversing a
vehicle through obstacles is one of the keys components of autonomy.

Research on UAV autonomy including path planning have progressed steadily since
the beginning of this century. For example, [31] has designed and conceptually
developed a simple UAV path planning mission that is used to reduce the UAV’s
dependency on human operators, and hence increases the UAV’s autonomy level. The
so-called Mission Management System (MMS) has been designed, developed and
flight-tested in [31]. From sensory data, MMS makes decisions and issues high level

commands which are then executed by the Flight Control Systems (FCS).



As path planning plays an important role in enhancing UAV’s autonomy level, it has

to be considered in the design of a UAV.

1.3 Path Planning Overview and Issues

From a technical perspective, path planning is a problem of determining a path for a
vehicle in a properly defined environment from a starting point to a target point such
that the vehicle is free from collisions with surrounding obstacles and its planned
motion satisfies the vehicle’s physical/kinematic constraints [25]. In a report by [12],

path planning is associated with a number of terms as follows:

e Motion planning
This term is frequently associated with manipulator robotics. It involves
deliberative high level and low level planning of a way to move a robotic

manipulator.

e Trajectory planning
It is about planning the next movement of a robot. Trajectory planning is

similar to motion planning.

e Navigation
It is a very general term which has several meanings. In general it means
“getting there from here”. It is also part of path planning, motion planning,

obstacle avoidance and localisation.

e Global path planning
The planning is done prior to vehicle movement. It uses the information from
the surrounding world to reach a target point from a starting point. As the
information contains global data, the process is slow, but the planned path may

be optimal.



e Local navigation
It is a process of avoiding obstacles by using only acquired data of the current
surrounding environment. It is also a process of ensuring the vehicle’s stability

and safety and runs in real time using a reactive path planning approach.

1.3.1 Criteria of Path Planning

Path planning related problems have been extensively investigated and solved by
many researchers [7-10], mostly focusing on ground robotics and manipulators.
Important criteria for path planning that are commonly taken into account are the
computational time, path length and completeness. A path planning algorithm with
less computational time is vital in real time application, which is desirable in dynamic
environments. The generated optimal path in terms of path length by a path planning
technique will minimise UAV flight time and hence prolongs the UAV’s endurance
and life cycle, minimises fuel/energy consumption and reduces exposure to possible
risks. On the other hand, a path planning approach satisfies the completeness criterion

if it is able to find a path if one exists.

However, sometimes, there are trade-offs between such criteria. For example, a path
planning method has to disregard the path’s optimality in order to increase the
computational efficiency. It means that finding a slightly longer path with less
computational time may be preferable. On the other hand, higher computational
complexity is necessary if an optimal path is required for some reasons. These criteria
have to be considered before any path planning technique/algorithm design process

takes place.

1.3.2 Path Planning Steps

Typically, path planning of a vehicle ‘A consists of two phases. The first phase is
called the pre-processing phase in which nodes and edges (lines) are built in the

environment/workspace W with A and obstacles O. In this phase, it is common to
apply the concept of a configuration space (C-space) to represent A and O in W [9,
12]. In (-space, the vehicle’s size is reduced to a point, and accordingly the obstacles’

sizes are enlarged according to the size of “A. Next, representation techniques are used



to generate maps of graphs. Each technique differs in the way it defines the nodes and

edges.

The second phase of path planning is termed the query phase in which a search for a
path from a starting point to a target point is performed using (graph) search
algorithms.

However there are path planning methods that can find solutions without graph search
algorithm such as Mixed Integer Linear Programming (MILP) [4, 105, 116-117] and
Evolutionary Algorithm (EA) [118-120].

1.3.3 (C-space Representation

In path planning for an object, there are a number of methods that are commonly used
to represent the environment including potential field (PF) [21-24], cell decomposition
(CD) [13-16] and roadmap (RM) [17-20], to name a few. A PF represents the

environment by modelling the object as a particle, moving under the influence of

potential fields throughout the C-space. The field’s magnitude at a particular point in
C-space is determined by the fields generated by starting point pstart, target point Prarget
and the obstacles O in the C-space. The psart and O are repulsive surfaces (which

generate repulsive forces), while the prurget IS the attractive pole which generates
attractive forces [21]. The path is then calculated based on the resulting potential fields
from a point with the highest magnitude of the resultant potential field, i.e. psar, t0 @
point with the minimum potential, i.e. prarget. The PF has several advantages such as
the planning process is done as the vehicle moves and thus is suitable for real time
application and the generated path is also smooth. However, conventional PF methods
suffer from local minima causing the vehicle to become stuck before it reaches prarget,

hence it might not satisfy the completeness criterion.

CD-based are among the most popular methods to represent the environment
especially for outdoor scenarios [12] as it is the most straightforward technique [29].
This is due to the fact that the cells can represent anything such as free space or
obstacles. The first step in CD is to divide the C-space into simple, connected regions
termed cells [35]. The cells are regions that might be square, rectangular or polygonal

in shape. They are discrete, non-overlapping but adjacent to each other. If the cell
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contains obstacle (or part of obstacle), it is marked as occupied, otherwise it is marked
as obstacle free. A connectivity graph is then constructed and a graph search algorithm
is used to find a path throughout the cells from the starting point to the target point. In
order to increase the quality of the path, the size of the cells has to be made smaller,
which in turn increases the grid’s resolution, and hence computational time. In the
literature, there are several variants of CD. These include Approximate Cell

Decomposition, Adaptive Cell Decomposition and Exact Cell Decomposition.

Path planning using RM-based methods on the other hand represent the environment
by constructing graphs or maps from sets of nodes and edges. Path planning methods
which are specific cases of RM are Voronoi diagrams (VD) and Visibility Graphs
(VG). The nodes and edges to build a roadmap are defined differently for each
method. VD defines nodes that are equidistant from all the points’ surrounding
obstacles. The paths generated from a graph by VD are relatively highly safe due to
the fact that the edges of the paths are positioned as far as possible from the obstacles.
However, the paths are inefficient [12] and not optimal in terms of path length. On the
other hand, VG uses the vertices of the obstacles including the starting and target

points in the C-space as the nodes. A VG (or visibility lines, VL) network is then

formed by connecting pairs of mutually-visible nodes by a set of lines E. A pair of
mutually-visible nodes means that those nodes can be linked by a line/edge e € E that
does not intersect with any edge of obstacles in the C-space. Additionally, there is a
cost associated with each E, possibly in terms of Euclidean distance. One advantage of
VL is the capability of finding a path with the shortest length if one exists. A standard

VL’s computational complexity is O(N®) to find a path in a C-space with N nodes

therefore VL is computationally intractable in the C-space with many obstacles.

1.3.4 Graph Search Algorithms

It has previously been stated that the second step of path planning is to calculate a path
using (graph) search algorithms. Two basic search algorithms are Breadth-First Search
(BFS) and Depth-First Search (DFS). BFS searches paths in a systematic way which
guarantees that the first solution found will utilise the smallest number of iterations

[34]. Like BFS, DFS is also systematic but it focuses on one direction and completely

misses large portions of the C-space as the number of iterations become very large.
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