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Abstract: Aiming at the noise, cost and safety problems of current unmanned aerial vehicle (UAV) operation
within cities, this paper divides the airspace into layers by altitudes and proposes an operation cost and crash
risk model based on noise protection zones under aerodynamic and other constraints. This model satisfies the
standard operation conditions of UAVs, and reduces the noise impact on the environment and the ground
population, as well as operation cost and crash risk. Thus, based on the noise protection zone, the improved
Dubins path planning method is used. It combines the Dubins path planning idea with the tangent line of the
geometric circle, and adds node processing to enrich the optional paths for UAV operation and optimize the
paths. As the Dijkstra algorithm is used as the the best path searching algorithm, and the lowest total cost is
set as the goal, a UAV optimal operation path is searched and compared with the A* algorithm. Simulation
experiments verify the effectiveness of the proposed model and the improved method. They reduce the noise
impact of UAV operation and the operation cost, and improve the safety and efficiency of the operation. The
results indicate that the optimal operation altitude of the example UAV , a biplane medium-sized UAV with a
mass of 15 kg and a paddle disk area of about 1.313 m®, is 40 m, and its operation minimum total cost is

5.42; compared with the results in the other altitude layers, the total operation cost is reduced by 37.56% at
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most and 5.91% at least.

Key words: urban traffic; unmanned aerial vehicle (UAV ) ; noise protection zone; operating and crash risk;

improved Dubins; path planning
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Table 1 Parameters of noise protection zone model
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Table 2 Parameters of the energy cost model
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Table 3 Parameters of the noise cost model
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Table 4 Parameters of the crash risk cost model
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(37,851) , 2 s Ak 5 Ay (846, 59) , X 1% [X a2 57
Yibr-5 JF #E4T 2L, I & 11 B o

0
ONO

©
5

11 @5 TR
Fig.11 Schematic diagram of building distribution
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Table 5 Building parameters

WG BLOAK/m R/ m YIS/ m
1 (155,759) 70 50
2 (415,802) 50 25
3 (286,616) 70 90
4 (110,496) 45 30
5 (218,393) 25 18
6 (426,380) 90 95
7 (539,619) 70 65
8 (558,772) 30 14
9 (711,725) 55 65
10 (761,541) 45 45
11 (667,380) 55 90
12 (213,251) 55 85
13 (210,100) 35 16
14 (380,134) 40 15
15 (554,161) 50 45
16 (763,165) 80 65

3.2 BEMR

eVTOL UAV 783k 1 25 38k N 19328 17 & AN 15
BT 120 m, B X IR T 120 m PR 28 Bk AT R AT
R Ry, LL20 m o UAV Fefikis 176 B, St k)
4320 m,40 m,60 m,80 m iX 44~ )2 (80 m L b
() S A /0, TR O e e R 2 R CE O 80 m LA
)L A SR (20 m, 40 m) L (40 m,60 m) (60 m,
80 m) M1 80 m LA I+ 4 4~ FE X ]

(1) KATEEE N 20 m i, 4K T X m EE N
R LAEH TN 1.2.3.4.6.7.9,10.11.12.15,
16 AR . AR R (5) 1% B 2 i M LR 4 X W=
8m.S,="72dB. X H 5P M LR X
Dijkstra 575 5 A+ 05 B AR FLA 45 R an 1&] 12 o .

20 m 5 BE 2 AR T B A AE U B )2 bR
BUAS 7% JEREFE LA R A LA | B M RURS A, AR
53X (12,21, 28,29) 14 2 Dijkstra 5 12 (1) e {12
() M 7 R AR Sp=2.48, BEFE N A Ev=18 989.29 J,
BA M KUK B A Cp=2.53 DL}z Bl A €C=8.33,
A A3 M R Sp=2.61, fiE K LA Ev=
19 358.1 J, B b KUK il A Cr=2.69 LA S & i A<
C=8.68.

(2) RAT RN 40 m B, 4415 9% = B2 10
AR, EEH S R1.3.6.7.9.10,11.,12,15,16 1y
AR, MG ZmERAE R XY W=
17 m, X 8 HUP LAY i e 75 {470 X, Dijkstra 85 7%
5 A AR R 45 R W 13 FTR .

(b) A* algorithm
B 12 20 m i B2 2 ALK B8 AR X L
Fig.12 Comparison of planned paths at 20 m flight level

(b) A* algorithm
I 13 40 m iy B2 J2 B B A X L [
Fig.13 Comparison of planned paths at 40 m flight level
TE 40 m 7 B )= b JC M A A R DR O A
AAL T T REFE AR 5 Bl KU il AR o AR 46 5 (21,
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28, 29) 1% #| Dijkstra 5 1 1 % O #6728 19 BE A8 A
Ev=24 185.82 1, B\ #u KUK i A C=2.31, M i A
C=542, 1 A* 5 % i 1% e # W & E—=
25 753.58 T, BA Hb XU B A Co=2.46, 2 WA
C=5.76,

(3) KATH JE N 60 m i, 2wl Tz 2 Y
HR L, EEHS H3.6.7.9.11. 12 16 . R
P A (5) , 2% 1 BE MRS LR X ) W=26 m, X & i}
WA TR N 5 e A R 3 IX, Dijkstra 2 vk 5 A5 %
PRI 25 S P 14 i

(b) A* algorithm
P14 60 m fe 322 ML) B A2 X HE ]
Fig.14 Comparison of planned paths at 60 m flight level

FE 60 m = B 2 1 JC M A AR B PRI L A
ARAN 5 8 BEFE A 5 0 KU AR . AR X (21,
28,29) 13 % Dijkstra 8- 1% (1 f 1 1% 12 1 58 #E A A
E\=28 790.9 T, B\ 3 XU B B AS Co=2.39, &4 ji A
C=6.15. 1 A* 5 % fr 1% fg # W A& E=
29 306.96 T, BA Hb XU B AR Co=2.56, & B A
C=6.38.,

(4) AT N 80 m it , KAl Tz m E 21
AL EEME 36,11 120K . BIER(5),
12 1 i M TR AP X ) W=34 m, % &5 P A A
WM AR X, Dijkstra 5k 5 AT %42 00K 45
FANE 15 FR

(b) A* algorithm
115 80 m iRy JBE J2 MLl i A X LU 1A
Fig.15 Comparison of planned paths at 80 m flight level

FE 80 m = i )2 b TG MR A AR 5 e, AL I
ARAY 75 L& REFE LA 5 B M RURS A . AR 4 =X (21,
28, 29) 14 3| Dijkstra 55 1% (1 5 O 16 72 19 e A8 A
E=33 369.32 J, BA 3 KUK A Co=2.72, Bl A<
C=6.38, HH A* 5 % fr 1% g /& W & E=
33 821.76 T, B Ml XU B B A% Co=3.01, & Wi A&
C=6.72,

3.3 FE&RSW

Pl 12~15 fir 7, W848 R 7 45 1 B 2 b ek
#E Dubins #2884 J7 615 1 09 e A W] 38 47 AR
Sk R AR EBUAS H AR bR B Dijkstra 83 i 45 1
125 B 2 BRI AT A . W DALE Y TR
ALY IX HEAT UAV B A2 BRI, A AT DL/ 1k
UAV iz 17 77 A B ME 75 52 ), 38 Be s UAV 38 17 e
FHBBFE AT A b RS B A AL HR R AT e
5%,

MR Dijkstra B34 15 8] UAV 76 KA [ &= )2 L
1) fe I AT B AR 1 45 T A G 3% 6 TR o AR Ak
BB UAV A E & B2 by i s 17 i 4
) A T RSAS G % 7 s o

15 FLE5HE SR WY, A SCRT 4 Hh RS RY 5 050k fig
S UAV AE 3 TT 25 30 09 1 e B TG M 75 ARl A
BAT, EAR B S AR MR PR AR A i AT, 7 A
1o AR R B X E T LA < AR SC T R I AR R R
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Table 6 Operating costs of the best paths by Dijkstra algorithm
KATRER/m K RATIIR/W RS /m MR R B MRS AR ARG AA SAREFE/T SRA
20 184.66 0 2.48 2.53 3.32 18 989.29 8.33
40 188.10 0 0 2.31 3.11 24 185.82 5.42
60 191.79 128.01 0 2.39 3.76 28 790.90 6.15
80 195.74 379.39 0 2.72 3.66 33 369.32 6.38
R AMHEFRSREREHETHEE
Table 7 Operating costs of the best paths by A* algorithm
CATR R /m o AKOPRATIR/W RS BRSPS B REFE RLA SBEFE/T SRR
20 184.66 0 2.61 2.69 3.38 19 358.10 8.68
40 188.10 0 0 2.46 3.30 25753.58 5.76
60 191.79 146.3 0 2.56 3.82 29 306.96 6.38
80 195.74 365.32 0 3.01 3.71 33 821.76 6.72
5 vk B B R WA ROV T S B 5 HLACR: i
S 3k

T A*FE o AR 07 B 45 R, i 1 UJE 32 op A
UAV (it i 29 15 kg, & A 29 1.313 m*) 19 g+
B AT i BE A PR 40 m, 7RI B )2 0B AT M 5
B/, BV B AR AR, R 5.42,

4 5 e
B XF UAV iz 17 W 75 5 42 4 o] B0, 76 3 2

UAV BITARHES T, % IR T AR BT 23 3R A
UNIEE. R WSl R R A RTINS
TR0 R B bt XU AR ASE Y, 35 M 7S R X, BIF 5
T UAV FE R [F] 5 BE 2 45 Fh 3052 21 0 T 1Y) e
I M 75 5 ) LA B e /DN AR 5 B b U B9 22 H A %
HRLKI . X Dubins #4284 Oy v 2E 47 ik, D) Di-
jkstra N 8 A, LR [ 2 ALK R4
RN B AT AR . T R i A T BB A AR B s D
et B IR B0 AF B 25 AT AT R S AR | BB FE AR
VA 3 KU AR 25 65 B (K, %5 IR 27 5 AR Sz £ T
BT m/INIE B R A o FRR T B AR K R A ) Y
JERM UAV i 47 AR KN EEH R ER KA
FRas 6 % 1 AT IR ADFSE .

i AR SC IS AT DAAS Y M R R X O
BT UAV 78T PR rp CAT T 7 25 1 M R 5
A REEAR T HAB 47 A 5 B o KU, 42 8 T % 4
ML UAV 78 5 2% 80T 45 8] 19 7 FH B2 48 6] 3 1 11
fift e R . MATHE S R T — UAV W
BT 2V ROR AT R T 2 UAV
8 BB R oMb 1 5 % 5 A A B A0 S &) 4> UAV G817
FERRAERESMBE S BLERESE &
UAV (1l 5 [ 8 G817 A 5 % 2 W, B TE T &
A A S BR R R R AU UAV 8 17 12
FA T o
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