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WA R i — 2B LA, A & B R 200 53 1 (greedy de-
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Table 1 Four combined strategies for route scheduling

. " A7) 1 e FED 3 R s 0
AL I8 22 566 W 1 3% e
] First solution strategy
Local search options
C S
G CXG SXG
T CXT SXT

# Note:G: 5| XA MM R E % Guided local search; T.2% 248
RHE W Tabu search; C. 5 BMIFEIEME TS 1% Christofides; S: HHl
9% Sweep. F[A The same as below.
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Table 2 Field parameters for case studies
H )35 B /m? M 8 SR TR 3
Field serial e Number  Number of Number of
Area . . .
number of fields boundaries vertices
1 36 480.81 5 5 21
2 59 711.70 11 16 255

3 41 887.53 6 317

4 76 066.98 4 211

6
5
WHRANLGECH 3. ks HEHFFH Omap
RO DL KML SC 48 305 5 B AR I e 50 H
CAD i 3F LA DXF % 5 A. iHE B, fekk
REE2UBIEEE RSNy =N Y S N [ B S RN
BT, TR AN 2 3008 /N B 5
M 2 A R 7 (OB BE M 00 = 0.5 fl A6 AR
AL 1] 5 J5 3T OR-Tools K A 1 F e g 406 i £k 94
BERFIHFBMERTBS 3 6 T AV, RFIHR T A
BLPEBE £ 37 e 1 5 9 8 T AE ALY, 98 I OR-Tools
PV BT U S 33 A o X A A Vs A B R AR Y
A 2% 4 W 0o 5 160 2 B oo AR 0 AT A B
Bk G — B & 2 mCEPRAEL R, h
TR UE 48 XoF 22 4, B2 SR AL 2 1] % B B AN [R] QML 4 200 R
FHASTR] (9 % B v B2 DG A A T AR A 3D | 22 2 5 B 13



190

o Al R R R

540

JE6 m.EaB R 1 m, % CEk[ 11 ] /R
SR E T ANLEE N 3 m/s. H 7 BRI 2 A g
734 000 m, BLYMAT BTt A BTy 12 L, 25 1k W46 A5
T B R WEHE N 18 L/hm? ., [R5t
OR-Tools 3 it 43 36 3K 5 O fiff A 15 5K i B ] ik
K15 B, 3 B IR e KOR R OR 30 s,
1 e 2 i A R X EE I 70 AR OK W] 41
B TR Xt AN 2 A 2 B O R B A SRR RCR . AS
WA PR T 0 2 R 3 I E — 25 £ Ak 18 R O g Bk
| SRR R AR R AR
PR A AR B 2 A B sE BT 4G AE 48 M 5k
(Christofides) J& AR 17 7 7] &5 v 3/ AL Lb 5 4 9 45 28
AR (sweep) U2 4240 % A28 1) rp 808 0 Y
D5k, Rt RO LA b 4 RSk BT R 4 R4
B RIERALSE R 3k 3 FR
=3

MF 3 7] LLFE Y, “Christofides & #: X 5] =X
A RAELE(CXGHA TSR, TieTE
PEAR K S R IR FERT [ B 5 “sweep B7E X B
SRA MY R (SXG)” KB Y ; “Christofides
Bk XA S R (CX T HE TR AL RS
“sweep HE XA B R L (SX T & A —
., MY “Christofides B X 5| S XA I &R
B (CX G)”HI“Christofides 52 1 X 45 S48 254 1k
(CXDYHA T MBI E, 3T A X 3K 1
225 FIRE M B B BLAE “sweep B ¥E X 5] § A
Hi A R B (SX G) 7 M “sweep Bk X 28 B 18 2%
B SXD"AHAAR FHITES R, XUl ANFH
1) 40 ey fire A 3 S S o 45 SR S e R K, 5 R b 22
e S A L AN (R W A7 e~ R I N i T
g1 I E

SNEL 4 HARMEAEASREEETHRBEEAK (TEEHIE)UWRER

Table 3 Results of initial path planning under four different route scheduling combination strategies

algorithm for multi UAVs operation without replenishment

FN WB EN CXG CXT SXG SXT
il I i il il il 1 I i 1 I i
1 4 1 8940.00 2 590.64 91253 8 940.00 2 785.91 91299 8 940.00 2590.64 91 262 & 940.00 2 785.91 91 372
5 2 7091.05 2 680.67 9089 7091.05 2649.07 90905 7 091.05 2680.67 90 874 7 091.05 2 649.07 7 091
9 5 3 11 036.04 4 152.11 112 443 11 036.04 4 426.52 112 827 11 036.04 4 144.09 113 242 11 036.04 4 426.52 112 667
6 4 9142.65 4006.28 11 053 9 142.65 4 263.77 110 478 9 142.65 4 006.28 111 095 9 142.65 4 263.77 110 830
3 3 5 13 832.83 3183.96 112086 13 832.83 3 357.03 111 645 13 832.83 3 183.96 111 103 13 832.83 3 357.03 111 364
4 6 10 325.07 3 097.56 108 015 10 325.07 3 384.79 108 168 10 325.07 3 097.56 108 083 10 325.07 3 384.79 108 641
N 6 7 12099.34 2 934.87 105 240 12 099.34 3 206.82 105 227 12 099.34 2 934.87 105 428 12 099.34 3 206.82 105 282
7 8 10 360.34 2 895.00 105 044 10 360.34 3 064.20 105 227 10 360.34 2 935.04 105 016 10 360.34 3 064.20 104 630

¥ Note:FN: H# /%5 Field serial number; WB: T./E#E %% /m Working breadth; EN:Z /%5 Example number; | A% TERKZ BK
J& /m Total effective working path length; Il : 5 # %1% B K J¥ /m Total length of transfer path; [l : 2 % #£8} /ms Algorithm time consu-

ming. F il The same as below.
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Table 4 Results of five optimizing search strategy algorithms for multi-UAVs considering replenishment
. BBt 1 Field 1 H Bt 2 Field 2 H Bt 3 Field 3 H Bt 4 Field 4
Algorithm 4 m WB 5 m WB 5 m WB 4 m WB 3 m WB 4 m WB 6 m WB 7 m WB
EN1 EN2 EN3 EN4 ENS ENG6 EN7 ENS
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
GD Il 3 882.31 3819.37" 7 587.96 7 225.31 5 567.53 5299.98 7 547.90 8 717.73
Il 75 151 70 169 378 107 347 129 221 376 182 997 509 434 548 208
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
G I} 3624.23** 3663.29"" 6792.35"* 7006.41** 5376.67°* 5007.31"" 7 308.48 8 251.99"
Il 133 539 128 736 460 895 434 436 308 803 269 211 514 466 551 508
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
SA i} 3 882.31 3 819.37 7 426.43 7 139.92 5 726.20 5516.48* 7 269.16 " " 8 522.53
Il 13 3709 128 565 453 689 435 505 306 244 269 700 521 196 521 414
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
T i} 3839.92 3 745.46 7 596.86 " 7 240.94 5 848.23" 5 280.68 7 561.49 8 785.84"
Il 133 619 128 721 455 638 435959 303 946 275 340 503 696 552 336
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
OTS I 3 979.59" 3 814.58 7 596.86 7 380.50" 5 848.23 5 280.68 7 893.30" 8 616.74
1] 13 3715 128 697 456 094 434 495, 303 389 272 280 526 936 546 155
1 8 940.00 7 091.05 11 036.48 9 134.45 13 832.83 10 325.07 12 099.34 10 360.34
EAPA I 6 851.16 6 816.55 11 173.57 12 781.40 7 783.85 7 574.94 13 481.32 14 655.60
Il 196 257 203 870 344 370 405 288 236 913 234 736 556 448 542 998
OF OEB/ % 47.10 46.26 39.21 45.18 30.92 33.89 46.07 43.69
OEW/% 41.91 43.96 32.01 42.25 24.86 27.17 41.45 40.05

I Note: EN1~ENS #7545 % ENI-ENS are the serial numbers of examples; WB: TAE i 7% /m Working breadth; G55 24 oy 4
RH ¥ Guided local search; T: 482 KA Tabu search; GD: Bt B 5108 % Greedy descent; SA: BE4Ml3E k5 ¥ Simulated annealing;
OTS: H %5 248 Rk Objective tabu search; EAPA . % 1 B4 43 51 Equal area partition algorithm; OE: k%5 Optimization effect;
OEB: I #F L fbRR The best optimization effect; OEW : fg 2B ALHR The worst optimization effect. T [d] The same as below.

25 gy I T A RIW A6 A AL 1 SR NS SRR R 5 R BRAR AT Ze X B X8R 0 3w RO R4, A E A
P BRI BN R AR Z4 RS Sm EiwfEl X,
TR 3 P AR B 1k 1 455 2R 1% A O BT 41 ] DL 53 i 4%

x5 SMAAEBERBEZIERFRBEMALERNEAMRYSELERBE
Table 5 Screenshots of the optimal and worst results in 5 optimizing search strategy algorithms
FN WB EN OEB OEW EAPA
4 1
1 0
5 2

GD
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££3R 5 Continued Table 5

FN WB EN

EAPA

OEW

OEB

ors

SA

{7 ® , ¥ifii /m, Note:Point O in Table 5 is the location of the re-

7
plenishment point of each example,and the coordinate axis represents the plane coordinate position of each example,unit m.

i 22 7% Y490 ) - T A B

7N

T3R5 W O s RSB RN 45 0 2
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Path planning algorithm for cooperative operation of

multiple agricultural UAVs in multiple fields

TANG Can',ZONG Wangyuan'*, HUANG Xiaomao'**,
LUO Chengming'*,LI Wencheng' >, WANG Shaoshuai'

1.College of Engineering s Huazhong Agricultural University sWuhan 430070,China ;
2.Key Laboratory of Agricultural Equipment in Mid-Lower Yangtze River ,
Ministry of Agriculture and Rural Affairs ,Wuhan 430070,China

Abstract A complete set of path optimization algorithm solution for cooperative operation of multi-
ple UAVs is proposed to figure out the path planning problem of multiple agricultural UAVs under the
condition of multiple fields with obstacles. Taking the minimum transfer path length as the goal of oper-
ation optimization,the initial coverage operation route with horizontal heading conditions was calculated
based on the polygon scanning and filling algorithm,and the safety boundary intersection test of the dan-
gerous transfer process between routes was carried out. The course of operations of each single field was
optimized with “minimum span method” of convex polygon and “step rotation method” of non-convex
polygon. The mathematical models for route scheduling and voyage planning were established, and the
solution was obtained based on the open source optimization software suite of Google OR-Tools. The op-
eration effects of different route combination scheduling strategies and the effects of operation optimiza-
tion of the five optimized searching strategy algorithms of Google OR-Tools and the equal area partition
algorithm of UAV along the heading direction were compared. The simulation results of four sets of hy-
pothetical and real fields showed that the algorithm effectively achieved multiple cooperative UAV's path
planning under various constraints and took 70-552 s, Compared with the equal area partition algorithm,
the optimal results for the total length of the transfer path decreased 24.86 %-47.10%.

Keywords agricultural UAV; path planning; multiple field; obstacle; multiple machine collabora-
tion; Google OR-Tools
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