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Unmanned Aerial Vehicles based on 3-dimensional Grid Map
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An Unmanned Aerial Vehicle (UAV) is a powered pilotless aircraft, which is controlled remotely or autono-

mously. UAVs are an attractive alternative for many scientific and military organizations. UAVs can perform

operations that are considered to be risky or uninhabitable for humans. UAVs are currently employed in

many military missions and a number of civilian applications. For accomplishing the UAV’s missions,

guarantee of survivability should be preceded. The main objective of this study is to suggest a mathematical
programming model and a A* PS_ PGA (A-star with Post Smoothing Parallel Genetic Algorithm) for
Multiple UAVs’s path planning to maximize survivability. A mathematical programming model is
composed by using MRPP (Most Reliable Path Problem) and MTSP (Multiple Traveling Salesman Problem).
After transforming MRPP into Shortest Path Problem (SPP), 4* PS_PGA applies a path planning for

multiple UAVs.

Keyword: unmanned aerial vehicle, path planning, most reliable path problem, shortest path problem,

A*(A-star), parallel genetic algorithm
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9 £33 AZE AYEH S M, Rathinam and Sengupta(2006)=
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Table 1. Literature Review of UAV’s Path Planning

Researcher Type Methodology
Bortoft(2000) SPP Voronoi Diagram
Cunningham and Roberts(2001)| TSP | Adaptive Path Planning
Jun and D’Andrea(2002) MRPP Ford-Bellman
Nikolos et «/.(2003) SPP EA
Jia and Vagners(2004) SPP PEA
Harder e 2/.(2004) MTSP TS
Gao e al.(2005) SPP GA
Nikolos and Brintaki(2005) SPP EA
Russell and Lamont(2005) MTSP GA
Weiss et al.(2006) SPP Dijkstra
Rathinam and Sengupta(2006) | TSP 2-Approximation
Mittal and Deb(2007) SPP NSGA-II
Sanders and Ray(2007) SPP NSGA-ITI
Mitsutake and Higashino(2008) SPP A*, EC

TSP

Dijkstra, A*,
Sathyaraj ez a/.(2008) SPP Ford-Bellman,

Floyed-Warshall
Takebayashi ¢z /.(2008) MTSP EC
Peng and Gao(2008) MTSP | Insert, Nearest Neighbor
Obermeyer(2009) TSP GA
Gonzalez et 4/.(2009) SPP NSGA-ITI
Sujit and Beard(2009) SPP PSO
Kim and Jeon(2011) MRPP A* PS
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Figure 1. UAV’s Moving Method in 3-Dimensional Environment
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dl Aol A& 4*ps E1EF
A* %161 &<l %ﬂ‘ﬂ HZz o] 54 ZE A ¥ F Post Smoo-
F- = H A &= Path Smoothing Procedure

(Depth First Search) O]- = EL aegEo|t
f(i)=g(i)+h(3) (24)

714, g(i) = 2 AHAA oo 54 uH idl ol2e

L1 function Obstacle Check [Cl(xi, Yi» zi), C'j(x Y ])]
L2 if (z;:= a;].) Y =Y Yy =Yy
L3 Syi= (2= 2)/V(z;— 2,) + (y;—v;)*
L4 for (x;=u,, y:=y, o Y,
L5 2z, :=round [z, + {y* ( Vol +o )*O.S}X Sv]
L6 z,,:=round [Zz + {y— ( Vai+yf )+0.5}><SV]

L7 it (y:=y,) z,:=2z

L8 if (y:=y,) 2,,:=2

19 for (z:=2z, to z,,)

L10 if {C(x,y, z) := obstacle} OBSTACLE; break

L11 return NOT_OBSTACLE

L2 if (y:=yy) 2= 2, 2=2,
L13 for (x:=u,, y:=y,, 2:=2, 0 2z,)
L14 if {C(z, y, z):=obstaclel OBSTACLE; break

L15 return NOT_OBSTACLE
L16 else Sy ( y1>/( *1‘7.)

L17 Sy = (zj*zi)/

L18 for (z:=ux; to xj)

L19 Yy, = round [yi +(z—z —O.S)XSH]
L20 Yup = TOUNd [1/7' + (m*xi +0.5)>< SH}
L21 if (z:=w) y, =y,

L22 if (z:=x) y,, =y,

123 for (y:=y, to y,,)

L24 z, :=round [z +{y <\/x2 +47 >—().5}>< SV}
L25 z,, :==round { { ( )+0.5}><SV]
L26 if (y:=y,) 2, =2z

127 i (y=y,) 2, =2

L28 for (z:=z, to z,,)

L29 if {C(z, y, z) := obstacle} OBSTACLE; break
L30 return NOT_OBSTACLE

L31 function Path Smoothing Procedure (Q’ C)
L32  for (i:=0 to i< (

num)

L33 for (j:=0C,,,, to j>1)
L34 if Obstacle_Check (C, C)) := NOT_OBSTACLE
L35 remove cells between C and G, i=j; break

Figure 3. Pseudo Code of Path Smoothing Procedure in

3-Dimensional Environment
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Table 2. Genetic and Migration Parameters 2.
Parameter Value
Pop-size 500 Table 3. Capacity and Quantity of SAM
Genetic Crossover Rate 0.45 Type o Max. Range Max. Altitude Quantity
Parameter Mutation Rate 0.03 Long 0.1 S0 NM 70,000 ft 7
End Condition(Generation) 1,000 Medium 0.5 30NM 50,000t 25
No. 5 Short 1.0 10 NM 30,000 f 80
Sub-pop.
Migration Size 100
Parameter Migration Interval 100 A* PS PGAE o] &35ty 7+ 103] Ag3 & A F= th4 UAV
Migration Race 0.15 URARY % ol SAY, BT HZHE, QLA BTG, A
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NAE WA, A*PS PGAR 5 23 & CPLEX Hd 9 o] 5AE 2 ARt FHa T A8 A F3FE A2
3 2 el

o vlast T Aol 2§
sto] 289 o m AFEHE IneelR) Core(TM) 2 Duo CPUB.16
GHz, 2GB RAM) 37 of| /| =83} i o}

5048 A8

T4 UAVE) Y272 E A 93

rr
>,
gt
rlo
ol
=2
it
9
N
Y
o

o A= U2 <Table 4>9} 2T}

Th UAVY] A2 A8 AY A7 oA 164 4FA -] 10
MR 7§ A* PS_PGAT 103] A8 EF HHH & =&319 1,
AFA o) 257 7§ Aol Eof o uhet 4~58] H A E
AZ3t ATt UAVY JF5dd n2 tig7t Zage uet

SE A2 F ol AL GEH AT GFAH ] 107]2
7S¢ 4F5gol 21 g7t 59T UAVE o] £31d

—{n



372 A9 - A S
Table 4. Result of Experiment Problem 1
A*PS PGA CPLEX
Number of UAV(Quantity
Mission Cell /Capability) Total Computation Number of Total Computation
Distance( /NM) time(sec.) Optimal Distance( /NM) time(sec.)
2/5 489.17 17.83 10 489.17 1,719.34
10 2/7 467.65 17.91 10 467.65 1,665.27
1/10 422.52 17.88 10 422.52 1,624.05
5/5 623.53 63.09 4 616.29 13,752.67
20 4/7 602.08 63.24 4 596.73 13,194.21
3/10 581.76 62.81 5 576.24 12,379.53
10/5 829.64 116.50
30 717 816.80 115.27
5/10 792.67 117.38
AZE A3 A3 £ o] T/ g = UAV A F-53o] 57) A Table 5. Error of Total Distance(Expetiment Problem 1,
A o 489.17, 7/ A Y o 467.65% APEH 21 H, ol Y Mission Cell 25)
g jFE ol &t FEE ALY W] 50l '?"}Ff\‘} UAV UAV(Quantity | A*PS_PGA CPLEX o
ZALE AR F olsAET & *Pgﬂ t e T4 /Capability) (VM) (NM)
Ak A4AZEE A* P PGATY H 4 17.83%, HU) 115.27% 5/5 62353 616.29 1.17%
7} 288 W CPLEXE H 4 1,624.05%, U 13,752.6727} a7 602.08 596.73 0.90%
29590 A BA A 27} 2713k wheh dAkA 7ko] 2 A 3/10 581.76 576.24 0.96%
8] F7}she NP-hard9] 54-& E?i on, dFA Al 50712l
N oAl of -+ CPLEX: ol & =564 Rkl UAVY Y558 m2 g5 A4*Ps PGAR A8 9

oA 1ol A 5

A 3ol 25749 o%%

oz UavY ¢

L edo| fE g2 2835t CPLEX 9 A*PS PGAE &=
23 429 F ol 5AY LA % Error)E T 4 QN o] &

F7 2 CPLEXO] B8] 0.90~1.17%, B¢ 1.01%2] % ©] 57
g 225 el

dA 25 A O & A* PS PGAS CPLEXE o] &3} &) 9

Sof wmalglon T ATE O <Tales>9h 2. FA 9 AALE ZAHAOH, IR UAV 2]
22t A 108 A8 3 04 VAV 429 % 0| 572, 92
v = L Optmal—Cptimall gy AERE S AL U Ao AR 42
Optimal 3 A= e <Table 6>3} 2},
Table 6. Result of Experiment Problem 2
A*PS_PGA CPLEX
Number of | UAV(Quantity
Mission Cell | /Capability) Total Mean of | Computation | Number of Total Mean of | Computation
Distance(/NVM) | Survivability time(sec.) Optimal Distance(/VM) | Survivability time(sec.)
2/5 559.31 0.8410 40.37 10 559.31 0.8410 1,779.10
10 2/7 664.84 0.9241 40.14 10 664.84 0.9241 1,734.83
1/10 558.97 0.8934 39.68 10 558.97 0.8934 1,682.39
5/5 973.27 0.8925 173.50 3 966.28 0.8869 14,179.24
20 4/7 881.62 0.8673 172.34 874.49 0.8565 14,064.91
3/10 816.04 0.8218 173.93 4 811.57 0.8307 13,923.07
10/5 1,329.64 0.8182 631.05
30 717 1,250.18 0.8037 631.12
5/10 1,163.73 0.7814 629.51
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Table 7. Error of Survivability(Experiment Problem 2,

Mission Cell 25)
Ug;?;;‘t‘;ty A*PS_PGA CPLEX %Error
5/5 0.8925 0.8869 0.63%
4f7 0.8673 0.8565 1.26%
3/10 0.8218 0.8307 1.07%

oA 201 A YFAH ] 2570 A¢-E FOE UAVE ¢
Dedo E |42 3835 CPLEX 2 A*PS PGAE &
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Table 8. Comparison by Objective Function(Experiment Problem 2, Mission Cell 10)

UAV Objective Path Total Survivabilit
Capability | Function ! Distance(/NM) Hivivabiity
14, 2, 1 1 234, 34, 12
UAV 1 4 2, 10) = 505, 10, 7) — 264, 34, 12) 260.23 0.8934
— 641, 11, 5) — 3(80, 7, 29) — 1(4, 2, 10)
MAX 14, 2, 100 — 7(17, 47, 15) — 92, 97, 3) — 4(12, 92, 25)
Survivability | UAV 2 > 1061, 69, 11) — 86, 76, 21) — 104, 2, 10) 299.09 0.7917
Sum of Total Distance and Mean of Survivability 559.31 0.8410
5
14, 2, 10) — 2(34, 34, 12) — 5(75, 10, 7)
AV 1 176.2 42
uav — 3(80, 7, 29) — 6(41, 11, 5) — 14, 2, 10) 7627 04239
MIN
Distance | UAV 2 | [ 2 10 = 707,47, 15) = 86, 76, 21) = 92, 97, 3) 255.84 0.4665
— 4(12, 92, 25) — 1061, 69, 11) — 14, 2, 10)
Sum of Total Distance and Mean of Survivability 432.12 0.4447
14, 2, 10) — 7(17, 47, 15) — 10(61, 69, 11)
AV 1 226. .
UAV — 86, 76, 21) — 14, 2, 10) 6.9 09559
MAX 14, 2, 10) — 3(80, 7, 29) — 9(2, 97, 3) — 4(12, 92, 25)
Survivability| UAV 211 "1 11, 5) — 2034, 34, 12) — 5(75, 10, 7) — 14, 2, 10) 43785 08934
Sum of Total Distance and Mean of Survivability 664.84 0.9241
7
14, 2, 10) — 2(34, 34, 12) — 10(61, 69, 11) — 4(12, 92, 25)
AV 1 255.31 572
N — 92, 97, 3) = 86, 76, 21) — 7(17, 47, 15) — 1(4, 2, 10) 3 0.5726
MIN 14, 2, 10) — 5(75, 10, 7) — 3(80, 7, 29)
Distance | UAV 2 - o TV 156.08 0.4541
— 6(41, 11, 5) — 14, 2, 10)
Sum of Total Distance and Mean of Survivability 411.40 0.5099
T 425 Ag3}7] 9ske] MRPP-MTSPE 0] 3 FelR¥S  FPE3
AA kG om, thrE o] 8-8Fo] MRPPE SPPR I3 & A* P9
G Eg o] Rt o] FAEE A Y, PGAS o] &35} Bortoff, S. A. (2000), Path Planning for UAVS, Proceedings of the American Control
€542 AL T8 340 B4 2R 6 O
. - Botea, A., Muller, M., and Schaeffer, J. (2004), Near Optimal Hierarchical Path-
Aol AL o]las A Al =3
Eﬂzﬂ i °© EH == O] ks Z]_Z] R } Eq’ UAV7]- °© Finding, Journal of Game Development, 1(1), 7-28.
260 F 02 o] 5o 7HEd B A}Jq—o]-ﬁ’i\?} Canny, J. and Reif, J. (1987), New Lower Bound Techniques for Robot Motion
o|ZAZ Ao HL3 4 g]___ A* &7 %:_% Planning Problems, Proceedings of the Annual Symposium on Foundations of Compu-
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