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Scheduling Strategy of Tobacco Harvesting and Transportation Based on
Human-machine Cooperation

WANG Ling'®> LIU Cheng' SU Rui' WANG Yibo'! CHEN Du'? NI Xindong'
(1. College of Engineering, China Agricultural University, Beijing 100083, China
2. State Key Laboratory of Intelligent Agricultural Power Equipment, Beijing 100083, China)

Abstract; The harvesting of tobacco leaves in China mainly depends on manual harvesting and self-
transport of the harvester. The low level of mechanization, high labor intensity and high cost of tobacco
leaf harvesting seriously affect the efficiency of tobacco leaf harvesting. Therefore, for the small-area and
unstructured harvesting scenarios of tobacco fields, a predictive scheduling model for human-machine
collaborative tobacco harvesting and transshipment was proposed based on a discrete-time hybrid system,
which modeled the harvester’s operation behavior as a discrete event, and then predicted its future
transshipment demand, so as to drive the self-developed tobacco leaf transshipment robot to carry out
active and forward-looking path planning, replacing the traditional passive response mode. Non-
dominated sorting genetic algorithm I (NSGA — II ) was used to solve the model and generate the
corresponding human-machine collaborative optimization scheduling scheme. The simulation experiment
verified the performance of the NSGA — ]I algorithm in multi-objective optimization scheduling and the
effectiveness of the predictive scheduling model of harvesting and transshipment by analyzing the influence
of the ratio of the harvester and the transshipment robot and the threshold FR, of the harvester request on

the harvesting efficiency. The results showed that when the number ratio of the transfer robot to the
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harvester was 1:2 and the FR, was set to 0. 7, the non-productive operation time of the human-machine
collaborative harvesting and transfer was reduced by 88. 6% compared with that of the manual harvesting
and transfer, and the harvesting efficiency was 95.7% . The results of simulated tobacco field
experiments showed that when the number ratio of transfer robot to harvester was 1: 1, the non-productive
operation time of tobacco leaf harvest and transfer based on predictive scheduling strategy was 48.58 s,
and the harvest efficiency was 83.1% . Compared with manual harvesting and reactive scheduling
strategy, the harvest efficiency of tobacco leaf harvest and transfer was increased by 16.8 and 8.5
percentage points. When the number ratio of transfer robot to harvester was 1:2, the non-productive
operation time of tobacco harvest and transfer based on predictive scheduling strategy was 53. 14 s, and
the harvest efficiency was 82. 5% . The harvest efficiency was 14. 6 and 9. 9 percentage points higher than

that of manual harvesting and reactive scheduling. The results can provide a reasonable and effective

2026 4

scheduling scheme for human-machine collaborative operation of tobacco leaves.
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Fig.3  State transfer diagram for harvesters and transit robots

BRI | LR

ma |

IRAX, 7T %5 N

Xp,k = (xp,k ’yp,k9Wp,k’Tp,k) (D)
K v, oy, —RICE DAL
W, R A AR T

T, AR A 4 e ]

AR 161 R 22 4875 B 0T 2k TR, 4390
O B2 B2 R I R I T30 A R 5
*H

Xpher =%, AtVSPcosesp (2)
Yoot =Ypu T AtVSI,sinﬂsﬂ (3)
W, =W, , +Aipg, (4)
T,,..=T,, +At (5)
Ao AL

Vy —— R B 5
0, —— M fi 1 i
o, ——HE S4B 5 AR RS 6] 4 4 2
SRMCH BT HE ARG ARSI B 50V, BOR
KT SRSV, . AT R R, B
S IR H TRV, . T R AT A A
TRIE T IRAS I T RO B B 7 L
B 5 O BRI R BV, A iR
SRS R SR AR o R
.V, V, VR TUS SRS 1 0 55 A P B
BUIRCREAS 1, A1 4 7% , i 25 A0S0 2600
1 305 M KR b B0 22 B4ty R R
AV, 5 AT 487 i C, (kg/m) 7 0 R 47
TP C, 0 USSR R D T SR 9
o5, A

Py, =V,C, (6)
BT 45, AT B 2 b, RS BB - 7

SR T AT R
X,y =y 1) (7)

5

- RC,
o — AWV,
LY,
sl T AR,
&
i
B2
1
L ' wd
0 1 2 3 4 5 6
RliefEalk 2 Bt

PR 4 0 P 2 S SR MACRR B s S8 40 A
Fig.4 Gaussian distribution map of harvester data

from tobacco field

R I VS
T, B A SR A HE 5 )
13,2 KA e M g

(1) R

D4 M FRTT A | 4RI, BLFFA R LT
TR, . QR R M B 57
1B AR AR I R L 5 fe B 258 ) 0, LA
R 5 PR 26, 3 6 PR 2% LI (L 29 307 44 £
BORGKIL . OFTAE L R — 2, @FEH
B NTETEW P TE I S . BRIH 2T 5 1
Ak 1AM B DL A 05, © R SR R I 3% B0 i
(i B 76 F — A B BT SRR 7E 1% 22 1 K R HEAT 4632

(2) i il 7 2 X

T H A P MG % Y 6 Bk ) F
SRR A T BB ML A A R LI A AT
AR B2 1T 4 R T L 3 % 2% 4
L FE I 5 38 TR 5 606 AT 55 43 i 443 B B8 45 0§10 ML 28
Ao RUCH p B E LA r B I 5l 45 5% 25 P
/S B, ok, Rl p s A M B g )
ARCHW,

TERUCH p 88 b A3 2 72— A a4
S 0 AL B KB T - R ) I A, ik )

X



168 YA T A 2026 4
o b AR 7 A M B A A T 1 L

/—)% e Y s —
| | P MO R B R 32 B2 A R 3

Ry ETIES WAl i YRR
B P-I:j B SNBSS R, 2 M A O A
L ’ NGRS

I _ R 1L 6 5 A T B /I R A2 7
e | I 6D BV 506 ] ) 12 032 L 2 A 325 B

tb

d
b b 1ok

1ok ok £

&l 5 B?l‘ﬁlﬁﬂ%ﬁ?;ﬁ"\
Fig.5 Time window division diagram
G EBRINZ (1), = 0, + A 1),) HEIE (T EL, .
s Mlds A r DVR BE S 46 00 3 5000 4% 42 0 B
L, 0@ wgiiii g D, M E A, =D, /V,, K
WV R BB LA AN S B as Pl s A F A T
Eeis (LB L, W Z0 R, RWCE p FE55 kS 8] 21
W AERERS B2 Ary, T HR 55008
i, =t + AL, (8)
At’, =max (¢!, —¢,,0) (9)
EHLEEN r fERIH p KB E IR %), 2
R 35 WO 55 52 0 B, Ay, =0, SRICE W RS
)t B s LA N r B E N, o R
Ar" R H A PLA N B S AR ]S il 5RG AR R — AT
FALE IR RDSCAR S IR] S Adr G SR AL AT
BT S5, W BT F —ANE 55 0 B B2 Ay, i
B LA N r IEAE AT b — s AR 55, WL AT
BT 55 B ) (IR Sk Ay, 35S0 3R

re: e b
Atrplk = Lrpk - trpk ( 10)
NG (11)
A = max (i, —18,.,0) (12)

A USSR T 3 (3 L, 5 W 0 £
L, 22 6] 1 W W B /N TSR T 1 A 5 1
BIE D, , Rk 1T L i B 1 F7 56 A5 KA | 3R (L b
A 7 I ] 6 B8 (5 32 L8 % BN 52 A AT
5 A ML F bR R

1 5 T 57 7, 2 R Fh 3 L B A RS 0
I G SR ) L, 25 R A R,
SEEEFON I e AR A P AL B D A, L
5331

10, =t + Atl, + A" (13)

i =t +2A0% + A" (14)
N cl/c2 2

Atpk =t - t;k ( 15)

AP Ar,——RWCH & [ Bl e ]

(3) P& H A R 85 2 R A1

A T AR e az A 7 e SR Wi o A 1 I ]
FE A = PR b i 1] 52 TE AR ¢, 1 55 AR 7 P A ol 1 1]
o HE BT AR R B RO DG o BRI SR Wi A R I TR

SRR AR E: 0 DO R AN O LI = K=
0 Wp
f, =min{ vy Az,‘i} (16)

p=1 k=1

o Y oM
fo=minf 35 Y X, (Ar, + ALV, ]
(17)
At W,—— R A E S W, = (1,2, k]
Q—RillcH 2k

M—" iz L N5 i
X, — YR AR W O RAT 55
WEREZZHLER N r TERWCE p 0955 kA0 (8]
WZ55EE5% X, =1, /WX, =0,
R 4l 455 700 ST 2% A RN SE PR s 1 L, O B B R
s B UL A
OB R WA B A B R A 1 A5
B LA AR5, LA R
Y X, =1 (VpeP,ke[1,W,]) (18)
Q%% iz Wl N 78 S T4 18 4T 55 5 A e ir IR
BHEIT 1 ANia i &, R &R
0=t (19)
Ao, YR E ML r LR A A 5
[
M Hlas N r BRE R T 55
[
@ i WS N 58 W 38 AT 55 5 J 1 B 208 K
TRRER , ARFEMNR

d
Ly

c,,<C, (20)
K C,— LA A r 7RI p BO5E & A E]
i 1 1 4%

C——HEB L N R R
2 HFNSGA-NHiAEEAEMRE

T AR B iz 1 AR R T 22 H bs DA )
A, AR SCHE T NSGA — I 3t % 553 B P gt 4 | 42 JRy i
S B AL SR i T 00 A P ds R A A 4 )y
Tgs 7 kAR 6 TR

U 5 2 B AL AN IR A R A SR M 23 )
BEATHA ot SR 15 Bl B U — A 5% 32 AT 55 i A N
PEAT— U BE DR SR, LB B A e as AR 55 9 2 SE R, i



%6 1

FF A HET WL IR B 8 Uk e 12 9 R S A Y 169

(| Essmconfe IR FE |

v

[ tmermps
v

[ WA T AR5 ]

Y
B

&—[MJ

SN
v
BRI, BRI
PSRBT IO
Y

[ WL R J

GeniR i RIEUEL?

Kl 6 NSGA -1 & e
Fig.6  Flowchart of NSGA —1I

ARG UG AU RE 23 45 58 8 1 B B ML N B 7
BN T R ERVE N NSGA — 1T 83 Fh e b i) —
AN A AN PR SR S AN B b R AT AR 3K
B RIEAC R S 2 J5 , 77 A2 Pareto 5 A0 B 9 A1 8 A
fif4E

HE B0 8 A UL — YR AR S R, I 58 B AH IO 98 B
G T — AR B AL N e R T & XA
VA RAE N — Yok S m A IR0 A h &
SRR N W, P AR R SRR . o e 8
R Q x R W4 M 3R 7R, R Oy Jie KR WO 1] 7
AN R N 25 A 5B HLER N5, Fon thiz i iz
BLES N S8 BRI p (FT80) 55 kA (FVE0) B[R] 6 N
(9 HE 5 98 4T 450 0 L 4 R A 3 AN BB ML
ar N, g o0 g 5 75 =S An 18l 7 Ji s o 24 5 1 )
HOBE 3 SR W 52 B s ) 7 2500k B, 22 4 51 B AL 9 T
i HLaR NS, AN B2 WK Ko B oo A

w1
FEl | 6 | 6 |6 |5 | 765|576
FE2 | 7 |5 |6 |6 6| 5|65 ]6]s
FE3S | 5 |6 |5 |5 | 5| 7|57 ]6]s
REL | 6 | 7|7 |7 71616 5] 7] 6

B 7 Bt i gy X

Fig. 7 Chromosome encoding method
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T N 1530 328 9 Dl />, Al A2 77 P AR ol i d2 AR R 9/, i
RBCRB AP F . M B P NECR S 3 AR,
JO7 3 B SR W 4 Al A AL B ) D 13411 s, A
BT NTRMOE D 52.3% , WARZR Ny 84. 4% 5 5
T I B R s (FR, 0.7 ) B AR A 7= A ol i
] 320. 3 s, AHEL T A TR ML /b 88. 6% , W3R %K
N 95. 7% o WeHb, B e iz HLaS N ECE i 4k 25 1Y
T, A AR 7= PR AL S () W AR 2 B TR E o AR
T, X 0 2 B S I (FR, 0.7 ~ 1), M AR
TN B 07 3 B AR AR 7 AR b I 1] X BE AT AL

BT R 5% 35 B {EL FR,, A 55 bR N A 8K
P, IF AN RE 3K 5% 2 B AE FR, X R YO 25 15 1 1]
sz 5 . B 10a af AL, AU 1 AN as AL
i NI, SR W5 B0 45 15 I ), T i il A2 S B 2R 7
TR MG ] 3 A K B B #e iz HLas A, SR Wi iy
SR IR 8] OO0 25 22 S, B0 AL A% A KRCEE X R A
S N ) 2 B AR A R T A P, i P R
ez plas N 2.3 4 Wi K 10b A1, 4
FR, <0.7 I, SR W (49 45 f I 18] A8 2>, e
17 B/ NS0 TR AT RE R Y % s ML AR i b
YR B0 5 12 0 I e s L g N AR 23 TE 9 B
e T 7 NI B G N e S T

FR, >0.7 i, ez HLas AR Gk b 21 08 e iz
(0 E S EOR MO S ) . Nk, FR, A
0. 7 I 4% 128 20 R MR 25 o I [ 3k B 48 AL 15
3.2 AR IR IR R SR RE X L
3.2.1 KGR Bit

Sy 56 UE A I AR Az N X R R ) 3
LR N O - i Rl S ES I AN S B i ]
(116°19'27"E,39°30" 42" N ) ) il M- i 1fiE 1k b A 2%
7, 38 57 R SUA T ARl 37 5 a8 1L o, R B R
60 cm 47N 120 em o WA uh v A EAF S A H
AR bR 28 A (0,0) , BLge N 1) Fir O« il 1E 7
], 10 26y y BAEJr ). gl 3 &FAT R H
B, HARERIY N 4 m, 3 KB SO AR BR Y
(1.1, =0.5)m (1.1,0.5) m. (1.1, 1.5) m,
IS RO E R 4 R .

BT AL 3 5
Fig. 11
x4 KWSHEE

Tab.4 Simulation test parameters setting

Tobacco field scene
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Tab.5 Results of manual harvesting trials by harvesters
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Tab.6 Results of harvest test of tobacco transfer system

based on reactive scheduling
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Tab.7 Results of harvest test of tobacco transfer system
based on predictive scheduling
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