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Energy-Efficient Drone Path Planning Method Considering Ground

Surface Elevation Differences

Sooyoung Moon*

*Researcher, Convergence and Open Sharing System Immersive Media, Pai Chai University, Daejeon, Korea

[Abstract]

Path planning methods play a major role (for example, collision avoidance and time/cost reduction) in
unmanned aerial vehicles (UAV) based services. Path planning methods for ground robots cannot be
directly applied to UAVs since they only consider 2D free space. A UAV should be able to fly over
or fly around obstacles to reduce flight distance. The proposed path planning method is able to
compute a ‘fly-over’ path with consideration of location, width and height of obstacles. The proposed

path planning method is more efficient than existing Wavefront method when the obstacle height is less

than half the width of the obstacle.

» Key words: Unmanned aerial vehicles (UAVs), Path planning, Collision avoidance,
Wavefront algorithm, Software-in-the-loop simulation (SITL)
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I. Introduction
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II. Background

1. Wavefront algorithm

Wavefront &112]% [8]2 A. Zelinsky ©of ©J5f Aot
EjQlon RRIVI7F ARE 85k 999 W HolEL
EA5ta wE ool At nAoleke 7bg st &
IAOIN FAAR] D P2 e AHYR] F=2
(coverage path) [9, 10] AAto] 7F=38tc} Wavefront &
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Table 1. Wavefront Path planning algorithm

Inputs:

1) M: Map data

2) S: Source,
3) D: Destination,
4) O: Obstacle data

@ Initialize path P with the source cell:
P < [S]
@ Set current < S
® Repeat until current = D
Among all neighbors (w/o obstacles) of current:
Select the neighbor n with the
smallest positive label
Append n to path P

Set current < n

3. Return the computed path P

Output:

P: A path from source S to destination D
P=<Cell;(=S),Cell,,...,Celln(=D)>

WaveFront(M, S, D, O):

1. Wavefront Map Creation
(@ Divide M into a grid of cells of size m X n,

where each cell is denoted as (i, j)
@ Determine the grid cells corresponding to S (source)
and D (destination)
@ Mark obstacle cells based on O (obstacle data) by
assigning them a label of -1
@ Assign the destination cell a label of 0
® Perform a Breadth-First Search (BFS) starting from
the destination cell to propagate distance labels

i ) Initialize an empty queue Q
i) Mark all non-obstacle cells as
‘undiscovered’
i) Set label[D] =
Enqueue D into Q

iv) While @ is not empty:
Dequeue the front cell ¢ from Q
For each neighbor n of c:
If nis ‘undiscovered” and
not an obstacle:
Set label[n] = label[c] + 1
Mark n as ‘discovered’
Enqueue n into @

2. Path Computation

[=]
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The cell with obstacle: (2, 2)

(a) Wavefront map creation
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Path P=< (0, 0), (0, 1), ..., (3, 4), (4, 4)>
(b) Path computation

Fig. 1 Path Computation based on Wavefront
algorithm
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2. Energy model
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III. The Proposed Scheme

1. Problem definition

1.1 Definitions and Assumptions

2204 AgE 50 golse st

o (Area) : E20] AR 4ot x|2jA WY
L (Cell) : FH= ARHerid) FEIZ Y= 712 Y
A A (Start Cell) : =&o] H]3h2 A|zo}e A

dF
=
AX] A (Destination Cell) :

® 6 o o
JH:'”J'[)FFIJZ:OR

=g0] 0|55t S|

Al

fu

® 732 (Path) : &g
LS| 2%

o X|tff v|d§ 1 & (Maximum Flight Altitude): E-20]
usg 7hset g 1= (KW 7]%)

® XA H|3} 1% (Minimum Safety Altitude): E-20]
54 ] 4302 FUAT A9, 55 YAIS P
QxIsfof sl &4 &

® ¢Jo]ZIE (Waypoint) :
d2 Y 72 e (x Y, 2)

® u]& (Cost): 54 AZ ARl 429 H[&

oA BARX|7HR] o]=5}7] st

£20] o5 T AR

w20] 20 JPIANRS cheat 2k
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2. Proposed method

2.1 Limitation of Existing Methods

Wavefront €¢128]5L2 231 3712 71Astez E=2
o] YRS 2SI o U A EM o] WS 12lA]

orer} E=22 33X Z7MA] o]=5HH 2.2 Energy
Modelo]| 7] viel o] 23, 5, s Al &9 A2
g oUA] Aol xfo] S Helth. T2{L Wavefront@}
2ol 221 51HE 7Pdste A= A dugEE2 ol
gk o[|qA] =eof it w247} glof 3xbA oA ol
Al 584 ols F2E Aitsk=t eAEE 2=t At
Y52 B89 29, A5, M 7Isol TE ofyA|
LEE Vet oUR] a8 H' Alito] 7Hssit.

lm

2.2 Proposed Method
Table 2= At B2 A= g

Table 2. Terrain-aware path planning

Inputs:
1) M: Map data (including terrain elevation)
2) S A source cell,
3) D: A destination cell,

Params:
e MFA: Maximum Flight Altitude
e MSA: Minimum Safe Altitude (above ground)
e TE_Max: Maximum Terrain Elevation
e TE_Min: Minimum Terrain Elevation

Output:
P: A path from source S to destination D
P=<Waypoint;(in S),Waypoint,,...Waypoint(in D)>

Terrain-awarePathPlanning(M, S, D)

1. Wavefront Map Creation

(@ Divide M into a grid of cells of size m X n,
where each cell is denoted as (i, j)

@ Perform a Breadth-First Search (BFS) starting from
the destination cell D to propagate cost values

i ) Initialize an empty queue Q
i) Mark every cell in the area as ‘undiscovered”
i) Set cost[D] = 0,

Enqueue D into Q
iv) While @ is not empty:

Dequeue the front cell ¢ from Q

For each neighbor n of c:

if n is ‘undiscovered’
if (terrainHeight[n] + MSA) >= MFA
mark n as ‘unreachable’

else
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hDistance =

\/C..Z‘ —n.z)? + (cy—n.y)?

vDistance = terrainHeight[n] - terrainHeight[c]

If (vDistance > 0): // climing
E segment = E_model.h(hDistance) +
E_model.c(vDistance)
elset // Descending
E segment = E_model. h(hDistance) +
E rmodel.d( |vDistance]| )
cost[n] = cost[c] + E_segment
flightAltitude[n] = terrainHeight[n] + MSA
Mark n as “discovered”
Enqueue n into Q

2. Path computation

@ Initialize path P with the source cell S with its flight
altitude
P < [(S, flightAltitude[S])]
@ Set current < S
® Repeat until current = D
Among all neighbors (not ‘unreachable’) of current:
Select the neighbor n* with the smallest cost
Append (n*, flightAltitude[nx]) to P
Set current < n*
@ Return P

Energy Model Functions:

E_model.h(d):
// Horizontal flight energy
Return k, * d

E_model.c(h):
// Vertical flight energy (Ascending)
Return ke * m * g * h
(n: motor efficiency (ex. 0.65)

E_model.d(h):
// Vertical flight energy (Descending)
Return kg * m * g * h

Table 2= Aokl A3 @ odx] Q4] A= A2 %
2]Z (Terrain-aware Energy Efficient Method; ©]3}
TEEM) & Uedch, Alotel 2neize] e 1) Y o
olF (M), 2) LA A& (9), 3) FXA] A& (D)oly] 32
Alo]ZRIE (B W2, ¥sy 15)52 MY FUA-FA
A Aol Az (Polct.

29 ntojeE2 g v]s) 1% (Maximum Flight

) rl

Altitude:  ©Jst MFA), AlEW 9 A4 oFF %
(Minimum Safe Altitude: ©]s} MSA)S Zghsith
TEEM €18]&L2 37 1) Wavefront 38 A8ATL 2) A2

Alitel & ©A= ZIeYE ). Wavefront 5 437 %7%1011/\1
£ YA e oAl A%} (Grid) Axje] 3]
el F7)= R A=Y et ALt SAE 1Y
Egfo]lE-0 I MAE ARSI} tf2oz ZAR| AlojA

Y 55H
Ly

BB U] 941 Al £ 2 ARl &4 oA b]
89 Adgich B Bbolq 7h Alo] AlEje 7]

‘Undiscovered’  AJE[Ol|A] ahe}
‘Discovered” ®+= ‘Unreachable’ AEjz WskstA &
o} 7} Ao 7bd 4 9l Alefel 1 ool chgat 2t
® Undiscovered: OFA] RAIE|X] Ol= Al
® Discovered: EA8u} 8|8 7Ato] oaw A
® Unreachable: 2|0} v T& A|3tog Ql5)| AbZoz
£3p} 2otet A

gajo] Mo

7} Mlo| £ 7} BEHE Table 39} 20| o FAlc}.

Table 3. Reachability check for a cell

if (tervainHeight [n] + MSA) > MFA :
S unreachable’ = 3% A

=, 2o v]3) e Aoz Qlsh s A Sk 4
Qicks ojojolct. ol 9bA Ul
2 Bl RE} Exfs] Th2olck. glor Ak ¥]3 et
50me] L sid Ao} A|EA ol7} 45molo] A2 vl 1
=7} 5mQl 49, s e A vl Le Aoz A
O Brtest A2 7hReEch

glof B Alo] £ /K53 A A%, @x) Aol o)
o A Alo] 71 Fajo] 2Rl ofuix] B2 At
9J30l Table 49} 2ol 35 7ke] 2324 Aeig ARr
gict.

o
i)
ol
:10
)
ol
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)
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e
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Table 4. Computation of horizontal/vertical distance for
a segment (from current cell to a neighbor)

else:
hDistance = [733 A 2] A 4F]
vDistance = terrainHeight [n] — terrainHeight|c)

94 2Al0j|A hDistance, vDistance= 212t @A A} o]
= A 9] 29 3 A Aol 2 wrold B2 AT
i#ﬂ A Hg} V&S SxgHIy sgsioR
vDistance= & Al 71o] X|EW 1zo] X}et Zth =



Energy-Efficient Drone Path Planning Method Considering Ground Surface Elevation Differences 7

vDistance 7} §4Q1 749 AFS 0% dij2 240 4L
sk 950] shlcy. 28 Azjot 2%] Az zuE| c2o)
o] 5ol B3t oHA|S Artshes 2d2 Table 52 £t

Table 5. Computation of energy consumption for a
segment (from current cell to a neighbor)

Enodel.h (d> :

Return k,*d
Enodel.c(h> :

Return k. *m*g*h
Enodel.d (h> :

Return k;*m* g*h

B o159 %9 oAl A% kol £ 0)5 2]
45 B3 ¢ W2 AIAE AREH, J2 Tt o1

A oUA] Al ke (85) Ee ka (5F) ol 2 m, &

A MaE g, AS/51) AlE B3 3 U2 oAt &
2EIt}, 7h 40| H]E (cost)e Hu] 941 Ea] Alo] B
Ko 713l B]80] 44 ol ouix|e} As/at oA S
ot o A%

= cost[n] = cost[c] + E_segment). HH] %
g EKJ;{] /\ﬂj_} 0:17:151 EE /\4154 H]_g_
(cost) AWEE B B2 7ks/27} A Aol gt
A= AL BAM = E2EA] oA HE AlAfsto] =4
A| Aol =<t 7] dxj Allo] 2 Als 5 7MY v]80]
7;1—% /\%‘21% /I\jEHa}o:] VE| i— :rL/daH L,P]—q S| x] }\-ﬂo] 74
20] 27lw Bue UGt Y A2E wa

IV. Simulation result

4.1 Simulation Environment Variables
A TEEM €12]&59] s 852 sl Python 7]
g Algd|o] S e8sioint. Hel Ui8-2 Table 69F LTt

Table 6. Simulation Parameters

Parameters Value Description
Area size 50m % 50m Mission area
Cell Size Tm X Tm Grid resolution
Start Cell (0, 0) -
Dest. Position (49, 49) -
Maximum Flight
MFA 100m Altitude
Minimum Safe
MSA Sm Altitude
kh 180 J/m Horlz.or.ltal energy
coefficient
ke 18 Cllml?lr.]g energy
coefficient

Descending
energy coefficient
Total mass
including payload
Gaussian
distribution
parameter

Per standard
deviation

kd 0.5

Drone Mass 10 kg

Terrain Std Dev 1-10m

Iterations 10

£2 Qad golo] FA 271 50m X 50m ol
m X Im2 st ety 4o
= 25000]c}. AlA| 22 9%
Xot BRI o] A1z A9E 4 0L
of AL Yl FLA AL (0, 0), KA e
(49, 49)2 AYSIACL. AY ol 7oAl RES 1}
2c2 gyslgon, BEUAE Imye 107 et
Al71 & 1002)(107) &FHAL X 109] ¥HE)0] Al&2o]
Algdo]do|A Wavefront &il2]

H12]52 2ol A8 A7A0] K85l 2

>
N
HHU:
T
S A,

4.2 Comparison of Average Moving Distance
Table 72 & Algeo]d ZAxlo] tist H+ ol 72
£ v]ust Aojo}

Table 7. Average Distance Comparison

Metric Wavefront | TEEM Improllement
(%)

Hprlzontal 69,30 5924 0%
Distance (m)
Climbing .

i 7.53 5.53 26.6%
Distance (m)
Dgscendlng 776 5 78 25 59,
Distance (m)
Total .
Distance (m) 72.41 71.09 | 1.8%
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Bl S0l 2 Bj3o] MA| o 59] 87.63%F ARGt
ool B up glon, 2 Algdold Eite oot ARt
tHad A7 69.30m / & A2 72.41m = 95.7%).
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