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Abstract: Aiming at the challenges of mechanized citrus fruit harvesting in natural environments, such as
complex environments and diverse fruit states, a multi-channel information fusion network ( YOLO
v5-citrus) was developed, to solve the problems of low accuracy of citrus fruit recognition, fuzzy fruit
classification and low accuracy of localization. Different citrus targets were categorized into “pickable”
and “hard-to-pick” by different occlusion conditions, and this classification strategy guided the robot to
pick them sequentially in a real orchard, which improved the picking rate and reduced the damage rate of
the robot body and end-effector. In YOLO v5-citrus, a multi-channel information fusion module was
inserted into the neck network to process the depth feature information of citrus to improve the recognition
accuracy of the citrus picking state. At the same time, the splicing method of the neck network was
modified to recognize the size of the target citrus. The clustering algorithm module was embedded in the
recognition part after training to make the final distinction between the citrus targets blurred by the

recognition in the training part. Pixel alignment of a depth image and a color image was performed after
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recognition and 3D coordinates of citrus targets were obtained by coordinate system transformation. In the

dataset processed using multiple enhancement techniques, YOLO v5-citrus improved mAP and precsion

by 2. 8 percentage points and 3. 7 percentage points, respectively, compared with the original YOLO v5,

respectively. It maintained higher detection accuracy and faster detection speed than other mainstream
network architectures such as YOLO v7 and YOLO v8. Through the detection and localization test in the

real orchard, the localization error of the 3D coordinate recognition localization system for the citrus target

was obtained as (1.97 mm,0.36 mm,9. 63 mm), which satisfied the grasping condition of the end-

effector. The experimental results showed that the model had strong robustness, meeting the requirements

of citrus state recognition in complex environments, and can provide technical support for mechanical

harvesting equipment in large-field citrus orchards.

Key words: citrus picking robot; object detection; state differentiation; 3D coordinate acquisition;

complex environments; YOLO v5
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Fig. 1 Example of captured image dataset
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Fig. 8 Clustering algorithm effect diagram
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Fig. 10 Color map and depth map of citrus
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Spatial coordinates transform
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Fig. 12 Acquisition of citrus target center coordinates

D4351 BUAHHL , RAEEIERIR Ty 1280 1338 x 720 5% .
£ 7 3 B ML (Intel (R) Core (TM ) i7 — 12600 CPU,
2.6 GHz, 16 GB N f£; NVIDIA Geforce RTX
3080GPU,10 GB & ff ), Windows 10 #:{F & 45 T #
it PyTorch R & 27 2 HEZL , K| ] Python i 5 % 5 2
AR
3.2 REIMREITFAIER

{ifi JH A 5 28 ( Precision, P) (73 Al (Recall, R)
FNAE 24 % B {4 ( Mean average precision, mAP) {E
B UEASE T P RE 8 A5 o B ST FE Z A
DI AN H S DI 32 JF LU B 0.5, %5 ToU &
BN IEREA, L 2 TAREA .
3.3 AWHER
3.3.1  JEEEBRX

SRy B E AN [R] 2 A e o A SO B R O Y
W, ¥ SE ( Squeeze-and-ecitation module ) , CA
( Coordinate attention module ) ., CBAM #1 ECA
( Effificient channel attention module )4 Ff i3 2 J1HLH
o3 % 1 4 A ASE HOA i el 3l i O A AR 2% i
# 4 WAL SE 5 CA BEHU A M 28 5 1 R 5 71
K BE Y H 2 K T CBAM 1 ECA #E 4l A W 4% J5 19
ORI CBAM 5 ECA B H 75 45 1y 22 5 - 8 B2
YIE AT 95 0 T, CBAM #EH Xt T W 4% (1) 7 [7]
PRI E T ECA B, AH L H A 3 B k2%, CBAM
A LU 25 SR ARG H bs AR 3 8] e A 09 [R) I e Jo
PG 10 38 3 R AE 25 B T R A SCik # CBAM 4 A
F M,

x4 EFENNHLIKRE

Tab.4 Comparison of attentional mechanisms

N Wi/ BEE/ FHRE  BRNES
E=IL X

% % Yt/ % J&/MB
CBAM 87.3 83. 1 89. 4 14.5
SE 84. 1 81.9 86.3 14.5
CA 82.2 83.0 87.5 14.5
ECA 87.7 80. 6 90.0 14.5
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Tab.5 Comparison of loss function

. KR/ GER/ FEREE BRNE L
4% oF 5X
% % Y(E/ % i /MB
CloU 88.5 82.6 88.3 14.5
GloU 86. 1 81.5 86.7 15.3
EloU 87.2 83.3 89.1 16.1
SloU 88.7 79.9 90. 4 15.5
3.3.3 JHmlAE
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Tab.6 Comparison of ablation experiments
Kimy Bl PR BRINTE L

SloU MCIFNet Middle CBAM
/% F/% /% JHiE/MB

x x x x 885 82.6 88.3 14.3
\ X X x  88.7 79.9  90.4 15.5
X Vv X x  89.1 834 90.1 13.5
x x vV x 91.9 81.7 90.6 14.7
X X x V. 87.3 831 89.4 14.5

Vv Vv Vv Vo922 838 911 13.9
T x 7R R R T M BCHE J7 v,V R R T e T s
3.3.4  K[A] AR 6 45 R T L
3 s 2 5 O T T S 2 A W L R = I N S O
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YOLO v8 255 3 454 10 75 A [ #5355 1 47 U1l 25 A
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FU G T 23 M0 5005 52 380 8249 i 418 v, 50 oA i 179
YOLO v5 M4 AE Bl R 271 3.7 A 1 70 o, P EIH S
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Mo RN TR BE IR B 34,1 /s, £ A 7E H AF R AR
H, BREEAILEA T RS R o M B R TR I e s i 22
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Tab.7 Comparison test results with mainstream models

By te R

Kimy il PR

BB % % H% R, HE/

MB  (fes')
YOLO v5 88.5 82.6  88.3 14.3 45.3
YOLO v3 80.3 77.5  79.8 55.7 22.2
SSD 85.9 81.6  85.1 32.1 21.9
YOLO v7 90.1 82.2  88.3 74.8 31.8
YOLO +8 87.5 83.3  89.3 18.2 38.2
YOLO v5-citrus 92,2 83.8  91.1 13.9 34.1

ZE E AR, 3 A YOLO v5-citrus 2 6 il [ 4%
A v g B e Y [ LA o R A A R R T A8
JEE, I YOLO v5-citrus 73 /2 52 ] M 68 19 i
PN RIUE T BRI KB H 3R LR A PR R I . 2
HE R 258 4580 55 4 YOLO vS 9 4% 850 25 R an 151 13
5K 14 Fros .

(o) B B ) BRI R
13 %5 4 550 o AH A R I 45 SR

Detection results for dense and sparse citrus
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Fig. 14  Detection results for exposure and backlight citrus
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Final detection results

®8 MBRI-HLERRMER

Tab.8 Results of citrus three-dimensional coordinate detection cm

s FLSH oAUIRIED 1% 2%

1 (33.4,56.9,79.2) (33.14,57.43,79.23) ( -0.26,0.53,0.03)
2 (47.6, - 14.4,24.9) (48.7, - 14.86,24.32) (1.10, -0.46, -0.58)
3 (79.4,32.6,63.9) (79.86,33.94 ,64.73) (0.46,1.34,0.83)

4 (-3.0,10.5,63.7) ( -3.35,9.44,63.90) ( -0.35, -1.06,0.20)
5 (46.3, -9.8,80.3) (45.78, -9.30,76.34) ( -0.52,0.50, —3.96)
6 (-32.1,-22.1,100.5) ( -31.09, —23.25,98.50) (1.01, - 1. 15, =2.00)
7 (-45.9,-29.4,104.3) ( -46.72, -28.60,101.70) ( -0.82,0.80, —2.60)
3 (-40.6, -49.5,191.4) ( -39.46, —47.02,193.90) (1.14,2.48,2.50)

9 (16.5, -22.8,137.2) (15.02, -21.02,134.30) (-1.48,1.78, -2.90)
10 (43.3, -16.4,203.1) (41.97, - 16. 15,205.60) ( -1.33,0.25,2.50)
11 (-12.3,-11.1,61.3) (-13.87, -11.69,59.50) (-1.57,-0.59, -1.80)
12 (18.5,-8.5,83.9) (20.23, -9.83,81.60) (1.73, -1.33, -=2.30)
13 (40.1, -4.7,74.9) (38.83, -6.11,73.70) (-1.27,-1.41, -1.50)
14 (-34.2,-19.5,70.5) ( -33.93, —18.87,69.00) (0.27,0.63, —1.50)
15 (-11.2,-12.5,43.1) ( -12.26, —14.27 ,41. 44) (-1.06,-1.77, -1.66)

R 8 AT, X B K22 M 17,3 mm, PR
224 1.97 mm; Y iR K% 208 24. 8 mm P H) iR 2%
90.36 mm; Z fli e KR 2Ny 39. 6 mm, FHEIERZEN
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Tab.9 Successful identification and accurate localization N N " J P N
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