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Abstract; In order to deal with the complexity of field boundaries for the agricultural drone application,
an operation path planning algorithm with boundary universality was proposed and implemented for rotor
based unmanned aircraft systems ( UAS) to quickly obtain the flight trajectory for fields of all kinds of
boundaries, including convex polygon, concave polygon, or even polygon with holes and multiple
polygons. Firstly, the storage rule of vertex data of boundary polygon of field was specified, and the
polygon of different fields was distinguished based on the polygon grouping method of the region
representation rule, and the path planning was performed according to each field block individually.
Secondly, operation route was obtained based on the scanning and filling lines of the polygon. For a
single field block with a given flight direction, the initial scanning lines for both outer and inner boundary
polygons were figured out quickly by using the active edge table method, and then the logic Boolean

operation of “subtraction” was applied to the two sets of scanning lines. Then the route was optimized for
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high efficiency with the minimum energy and time. Taking the minimum inter-route jump distance as the
optimization target, introducing “greedy algorithm” , “convex polygon minimum span method” and “step
rotation method” , by using the greedy algorithm to address the route sequencing optimization which can
be formulated as travelling salesman problem ( TSP). The direction optimization was dealt with the
convex polygon minimum span method or the step rotation method selectively according to different
characteristics of the field boundary. Furthermore, the safety judgment and processing algorithm for the
transfer process between different routes were proposed and implemented in order to expand the
application scenarios as multiple fields with obstacles whose height influence cannot be ignored. Based on
multiple sets of algorithms tests and simulation using both imaginary plots and actual plot boundaries, the
results showed that the designed algorithm can process fields of various types of complex boundary with
high operational reliability and fast processing speed. The processing time varied from 15 ms to 19.2 s,
and the inter-route transfer distance optimization effect varied from 23. 04% to 45. 98% when ignoring the
obstacles’ influence. And the consumed times were also acceptable when considering height influence of
obstacles. The versatility, reliability, efficiency and optimization effect of the algorithm can meet the
relevant requirements of agricultural drone operations in fields of all kinds of complex boundaries.

Key words: agricultural aviation; work path; complex boundary; obstacle; planning optimization
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HiLR Y % ET(Y,, ,dX, Xy, next) M AET(Y,,, ,dX, X, ,next) A
1 VoVs (3.4, -1.54,5)— V,V,(4,0.83,5) VoVs (3.4, -1.54,5)—V,V,(4,0.83,5) (5,1),(5,1)
2 VoVs (3.4, —1.54,3.46)—V,V,(4,0.83,5.83) (3.46,2),(5.83,2)
3 VoVs (3.4, —1.54,1.92) >V, V,(4,0. 83 ,6.66) (1.92,3),(6.66,3)
4 VsV, (8,0.26,1.2) VsV, (8,0.28,1.4) >V, V, (4,0.83,7.49) (1.4,4) ,(7.49 ,4)
5 VsV, (8,0.28,1.68)—V,V, (4,0.83,8.32) (1.68,5),(8.32,5)

VsV, (8,0.
6 V,V5(8,-0.65,7)—>V,V,(7,3,7)
-V Vi (4,

ViV, (8,0.
V,V,(7.3,

VsV, (8,0.
8 ViV, (8,0,—)

10) —V, V, (4,0.83,10)
28.,2.5) >V, V,(8,0,2.5) >V, V,(8,0,5.7)—

28,1.96) >V, V,(8, -0.65,7)—>V,V,(7,3,7) (1.96,6),(7,6);
0.83,9.15) (7,6),(9.15,6)
28,2.24)—>V,V;(8, -0.65,6.35)— (2.24,7),(6.35,7);

(10,7),(10,7)

(2.5,8),(5.7,8)

V,V,(8, -0.65,5.7)

b0 DIVAE IR LK d SN OF WG £ 5 e KN <K = S NN
4 FAYH B (Y,,, ,dX, X, . ,next) ,FHrp ¥V, dX,
next $5¥H A9 & R R HAE W IETE w AFF T 1
I, dX = AX/w, 3 AX g 65 W 100 7 PR 41 4 2k 1) 1Y
X Jimat . 5k BT W R fF B w9 EZEHET
F 3 AME R Xy NI G M AT RS X A AR
AN 2 R0 o X AR AR T R O 3R A A
JEFET RN 0 T 2 2 AR O 1 A B D
BB i o [ 4b v 2 8 06 P R L
SRINZ 153 43R

VR oKk i 22 R S S 4 B ) i A AT S
s o X T AR — A AR T 5, X B A Ak B 2 R A
T

(DX FHML Y =y, 50 B ET frAEzs, )
B JLRT A RN ET B I B A B 21 19 35 1 i
# AET wp JFX] AET & i X, S dX 8 AX 38
BEHER

(2) 5 AR T 24 1 49 6 & 1) AET JE 25, 06
AET o i) 200 795 75 4 R e X, BIER 1.2 38y — Xt 48
3.4 00— xb AR, B — X0 BT
SRR IS X BEAL T 22 3098 A, BRI X B A 3R 5T
o

(3) K L AT AL A AL AR Y 0w, BI Y =
Y+w,

(4)45 AET i 2 ¥ = ¥, 1930 M 2

(5) %5 AET Wh I T 8 — R0 r X R



38 & A Hl

L

2020 4

dXw, Bl X =X + dXw
(6)HEMAT AR (1), HE AET rhil 4 ¥ M
B o

A B—IE AN LT

{

SKIEL B g, 5 AT T Al ELRN R
R IR S A A &

{
| HSTIARET |

{

YR/ NETH AR AAET,
FHEX  AXHIB I

!

PR R LR Y AR b IE K 7 PR U IERE ARTHR ¥
X, Al %Y AEMERIED, SOETH Kl
B LR NE AU

{

| 394 7 112 AT 285 AR |

{

| mescsmmrma mikmemos |

{

TR B
BS SRR D H AR BRI AR
Fig.5 Algorithm flow chart of solving polygon filling

line segments based on active edge table method

1.6 fuskHiF i

b e A — TR A AT AR A B B A
2, T HOTA B K E A7 B A A, AT
1) 77 it TV ke 5 3 g 0 24 6 % g R i 7
A BPUE R o K B — AT o — A 3T, X
B ST — A LT (4 R A7 75 )L (TSP) , J& T NP — hard,,
ARSCEERIOCHR S | A 5728 S0k A7 ok i, 1%
SR T A A oA 1) R W RLR i Rk R T A
LERA—E R A, RS AR E T 5, B S
HLARSZ 5 A D AR 5 SCHR , e Ak A PR 5A

JIL 2% E) % B I, e B B 2 5 T el B 2 TR AP TR
PR O . — Bl & e R, AR RS AR Bt il & 7E
Ho— BRI (A 5 1) Bt AN
SURELER R4S NS R o S R Pt R ON= P S
B R L B b B AN B A B 3 R A T AR,
A2 0 AL S 78 1 1 v 2 Bk 3 B R 4 Sb
o DA P B S A AT R AR TR ML v B Y B A
Py CJCHAE BB 6] 52 B2 1F ), O W Of 22 4, A7 b B4R
AR 2 MR T MR B AT b AR P

SR 4 100 SRR S P A R S St R 2% Aok
VAR AR B T S MR R Z WA B | &
JBTFAR SRR . HARMRE I T AR RSP O,
NNBAL LB SR d MR 2w ESECh; ¥
WA ZNILH B W IMBE d(SNAFY R AH
Fag/N) AR EG 2R AL B s KW R 4R B

T ZHA B BARSSE, 24 A AL, WALA © f6 1

UnTEL 6 Fir 7 0 B F i 5% 2% ok o6 5 7% B A
J (R RECE KK Rl , o B KK 5 5MA 5 B,
i B )n 208 By AFAESS R € F G, BUZFE 78 i e
WA N FER SR e . W T UL R R i e, SEBr
PRI, RAHLIE N K AL 55 B b B T 2 2 4 e 2
h BeR8 2 K oni o T B = AR s gk g AR . 3t
LGRS B A JE I AE RS E B b 2 (h - hy) o
I Sug LV E I ESubi AL NN RN Sub ASE-121
TR A5k, o 2 T L P 2 v e i e R
T e T AL, AN PR

6 L ARSI

Fig. 6 Intersection test of safety boundary

L7 fEe

Pl AT 9 B R I BE M [R] BR T -5 A0 2K 1)
PRER A K, 8 SR IITT A Ko 3% Bk i
ZINIES JRE T R e e 0 AT 25 DAk, BT T ORS A
i B — T 22 0B 1 5 T S S AR A D S
T LA E H AR R (M 2 I8 AL 2 )8 ) |
B e AL 1] o

DX I T2 R i R — F T X I Q RE S W 4 i K
—XFIT 18 A 0 1947 2 Je A i - AT R ] Y 8] B D
BEI AT ERAR Z N SCHE AT AR, 0 PR 28 5 1 7 1)
f,D FRZ N IX IR Q 18 0 J7 1) ERIRSE . Sy HrEl A,
B PRAEALETT 0] LA — X SR 4 HiEs
JEAEL R 7 1) #1728 A i A8 Ak, 32 T B /)N B B ) N 5 Tl
A BT S N R A /b PRI AU K I B A RS s i
WYL TN B B A 3 FIER, 4
ool g moxk 2 R SO xS (18 7)o Sk [24 ] 2
HEWT™ 22 5009 DX I d5e /0N 85 88 D7 1) — 7 3 BRAE A 301
Ao BRI e dRe /N5 5 T 1) A B Ok T 22 30001 1 B
9 F5e I AL 16 £ o

XA — N 22 B I, 0] R A A 2
BVR” EAT I AOR A o A BT bR —Fh g 28 3k, 3t
RGN INBIS N CSE o e i N SN L
MATLL , P ALk I I, B /IMEDXS B AL 1) 6 g



531

/NG G KRR MRS T AL B AR AR ML 39

7 ZMIEEER 3 M

Fig.7 Three types of convex polygon span

AL
2970 I, 38 5 WU AR A AR ] i AL TR
o So¥s 2 18 T A 48 L b ) 5% 60 & ( Axds-
aligned bounding box, AABB) H.0s i (%, 7,0 ) WLH £
Jig ke o (IR e ) 15 2 e b J5 2 08 T, 2k T3 14
VAT AT B b )R, PR AT 0 A (%550 ) 57
& rh O 0 I BT R 0 (AR 4 ) B4 B B of B
AL B s i (x,y) o AR 250N
x=(x, = x,)cos — (y, —y,)sinf +x )
{y = (%, —x,)sinf + (y, —v,)cosl +y, (2)

LIS £ A8 e i, U K 6 (B HOM S BT
2 ZHHEHE

Hi R 2 5L R AE Visual C+ + 6.0 V-5 |k
G5 S B, 4E Intel Corei7 — 3370 CPU.3.4 GHz F
.8 GB NAF  Windows 7 #:4E RGEIRIET , 23 i1 X
4 2H SR 5 F MR B N T ABRE, 10 5 A0 52 B i A 2 A
ANE TAESHORAE T #:47 W gl g, LU 5 vk R
SETERIT R AR,

SERRH BT B F A AT Google Earth 3 I
KML SO A% 20, SEBR B 2 3 B 2ok Je AHLITE
VB4R {4k Mission Planner 3 B3 LI 3 & X i) POLY
R T, B AR A bR A K R 2 2 R A R
B 8 B T LA A A i AT TR AR 5 AR
Yo SEA A CAD 2243 DL DXF 48 U A 8
b FE XS AR LS B ST & MR A A O
A1 0320 5 %0 T — 30 5 HoA i 250008 1 R T B
JINES P 0 A AL ), HG A 0 155 OB DU SR ] 28 3 e
27 (GPEIR0.5°) AR AR AT 1] 5 >R A 52 28 5503 2R A7 i
LA AL , AT £ R) B B B B I o A 2 IR R
L LUNER: SR N 4L S R4 R By A NI PO e
—WTER R BIE S 2 i R AT R A, A%
ARG RS R ARAE B Oy ) A B AL I B b WA
mEE (L emESELmEZ ). 4R
HR B AR K R T S 3 4 B K R SR NS B ST R AR
I3 5 GetTickCount (1) o EIOHR IR VR 12 47 i 5 1Y &

Gk E] Je PR 2245 3, EL 3 A B T s SR
F AR
2.1 AEERDABER/YBERLTHHERR

E Y P SUR E SUBI AL/ d N SU R
Wi 3400 P9 352 W) I A 90 o AR T A0 ol g R T AN 2
Fe Mo R de 4 KSR AR R 4N 2 s 3R
AL R & Sy S, TS B BEAR B B2, B & =
(8, =8,)/8, x100% , 3, S, oy HAEAT AL HEF I
A AT e (N TI8E S R —am
7 1] —B0) AR AR AR (R 2R o) Bk 5% B% 42 ) 19 1<
JEE , S, oAy T IR 2 A5 AU 1) B A0 2 HE 1 10 A I Al A
TR R o T 5 ] 4 B o3 45 2R A (TR e R
i, FUBCH A R o L 4528 ) AN 8 i .
2.2 BRBABEBYELTHHERE

ik — P REE R T, B Bk 4 A
P e s B A B ek L s B R A b v 2 £ I
I ) S AT AL 1) B 2 A I G A i e S il L 40k
B8N B o R 28 S R IRy R Ak B . 3
BAENREEN 2 m, LR EN 6 m, KN
Um KSR ANEE 3 K 9 o &9 1A 8 1 hm
IR SLE Yilkas R o il P By N < R itE
(EESUP = s

3 itig

AN PE R AT W) R R I, AR 2 R Bl KR 8 i
NI S BT 25 SR 18 n] LA Y AR SO RE
Ab BT 52 2 10 BT R 2R B A FH B 3 26 B 5
SRS 2 R B2 B S v 1 LA AT A5 A9 A O SRR 1
S S R) X T AR T 18] 9 A A B 3l 5 LAY,
A 5T A R IJC AL A 7 AL B (AL 45 Mission
Planner) f5 BZH P N LIEE R E -

XF FEANHEAT AL 1] e A T LR AT T 2k HE P A0 A 1Y
MR ZE R, 35 W i A A % AR A (RIATZR)
A B B BEAR AR (HS AR A A i DAL RO W
AR N 23. 04% 5] 45. 98% A4F, XK
AR AR BR AR B 55 VM DX, B K S AR iR



40 A Pl M ¥ 2020 4

R2 IEEESYZMELTHEENLER

Tab.2 Test results of algorithm without consideration of obstacles

- WEY 2w B TR HEAT e e 7 1k Iﬁlﬁﬂ‘ﬁﬁﬂfﬂ'ﬂ?)—iﬁfﬂé}éﬂﬁ?ﬁﬁﬂﬁ
- . WH  Ss S/m V(A R | o (A Z AT RPN (/42 O | o (N4 K B/ (S R <1
BEKE/m BEKES /m i}/ ms BRE/m BKES,/m e/ % ms
2 1414.24 277. 64 16 1418.27 189. 83 31.63 4 836
SEPREEE T 27728 2 54 4 712.95 267.74 16 711.32 167. 49 37.44 3073
10 293.22 212.73 16 282.21 133.74 37.13 3057
2 9 540. 50 874.08 16 9 538.09 472. 14 45.98 6 739
SEPRHEL 2 1892.7 1 35 4 4761. 14 713. 45 15 4770.13 462.07 35.23 6053
10 1910. 17 696. 93 16 1912.12 418.57 39.94 6037
2 35813.01 3236.26 63 35 696. 22 2 381.20 26.42 93
BAEEY1 71149.2 5 21 4 17900.71  2985.00 EY) 18023.39  2033. 12 31.89 94
10 7174. 81 2 845.29 31 7042.57 2 058. 88 27. 64 78
2 2454.99 1203. 04 32 2427.02 925.85 23.04 19 204
RAEHE 2 4948.0 12 2751 4 1223.16 1052. 62 16 1172.69 809. 47 23.10 10 577
6 839. 86 977.03 16 787.07 721.71 26. 13 18 611
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Fig.8 Screenshots of some calculation example results without consideration of obstacles
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Tab.3 Test results of algorithm considering obstacles

e E B —_— P— _— AR B/ A RAE L B 12 A B 12 B FERT/
m MK E/m K E/m ms
2 1418.27 205. 83 7 800
2 e 1 2772.8 2 54 4 711.32 199. 49 4337
10 282. 21 181. 74 3260
2 9 538. 09 488. 14 23 088
52 e 2 1892.7 1 35 4 4770.13 478.07 8 081
10 1911.77 447.93 4071
2 35542. 11 2297.93 4914
5 48 P 4 1 71149.2 5 21 4 18 023. 39 2347.07 1373
10 7042.57 2206. 98 297
2 2427.17 1012.06 1546 827
A He 2 4948.0 12 2751 4 1214.24 944. 56 402 061

6 774.09 878. 49 190 430




531

/NG G KRR MRS T AL B AR AR ML 41

O 2 R 1 5 R 19 DL T 30 20 DG A T30 5 481 45 R

Fig.9 Screenshots of some calculation example results with consideration of obstacles
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