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Fig.1 A cooperatively harvest robot with multiple-arm
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Note: The shadow areas denote the dead harvesting zones; “X” means the fruits
that cannot be reached by the harvesting arm.
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Fig.2 Diagram of harvesting dead zones of Cartesian
multi-arm robot
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Note: TL, TR, BL, BR represent 4 traveling agents(i.e. harvestinging arms); OT,
OL, OB, OR, OC are shared regions of adjacent traveling agents(i.e.,
overlapping harvesting regions). 1-36 are the No. of cities(i.e. the fruit No.). The
same below.
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Fig.3 Asynchronous overlapping zoning planning of 36 cities
(fruits) 4 traveling merchants (harvesting arms)
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Table 1 Examples of Asynchronously Overlapped Multiple
Traveling Salesman Problem (AOMTSP)
£ SEEA N 15 HEANILR
Sets name Sets symbols Elements in the sets
4:4E Universal set C {Cexetusive » Cshared}
Universf s}eﬁtz&fleliﬁu%ive cities Corctsive {0n,Cre Cor, G}
CrL {1,2,3,4,5,6}
LIS Crr {7.8,9,10,11,12}
Exclusive city sets Cir {13,14,15,16,17,18}
CoL {19,20,21,22,23}
' Pa S 3 Carared {Cor, Cor,Cor
Universal set of the shared cities Cog ,Coc}
Cor (24,25,26,27}
S A Cor {28,29}
Cop {33,34,35}
Coc {36}

T TR AT A ML I AT A P S TR AR TR R JE T X
AL, W Cr, FoRIRATR TL R BRI S, CoL R EFITIX
5 OL T4 & o

Note: The subscripts of each subset in exclusive city sets and shared city sets
correspond to exclusive city set and shared city set respectively. For example,
Cry represents exclusive city set of travel agent TL, Cop represents city set of
shared-city-set OL.
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Fig.6 Target fruits detection and localization and tasks partition in
laboratory environment
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Fig.7 Target fruits detection and localization and tasks
partition in orchard environment
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Fig.8 Simulation test results of 43 target fruits picking task planning based on AOMTSP-GA
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Fig.10 Simulation test results of 90 target fruits picking task planning based on AOMTSP-GA (group 2)

£3 TRREDHART 4 BEHEXBINFAESAXTERELER

Tabel 3 Simulation results of task planning of 4-arm cooperative picking robot under different fruit distribution schemes

. ; 524 T j AR K WRIE A . N P15 B B ) B K
gl g OO ey MRS PRI BRI g e PESEIRVIT K
. Distribution of - Total length of Numbers of  Calculating ) Average visiting time of
Test groups  Algorithms . Iterations . . Total traversal time/s > :
fruits traversal path/m collisions time/s single fruit/s
AILTiE & 8a 500 10.04 0 3.36 35.71 0.83
1
WAL 737 8a n/a 15.9 3 0.02 60.49 1.40
AICTTIE 9% 2000 19.51 2 5.25 118.12 1.31
2 KT & 10a 2500 17.13 1 6.45 95.87 1.07
BEA LIt 7 1 P 9a n/a 39.78 4 0.02 212.94 2.37

e n/a FoRAER], XA T RN LR A A AEYSOE IR R

Note: n/a denotes not available because the random traversal method does not have iterative convergence index.

3.4 XEHEIRMEHFEAD iRkt

NYSAEA ST AOMTSP-GA A1 55 RIS AL SE PRl %
ANZRGHIABE, ETHE 4 FrosiUE v ERHELE A
TEEEF 65 T & 52 bR AT 25 R 56

B e — Pl A A& % X (Unified Robot
Description Format, URDF) w5 AL 2% NI 1A S 14,
J#2ET ROS-Moveit! 5 450 C B IS 5 24 MUK 3% IR0
B E RN N RS 85 AOMTSP-GA Hik
& T ROS M B RGN, WIRERIEETT AL 1%
R LIE B AT R R 2 H b =4e M B AE S, JFmid
5] pR BRI TSR A A 2 AN B SR SRR Y, AR
J& A 20k B AR R SE P AE B kA IEAL 2

AN B 428 1) 15 23 )T ) BRI 28 70 s R AT R R A 7 )
1WA, P Moveit g S LRI AR IS 3 i fil, ARl
KATALE T ML, TERALE 2 ANE3)
FHENAPIE, WSV % B AL G 1T R K BARAL
B UAEA 2 MHUEHGA YaT KL BArfi B G, &
AT 5 R AT R, IR SRR A e A1 i, DA
WA KA N —Hin RS EEE, HER FRPIE,
H 2 58I RS 1] .

T ROS-Moveit! JF &K XU E 12 2h HLRI 28, 8 T
Ji OMPL (Open Motion Planning Library) #l#% Nigz#t
RIFE . OMPL i 24T opT LA Nigsh ik Bk, 1
T 4e 2 A 2R 2T AL A8 N BRARSK AR, 7T it 4
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e 2 PE N LA FIR P R 4 BE AR . LA 29 0K S I8 3
FARBEWT: D ARFEMR S XA X g,
WHE 2 MU AT X i KIE ey 0~1m; 2) H
TR, K 28 = AT BT EEAC 1 hE AL i & TS sl Ta R
#19 60° o 5% OMPL MUK 2L B /5, W0 Ko
e w41, AT e B RN B B, TR siE
B . 1B H) 0 AR 24 K F IKFast, iZRAR 815 3IM)iE
B F R AR, SRR BRI SRR, 2
H A0 3R E sl S i i ek 5k o thabh, R BIE b %
S el 2 AR, 86 o ORAE AR A IR I B RS 4
g S A A A g T G A

T8 2 MU e 4 530 A, R o0 200 SR A X3k L
HEJE R Xk R MES KX 0, f#%HMsIs4E
W 3 MRS A 4y 3 TS RIS 1 SR A Al
XIREL 5], LIXA0 11 FiRsE, R X040 5 FiRsL,
HEXI O /A 12 PURs; W5 2 B mgchESd,

L+ R. O FZXHSLHE A8 64 6 Al 165 36 3 sy
A%, Lv R. O BFIXHE M9 5. 3 A1 200 LU
FE R RN B 2 Fh 5 A ) b

IR WL 4 frox, TR 1, AT T
I R R BE AL T3 7%, 645 A A FE 43 /b 47.5% R
51.16%, 3 J3 K2 AR 10.69%F1 27.18%. 24 HsL
NA SR 2 I, RS AT T EEREX, 3 BT %R
MR S KEH BT R B, ARCTIERRAEV MR,
MR AN 2 o7 A Es BN [ AR BE B0 1) 5, 38 m
TP, AR GVR NG R R B AT g 2 i s
T 20.45%F0 23.33%. BRI —DEF, HRSTR
il 3 W, =FimPaKEREZRD, (HU R
BUIENN,  HE IA S5k B [ S 2 77 B 1 S i A W
ASCH I 5507 AR H LR ROR B R, A R T vh
KUK, 65T 8P RETK,  AH T IR R A BE AL
i, A D 12.94%F10 21.69% .

F4 TRRESH THNEHERMHRARMRLLER

Table 4 The experimental results of dual-manipulator robotic harvester under different distribution of fruits

oy RSN N L T T U T N S B R K
Test group Ar(x;our}t of fruit Algorithms Numbejrs of  Time of waiting in Average visiting time of Total traversal time/s Total length of
istribution collisions queue/s single fruit/s traversal path/m

£l AEL 0 0 2.30 64.3 8.4

1 fi: 5 TP R K2 0 0 2.57 72.0 16.0

A 12 BEHLILRI: 5 23.1 3.15 88.3 172

. 6 AELE 0 0 2.50 70.0 8.0

2 fi: 6 TP R K2 3 12.5 3.14 88.0 14.8

R 16 B AL ik 6 28.5 3.26 91.3 16.6

ks ARSLEE 5 21.4 3.15 88.1 5.0

3 £ 3 IR AR )% 12 50.5 3.61 101.2 6.3

20 BEHLAL R 14 59.1 4.02 1125 7.7

gi b, RENMBEREBL T, EHRESKE
X AV IR ] S A W SR, DAk 22 LR )R 47 3k [
BRI AR TR s RS BN EEEILT
SR 7 B A2 K FER R IR TE AN K, U5 ] b R 51 kS
IFRBA S o5 T2 AL, 528 U5 ) Bl AL AR 1 P
A SCAT S5 RN T7 58 VA D s I R A4 AR, 25 R U7 1)
TR 3 3 A% K X e I S e, AN TR] AR SR S 23 Af
SRAFTR, BIRRTERACR

4 % it

1) RSO A% R R el 22 LIRS A28 A CRAM AT 5530
RNVEGY R 520 B U5 I 35 2 i A7 7 ), R s Ik
BT I ESRE T PiEARIG SRR Tk
F AN [F) B 2B U 1) 38k 22 TR AT 7 D AR, 1T 43U 500+ 2 000
12 500 PIERSFUIRSCEERM, BA RIFREE:.

2) EFXF 2 ANHUBE U 1) 28 X ) SRS R AR SR I )
W, ASCTTIEGIN T BN, S AN AL S5 A AT 5%
FURI T e nAE 5, LS I KR A B bR, B iR E
BUINIRAN 28 P (i EEGIRE, ASC7EH
b BEALIE T 7%, 78 43 BUR S 4 1F T i Dy i K AT 46 fE
40.97%, 1E 90 USRS N 70 il B 2 W46 % 54.98%; R
T R4 90 U Sz () 7 e K 24 R A SC B 4.28 15 .

3) ELIERET, WET 3 MARIBOLIIRSL
fi, JFRE 2 MUV FIPh AR RS, S5 KH, AL
1E 3 PR ARTEGL T, ARSI BRI AN BE ALE
15, AR SCT7 3 D7 B 23 530 45 5 10.69% F1 27.18%
20.45%1 23.33% LA % 12.94%F1 21.69%.
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Task planning of multi-arm harvesting robots for high-density dwarf
orchards

Li Tao?, Qiu Quan®*, Zhao Chunjiang?, Xie Feng'?
(1. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097,

China; 2. Beijing Research Center for Information Technology in Agriculture, Beijing Academy of Agriculture and Forestry Sciences, Beijing
100097, China; 3. College of Agricultural Engineering, Jiangsu University, Zhenjiang 212000, China)

Abstract: High-density dwarf culture has the characters of high yield and easy mechanization, thereby to be expected as a new
development direction of the fresh fruit industry. In harvesting, the mechanism of multi-arm cooperation can remarkably
improve the operation efficiency of agricultural robots in the orchards of high-density dwarf culture. Generally, multiple
picking zone is are established for the collaboration of multi-arm harvesting robots, in order to assign proper picking objects to
every manipulator. However, these different zones can be partially overlapped, leading to potential conflicts of manipulators in
a robot. Path planning can be utilized to generate a trajectory leading the tip of the manipulator to the goal without collisions.
In this study, a global optimization using a Genetic Algorithm(GA) was proposed to solve the planning problem of harvesting
tasks with overlapped picking domains in the multi-arm robots toward high-density dwarf orchards. 1) A multi-arm structure
without a dead zone in the fruit harvest was specially formulated as a sort of asynchronously multiple traveling salesman
problem with overlapped zones. The following mild assumptions were made: a) The visual sensing system can precisely locate
the fruits to be harvested; b) The fruits covered by leaves were not considered; ¢) The exceptional cases during the switching
phases from one fruit to another were not considered in the planning stage, meaning that the traveling time linearly depended
on the Euclidean distance. Five rules were established for the manipulators to work with better cooperative behaviors in a safe
region of the workspace, where no collision occurred. 2)A modified GA was applied to optimize the collision-free trajectory
planning of a flexible manipulator, further to ensure operational safety without conflicts in the shortest traveling time. Gene
codes were used to formulate various domain-manipulator pairs, thereby determining picking sequences in a manipulator. The
total traveling time of travelers was the objective to be optimized, where the population of gene codes was optimized
iteratively in the proposed GA. In this case, the critical phases were coding and decoding. The double chromosomes were
selected to formulate various picking sequences. After that, three operators were introduced, including selection, crossover,
and mutation. The rule of synchronization was designed to avoid different travelers visiting the same cities simultaneously, to
cope with the asynchronism in a queuing situation.3) For the three fruit distribution scheme, once the optimized solution was
obtained, the planner can easily achieve the proper sequences for each manipulator to pick fruits via decoding the double
chromosomes. As such, each manipulator performed the corresponding task, and the overall picking time was therefore
reduced. The test results showedthat: 1) The proposed planning converged at 500 and 2 000 iterations, when solving 43 fruits
and 90 fruits planning problems with 4 manipulators.2) Compared with the sequential traverse, the modified GA increased the
efficiency by 40.9% and 54.98%, when harvesting 43 fruits and 90 fruits, whereas, increased the efficiency by 4.25 times,
compared with a single manipulator robot when harvesting 90 fruits. 3) Compared with the sequential traverse and random
traverse, the modified GA increased the efficiency by 10.69% and 27.18%, 20.45% and 23.33%, 12.94%, and 21.69% under
three different distributions, respectively. The contributions can be: a) A new planning strategy was proposed for the multi-arm
harvester to avoid collisions, where each manipulator behaved cooperatively. b) A novel genetic algorithm was presented,
where coding and decoding were first proposed in this field. ¢) The rule of synchronization was first proposed to deal with the
simultaneous visits in the queuing phenomenon during planning. d) A four-arm cooperative harvester was used to verify the
effectiveness of the system, where the ergodic picking of each arm can be achieved without conflicts within a minimum
duration. The framework can be generalized to many configurations of harvesters, suitable for robots with different numbers of
arms, different varieties of fruit, and different ranges of overlapped domains.

Keywords: robots; control; harvesting; task planning; cooperative work; traveling salesman problem; genetic algorithm
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