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RESEARCH AND APPLICATION OF ORCHARD APPLE
RECOGNITION AND LOCALISATION METHOD BASED
ON BINOCULAR VISION

ABSTRACT

China is one of the world's largest apple-producing countries, but
traditional manual picking methods face issues such as strong seasonality,
high labour intensity, and high costs, making it difficult to meet the
modern orchard's demand for efficient harvesting. Image recognition, as
the core technology of intelligent apple-picking robots, directly
influences picking efficiency through its accuracy and speed. This paper
1s based on convolutional neural networks, combined with binocular
stereo vision technology, to explore the recognition and positioning
technology of apple targets in depth. Starting from the analysis of the
actual environment of the orchard, methods are proposed to enhance the
accuracy and robustness of apple recognition, thereby accurately
identifying apples and obtaining three-dimensional spatial coordinates,
providing more precise picking location information for subsequent
robots, achieving efficient and precise apple harvesting. The research
results of this paper are as follows:

(1) In response to the issue of insufficient detection accuracy of
apples in orchard environments under severe occlusion and varying
scales, an improved detection method based on YOLOVS is proposed. In
terms of model improvement, YOLOVS5 introduces soft non-maximum
suppression to replace the traditional non-maximum suppression
algorithm, enhancing the detection accuracy of overlapping targets; it
adopts optimal transport allocation to optimise label assignment
strategies, improving the model's matching accuracy in multi-target
environments; at the same time, the backbone network is replaced with

FasterNet to improve feature extraction efficiency and speed.
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(2) In response to the difficulties in detail detection for apple
detection in complex orchard scenarios, an optimisation method based on
YOLOvV7 is further proposed to enhance the model's ability to detect
details such as colour and texture. The specific improvements include the
introduction of the minimum point distance intersection over union as a
new regression loss function to improve the accuracy of bounding box
regression; the incorporation of an efficient channel attention mechanism
to enhance the model's sensitivity to detailed features such as colour and
texture; and the replacement of standard 3x3 convolutions in the
backbone network with depthwise separable convolutions to reduce
computational complexity while maintaining detection performance.

(3) To address the issue of decreased detection accuracy of apples
under multi-scale distribution and spatial position variations in orchard
environments, a fusion enhancement method based on YOLOvVII is
further proposed to improve the model's detection robustness and
accuracy in complex environments. First, a spatial enhancement attention
module is introduced in the neck network to enhance the model's focus
on the spatial distribution of targets; secondly, full-dimensional dynamic
convolution replaces the original convolution structure, enabling the
model to dynamically adapt to different feature scales and improve
performance in complex scenes; finally, the C3k2 ScConv module is
added, combining the C3k module with spatial and channel
reconstruction convolution for structural reconstruction, further
enhancing the model's ability to fuse spatial and channel features.

(4) To meet the comprehensive needs of precise detection and spatial
positioning for mechanised automatic apple picking, a detection and
positioning method based on YOLOvI1 and binocular vision fusion is
proposed. This paper combines the Intel RealSense D415 binocular
camera for three-dimensional distance measurement, first completing
camera calibration to obtain the intrinsic and extrinsic parameter

matrices, and generating disparity maps converted into depth information
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through a stereo matching algorithm. Subsequently, denoising processing
of the depth data is carried out using sorting algorithms and bilateral
filtering, and finally, the spatial coordinates of the apples are calculated
based on the principle of triangulation to achieve high-precision
positioning. The YOLOv11 model was converted and optimised on the
domestic  high-performance computing platform RK3588 to
accommodate the computing power constraints of edge devices and
improve inference efficiency. Experimental results show that the system
has an average depth error of 0.0148m, the detection and positioning
effect is relatively stable, and it basically meets the practical application

needs of automatic harvesting in orchards.

KEY WORDS: apple detection, binocular positioning, deep learning,

object detection, model deployment
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Figure 2-1 Five-layer deep learning model
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Figure 2-3 Convolution-filled strategy
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Figure 2-4 Maximum and average pooling operations
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Figure 3-1 Image sample of some orchard apples
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Figure 3-2 A sample of data-enhanced images of some orchard apples
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LENL% . YOLOVS HISKHZ M G R A i e E A . kA 57 AR s H
b )3 FEAEFN S T . YOLOVS KA 1 —Fr e i Sk fas#, i 3 MAE R
FEE PR 2 SR TN AN 5] KN H b o T ARG DU A28 [ 3 s — 8 43, BX R — 28 5 b B
FEAR e 0 28 B 1 R AR PR 40y E ARG 45 SR, 0 5 30 S 0 7 B A B R S MR

YOLOVS 5| NERAEMR KAE##) &AL G AR S R 55005, 38 2 H bR 1k il
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¥ B 5 SR B A AL S 20 FECAR A AR 25 43 TC SR W, 36 o A TR 7E 22 B b PR35 119 UG P90 R A 1 5
A B 2 X 25 B ¥l FasterNet, VA3 SRR IESE BURCR AR B . W] 3-4 @il
e B e S5 R

Backbone

Input

Embedding

l

| FasterNet
Block

Merging

Concat C3

\[ | I I

| | I I

| | I I

| | I I

| | 1 I

T T |

| I I I

| | I I

I [ |

| | I I

| | I I

| | I I

| | I I

| | I I

| } 1 I

: B :

FasterNet [ o | Lo !
Block i Conv Concat i i i

| | | o .

| | I I

! 3 3 - Detect |

| | I |

| . gl L |
FasterNet ‘ . Lo H
Block | Concat Conv L !
| | I I

: L1 ;

. | | I

Merging ! Concat Do :
| | 1 I

: J L1 |

FasterNet | Do D |

: tect
Block i Conv 3 T etec !

&l 3-4 YOLOVS S0k J ) 2% 254
Figure 3-4 Improved network structure of YOLOVS

3.2.2 Soft NMS

SR el B85 e 3 AR AR K IR AR A AT 2 B R A A AE A BRI X3, 3 L)
S H SR, AR AL A 1 JEAR K (B #0 ) (Non-Maximum Suppression, NMS) 5% 2>
W 15 e v LA PR AE S () LA A A il 4, 5 B0 B 1S AR R A 4, AT
HY LA AL RS ) A7 00 (A I RS B R B

£ YOLOVS JRAH A () NMS 22 3R

S, RS BTN AE 4% B ELAE BE m EEAT HET KRB B AR RHE
EAERTTH .

MNEAE B fo e B TN AR TR 4R, v S5 G 5 H A T A 2 ) ) EE s R . TSSO B
(Intersection Over Union, I0U) & F K A7 & 1 SAE 5 10 FAE (] (3 X 38 5 [X 3k ] ) 22 S 7%
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FERR R . Bl TN AME R AZ R AR 5 IR T AR ELER R BT E SRR
n RIS TR 5 A5 B e v RO AE 22 Ta] ) o B R P e UG e T REL, IR A=
Rz TAERD G4, RO EAR AT REXS R [ — > H Ak . 285 AN B (R 4% 1 1)
HEREAT FIWT AN, BB P HE AR AL B 52 B . NMS mf DA IR 93 3-1 o

{S Jjou(M,b)< N,
S, (3-1)
0,iou(M,b)= N,
fela, 23 NMS 4P S, BABIE AR 7 EEEREIE, HFRBEEHES

T2 R i (R TUARAE

BRARR K ARG 34 (Soft Non-Maximum Suppression, Soft NMS)47IZE JF Sk ) NMS )
Benl BN AR B, INTETINLE], DR ORI S s B R RS
I AMHER AR5y, A F R EEEE S KT RENSER 0 INGIEZRRE
Soft NMS AN :

(3-2)

3 S, ,jou(M,b,) <N,
" S (1—iou(M,b,)),iou(M,b) = N,

2 3-2 1 SO i AN TINE AR5y, NOWBIME, b Ronsh i DTIIAE, M KR
B e ) LA o
EIPNCE=3 25k G FASWAR

iou(M ,b;)?

S,=Se ° ,vbhgD (3-3)

1

N 3-3, ZoBUEDY 0.5 N 2 ok, TIUINHE 577 e 13 B2 A b o

IR BUG 2 AR AR 45 70, AR ERREDY 0, IXmim] UOR B KoLk
1570 B TRIAE , AN T E 5 292 400 P o 0 e B9 A0 g IR PO AE F T EE o 3o X v
BAER A7 2, BEE A Rz ARG T ARG Y A ) )
3.2.3 wffEimsrEe

AL 443 BE (Optimal Transport Assignment, OTA)“SHE JE T B AR AL S FE B 1) — Fb
Tk, CORARZE S AR AN B AL AR ) R o e E i T % A ) TR AE 5 R S N T
PRI TA) ) R B HE R, A A R 7 V4R B e 0 L7 5, AT AT R DL e Tt
TAE 5 BLSRRVERE 2 [RI0 NE R, R EE B /b JR YOLOVS 4% 1 B 507 T
XSGR BE A, AR 2D A4 Jmy B A BE ST B R OSSR o R T ARSI %
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BN R B ARk UL, P S B S DL BRI R SUE R, AT B E bR
ERRA I I A 7E HARRTIN A, BRI AR R PRI AE T — S TNARE T S B SE AR AR
FEARVCI RGO, PR — AN BRI AR . 22 AN TOMAE A 15 e o R e i i OTA R
AR5y FL KNS, P LUR T i fif R IX B AN 56 BEDURC AN 2 06— DLRC 1 0L, IR 4 &
JRiAE B A 3 TN A 5 SR A 2 1] P 22 S AT 5 2050 e 3 TR 11 3 AR I 1t
KA A FEE ARG 1D 1) 7
OTA I s Hfe A% i 340 U7 vk N A AE 3 SR 0 H AR krll o, 4 3 SEAE (Ground Truth, GT)
RMONGER B, TRIAERLA R ¥, SRIGTE GT FIATA WAL it Sis A, 38
I TR ARAS Hhi A 1) B3 U Ok R IEATARZE L . BUE GT RN m, TIHE
RIBCEA ny FRZE N GT ISR FIIAE K A ¢ g
cff =L, (P"(0),G™")+al,, (P (8),G™) (3-4)
X 3-4 o R SHL, L, FKoax7r 4K Focal loss, L, J9[EA#2% IOU loss,
G NHSERIARRE, o RS, po 5 P RN o, I TN S 55 A AR o
FENGERET, BT IERESR I, 2 RERA N FREA . Wi — AR
B AR -
cf =L, (P"(6),9) (3-5)
X351, gRRIIERHE
W PR TETEAEA GT M TRIAE R A, DA ESA GT 720 Tl
HEHCE k, AT LU Sinkhorn-Knopp 53R B e MR A LR 7 o AR5
AR 3-6 FioR:

(3-6)

7Ty 2 0,i=12,.m,j=1,2..n
3 3-6 Hs, Ron GT A M IEFRZEE, o RO THINAHEXS BRI FRAE o

e A AR B MERRA T 5, HAR A TAE ST 2 AR GT RSEILbR
R -

M

23



RT3

3.2.4 FasterNet

FasterNet! & —Fh = 8 12 AL RFIE BRI 2%, 15 TELE CRIEFISL ARG P2 11 [ B 552 3%
BT R S S BN . 1% 24 254 32 BT 4> 45 # (Partial Convolution, PConv)
5iZ 5458 (Pointwise Convolution, PWConv), F%H T i HuAb (K5t S g LU T 45
Py RAEVEFNIE BV o FasterNet B PYANBY Bof i, BEAMF BB — Mk Z (embedding
layer) 5% 3 2 (merge layer), L&A TANE L HEZ N FasterNet Ht(FasterNet Block ).
RN F T N ARFALE AT 20 () N SRR T4 R B TE A, DA T 5 2 0 45 S BT 2
G SUE B & IR B T RE ok B AR R EERRAE, DU SR 280 2 R H br
F SRR R

FasterNet @AW 4 g5 M A% QAR o, R T —MBE Bk % (Inverted
Residual) #5#), @M% e B0 T8 . BAKIM S, FasterNet HfH—4> PConv JZFIH
> PWConv JZH . PConv JZFE 1 B f N UG 2 (8] 25 A4 i[RI, 3% 40 3 1 kAT
BRRAE, XPPAKTFR I A B 77 U SRR IE R IA B8 RT3 T KR T iR
M PAS PWConv 2435 FH T 1838 45 5 @B W, 25— PWConv & 7EIk/D FE1iE B
FRIEIE R, TR ARG S B 44, 45 —J2 PWConv W47 5t Pk =838 K, {1
RHEH A R IRIBRE ). EIREH, @i 7% % (shorteut connection) K A\
S5 RRAE AN, 32— 2D SR AR B K il /L, JE BT 48 I R A e

FasterNet B854 K LT i s iy sk f5 M4 anl 3-5 Fios . BRI A -
iy NARFAIE ] 1 i PConv JE AR BUOCHE I 25 (RS &, Bl 5 AR UGl IE P4~ PWConv 2 58
JRE T 45 A R, RS SRONRHE T IZ TR, R A R I P
WA TR AERAAE SR B B R0, B35 T % R B A 42 SR A5 B IR I & A
CIEYAP

TEARSTWE T, 41X YOLOVS T MM SR THE B HOK 1 i 4,
51\ FasterNet {F N # 31, il id [ FasterNet # #t YOLOvS J5 4 [ CSPDarknet
T, LA RO AR S H R SRR, KBREMEENHR, FER AR
R 0 H AR RS B2 o X Bl B e AAOE F TG R &8 R K, 18 5L bry
S PR SERT H ARKT IR Ged At TN RTAT AR T %
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Input

! ¢
Embedding
PConv
v
FasterNet 1
Block
1 PWConv
Merging 1
T
£ BN
FasterNet
Block || EEEED I
L3
Relu
Merging
!
FasterNet PWConv
Block
I
Merging > Add
' !
FasterNet
Block
!
Output

3-5 FasterNet Ht
Figure 3-5 FasterNet block

3.3 B YOLOvVT

BEXT T 2 RT3 b SR RAE B . SUER ST RRAE B A X, AR T
YOLOvV7 KR IARAC T, LAk — B SR T R AL 4075 B 7 T U BE 1. YOLOV7 &
Ultralytics A 7] - 2022 4F 4 F#EH b — A B AR, 78 2 A A8 48 Ll
B URE RS, AEAT I B S MR R A S TR B LT (State-of-the-Art)
BRG] N T R R IE Al A 454 (E-ELAN) FUT 5 3&E M ALE] (Task-Aware
Learning), 355 7 7E/N HARKLIIFI & 43 50 R RORIL, e 5I0E F T 0 A6 D RS 32 22
SR LR SRR R FE R N RS . YOLOVT MR BN Z . T 4 AT
i — WK Lg AL, Herh SR B T 4% 48 YOLO i) Neck 5 Head DRE. XA
S5 BT B T AR R AR S RO AR INRS B, 17 P55 vl v s 8 9 SR A I 2 it 5
CDEAGE %S EEN
3.3.1 YOLOv7 M4k &E#

YOLOV7 FE AL 0 2% 25 K B an 1] 3-6 BT o

YOLOV7 5l N5/ mUBE B A8 I LUARE T i) [ T 403 2 R 0, 8 v s SR T 3 £ 74 f
Py I\ @ RCEEVER U], B SRR U . U AR T RRAE (D BURE . T
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K 3-6 YOLOV7 4% &5 14

Figure 3-6 YOLOv7 network structure
TR bR 3X 3 BRI B MO IR W B AR, 7R AR T 558 % B 1 R I LR R A
MvERE. i 3-7 RAEAUE UG I 28 2R
3.3.2 MPDIOU

JF 461 YOLOVT # %L Fil CIOU(Complete TOU)451 5k bR Ak A7 1 FHE R T . 4R
CIOU HA — & iR R, M LA 3 500 AE L5 32 S LA AH [ 56 w5 L H 58 o 58 42
R O o ZEIX ARSI R, CIOU S LLAT 20 Il P FIME 5 B SEHE 2 1) 10 25 57, Wits T
USRI . T R RX G o) J, AR SCSR R T — o T /0 I 11 30 AR A AL
JF Bb A B R v A /DN R B8 A2 9 B (Minimum Point Distance Intersection Over Union,

MPDIOU)SH % 5 B, L4 FAE 1 . MPDIOU B 5 H-54 U 20 FHHE 15 295230 7t
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/o

|Idct:ct(l\-IPDIOU)‘ |Idelecl(1\IPDIOU)‘
[

[cBs

-ﬁ- = Cum’ BN SiLU . = S Upsample

S DSConv| HDSCom DSConv HDSC‘um
A
CBS

Backbone

K 3-7 YOLOV7 Bk J5 X 25 &5 )

Figure 3-7 Improved network structure of YOLOV7
M) 2o A T M R TR e /NER RS, RIS RST AH 22 AR R B A S A 42 T AE S5
LS AE 2[R PR % TR G 2R
MPDIOU [it8 4 N T = AP 8%, Bk Kl 3-8 Fion:
PR B THS U E BT A S i B SR ) S B A T M R BB R J, o
x My Ron e B R T M AR ER, A o HLSEHE, B RoRTRIAE, A= 3-7 #
3-8 fTR:
df = (x' =x) + (' =) (3-7)
d; = (x5 =) + (3 = »7)? (3-8)
AR THSL T B 5 B SEHE 2 18] 1) B S TR AR(I0U), 22Ul 3-9 ok
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jou=ANE (3-9)
AUB

MPDIOU 184 F LA N A 4 BE B A0 10U 8404 5 — > MPDIOU 4%, Hh
HRREGEE, wRIEGRHSEE, A0 3-10 Frs:

d; d;

MPDIOU = [OU - (3-10)

W +H W +H

3-8 MPDIOU
Figure 3-8 MPDIOU
i 3 7 S el S SR H 51N MPDIOU, R % 1 5 0 25 52 3% S ¥ e i 58 7, MPDIOU
e 1% A ff A FROIUHE 5 B S HE 22 ) PSR B AT Oy ) 222 S, RIS 5 4 A Q0 P S SR A
ARX Gy, REWEHR i R A [ TR S SR W 1) & 12k
3.3.3 ECA
T B B 7 7 Sy WL (Efficient Channel Attention, ECA)P ' & A HL#I & —Fh H T
RIEZ BB E N ) R B JURIEE 2 I PE] . BRI 0 AR IE4EE E I TIER
JIE, LSRR PR AE RIS TR AE . 5 AR E R IHLRIA L, ECA VEE JIHLH
BAWRERRE G BRREN . GRS KRR e A w2 AN 8 E AT
—ANEFEEIAL, RIEEE AR R A A R B AR BT R AE, I E A S
ZHEIRD . ECA R WL E 3-9 B,

28



RT3

L A

K 3-9 ECA

Figure 3-9 ECA

ECA {ERIHLHI A R T35k . — 4850 Sigmoid sREA . EAFREER)
FHOE P N RGN 28 2 1T, BN AR HxWxC BEHE .l 25 Pt =, %
B R RN 1xIxC RHESEE . AR5, S — BB k EREEME, £
FREALR A B2 PRI 0L T S 0 5 i A8 L, DAk /MEE R S 4. dJm, i@t S Sigmoid B
B A X 2 BE IR AL

AR CHE B E YOLOVT HI5 55, 67, 80, 93 JZ] Concat ik A\ ECA % & /1
HUE, Gl 3-10 Frzs, DA SRR 3% RAFAE R SR BRIl & B8 77 o 1% AT DU AR A
[7 J2 K R R i £ o B 00 3 A (SR A 5, AT 2 o e 3 SR s PO 01 i

3-10 kR ECA VER FIHLH
Figure 3-10 Embed ECA attention mechanism

3.3.4 DSConv

R A] /) 55 45 7 (Depthwise Separable Convolution, DSConv)P, J& —Fl i 5 24 ) 4
FUERAE, @il b BRI, TR S HEATHE R, RN SRR S5t
FUAH M PERE . TEA S ok DSConv BEELSI N F YOLOVT I ETFM %, &t
T 2% o JEAT 1Y 3x3 AR A, DLIA B BRACE AL i TH SRR H K, BRG] 3-11 s

PRAEG R — AN = 4R DR 38 0 N RHIE B AT B AR AE . 2B s R 2 A ilE
L, BRMEERZIER A S 2 ANEE, A EE N N AN R R R HER R
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CBS J, DSConv —DSConv Jv DSConv -+ DSConv CBS —
ELAN ={ I
CBS

] 3-11 Backbone A\ DSConv

Figure 3-11 Backbone is embedded in DSConv
T A B R 2 4 i 5 R A (0 RS FE I BB H, R RS v R T B RO

DSConv ¥ br 5 FEEAE 4 N IZ IR E 5 B (Depthwise Convolution, DWC) I £
% F (Pointwise Convolution, PWC) 4N 5 1%

DWC I — /N3R5 ik 28 o) B AN i N\ i Sl AT B AR . B T iZ B 3B
FANEE, R RIS FRE, T SR IEE R, i NRRE BB E 5 TS
A% T AR N BRSBTS T K T AR, X Ry e R AE
F 7 B RIS R TR A%

PWC A F — AN nr i #8605/ HRFAE S b AT 5 80, B st B A 1+ 1
BT FH 4. B B BB LA 2 AW R ARSI, BT LR Ak E
AN G S, IR A R EE . SREETELL, BRI E
EANSRED, BN E 55N RHIE 1 38 18 2R E b

S5 NVREER] 73 AU, 7] BLFE YOLOVT W E T M Hhig /b it H &, mA
S AR ERE . X AT LR R () R RN HEEE A AT, R IR T S SR AR ) AR R
HURH i & e
3.4 B YOLOvI

St SR el B 558 R S SR 2 R 43 A7 AN 4 ) A7 B AR A 2% 1R AR IR BT BRI ) R
AHEHEET YOLOvIL [MRhGG9EI7v%, DA R AE SR IR R i Aan il & it 5
K. {8 YOLO RFIMIEFRA, YOLOVI1 FEA LK 5 2Lk Jy i k47 1 4
[T+, flé T Transformer 454 SO M =R ML UL X SIS BRSHAR, B3
PRIt T RLALLE HARKT I R RS L V2 AL RE IR b RS R

YOLOV11 7E i1 43 3% 2 UG AL BRI EE KA s S I 5 7 T AT T R ARG, &
T2, MEREE, WREMESIRY R, RHEESRIESE & ARIE 1
HARE TS o Bb4h, YOLOVIL 351N T BRI 0 25 280 5 (R AL I U ZRini A2, 78
TG IR FE 1 (RIS S B T SR AR A R B SH RS, RS B S MR R 2 (R B TR A
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3.4.1 YOLOv11 M4&4E4
WK 3-12 Frzn, YOLOvIL FYRI8 850 £ B FEE T ML REIE GRS X 28 046
Sk WX 48 25 JLAN S 49

Conv

Conv

Concat

T

Conv Upsample Conv

-

Conv Concat l Detect
f ;
— | Upsample Conv
s v
Conv C2PSA Concat
?
Backbone Neck Head

3-12 YOLOvI11 M 4% 45 #)
Figure 3-12 YOLOvV11 network structure
Backbone #& H Frfa iR A (1A% 0, 2 A ST IR IVEHR IR Z R IE . B T 4% B LA
HERHI B, P 4% (7] & 7 35 b L (Spatial Pyramid Pooling Fast, SPPF)if 1 &
C3k2 HiHe Al C2PSA(Pointwise Spatial Attention, PSA)Z5E i My Bl . C3K2 HEHL 5
YOLOVS 1) C2F ik, TEHEHUTE F 5 FRAE M R AR 7 S8 E AT E . 9S8 C3k
W H Y FALSE I, C3K2 &80y C2F &, Bl HL Bottleneck Jyi% il Bottleneck: X
Z, 2 C3k ¥ TRUE I, Bottleneck HiH Il #0y C3 A, SPPF & HI R 5 /X 25 2
B 6] RBE H AR HO4RE . C2PSA &t C2F BB d J&, 454 T A& sk, bl
3G SRARFAE SR BRI TE R 0L, 4 s A EERRAE 1 P e
Neck #7342 Backbone Al Head, 1 3% Backbone 4 U 4FAEEAT Al & A1 58,
RTINS AL 2 RBERFAE . HHARFAIE 6 77 35 I 28 B A2 B 4 T 248 AL S PR R AIE il 45 T 45
A LAVR JE IR R w8 S8 SURFE SR 2 40T AR AE,  AF e L3RR B8 ) IR 1E B
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SR TR L2
Head @B 5, 3T AR USRI EE 3, Ba 8 2 Mk, &AM
M3k B BT O AS [ RUBE H AR B3 FHE . S0 B A B
YOLOV11 B SE1ESHHE ) 25 5] N2 [A] 3 ey 5 g B, SR ARG B A 2 8] 73 A7
OGTERE s H S A4S S BB R A BN, BAREE A 1E BAS R Rf
ERBE, IREmE RS PRI BGMA C3k2_ScConv Bk, 454 C3k fH 5%
()13 T8 A AR AT 25 A, 0 — 2D Y SR Y 1) 2 ] 5 d S AR R R R . ]
3-13 Fias NEHEJE YOLOVIT RR&% 4Ky B

s

Conv SEAM
v !
ODConv >l ODConv
v
o Concat - Concat P3

f
ODConv Upsample —
|
# —‘
P4

‘ ODConv ‘ - Concat ODConv Detect
J t v
Upsample Concat
oo | [ cwss | —
*
SPPF SEAM P9
Backbone Neck Head

3-13 Mk YOLOvVIT #1485 W 4% 15 it
Figure 3-13 Improved YOLOv11 neural network design

3.4.2 SEAM

TR S 2R R P8, SRR PR RS . SRR A K ST RS S T A 5 A
RAIRA IS, 5 SO B2 T M. FZEERAE T, BSE R 5 b 3 B b
SR E S G R RER, AORRE DR SR A H AR REIE . DRl IO\ A IR e AR
(Separated and Enhancement Attention Module, SEAM) 5315 i T8 74 o 38424 H A (1604600
R E . SEAM A% O A FH 7 384 5 R BE 42 X I )RR AIE 3K, DATR AN EERY DX R RFAE 4 2
I 5 ST X el 5 AR R DX A (AR DG B, B AS T B R A B (R QT o, (AR
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TR 2 AR

BEOS A BB DX B E B, AT B AL o SR S SR A Ml B 7). SEAM (1)
HAETAERFER

(1) FRAEFEEL: SN R EG B RS — R ERRE, REBAEFEEER
IR IER IR .

(2) A EER K SEAM PO SR LB e b #EAT A0 3, A BE R )
B v ) B R B R AME R AEARER T A B AREAE 1) B B (K R A B AT R
T HBEER.

(3) B a1y 3 ) I R R R . i b5 SRR R AT B AR 3R s e i 7 U EAT A,
0] 7 5 0 7 O 00 i S L X A AR R

(4) Hr: SR nBUS FIRHE B HE N R M4 2, 120 58 A AT 55

K 3-14 JEIRT SEAM [{JZE#JLLF2 CSMM(Channel and Spatial Mixing Module,

CSMM) 4514 .

Patch Embedding

! } ! GELU
CSMM CSNMM CSMM
Patch=6 Patch=7 Patch=8

@epthwisc Convolutior)

GELU

Average
Pooling

[T

@ointwise ConvolutiotD

GELU

3-14 SEAM ZEH) 5 CSMM 45 #%

Figure 3-14 SEAM architecture and CSMM structure
SEAM (AR QUL 22 M e, B = A AS A RST ) CSMM A . % A B o 3of
AR R EERFAE ISR, BE 0S5 JR) 0 DX 3 AN 42 JR) X I TR S ORI, 1 s RF AR s 22
P o 22 ROBERFAEAE R A5G o JC N R B , RERS A R R A S SR AP T I I A AR 2K
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CSMM HBLHR I T 4 45 M 7E A7 I 7 o 1AL BRI 3 2 ) RIE T8 {5 6 28 LA, 3
B RARHAERIE, R0 GBI O . RAREE R A4 -

(1) Patch Embedding: %% A B &4l 53 1) Patch #EAT BR N, $EHURFRFE .

(2) GELU(Gaussian Error Linear Unit): JEZ U %, T 1 iR IE R IA e

(3) BatchNorm: #it&H—1k, Fe Il grid et sl sk.

(4) Depthwise Convolution: ZEIE A, k>0 (¥ [F] I OR B 23 RRAE

(5) Pointwise Convolution: % £, B [x1 HBFALI B ERHAEIEAT A, 158
REAE B 1 42 R R R
3.4.3 ODConv

4 Y FF 5 2545 #2(Omni-Dimensional Dynamic Convolution, ODConv)S4RE % 1 i A
BYRRIESRERE Sy RIEA SR R IR . BAFERE &5, ARG ERIEE
DATF] B SHE X 26 2 R A REAE, S BORI I fe T % . i@ 51 N ODConv, #EAY7E 7] 4
L ONIETE AN HOEE S 2 AR ERATEhAE, ISR B8 IS B A
PEHHE T 1) SSBREAFAE . ARMEZN AN E L, ODConv 1] LU I Bl T T =K

Y=(a, Qa;,0a,0a,OW +

3-11
wta,, Oa,0a,Oa, OW,)*X ( )

X 3-11 , BRI ES Bl e, Fon, S0 HNEE DL s =
AGERE S IR B @, € R\ a, € R, a, e RO =AML . EATRIE % Lk &
T AT H

TESEGLR AT 55 7, FIH ODConv i & B 2% > 2 U RHE 38048 TR B
BCE HRE 0, A R TSR SRS RN BAR ARG /). il 2 4E RN
AL, ALY AT LS oA v b R ESE R DX I R AIE , R S, AR R R T

ODConv I 45 FRAZ A [ 4 B 7 AN 7] B33 (B R SE B B e, Hogd
. IR YEE (B 3-15a). Far N JETE 4EFE (B 3-15b). i 48 5 (K] 3-15¢) UL S BN
%YL (B 3-15d).

3.4.4 C3k2_ ScConv

A8 R Bel P85, S SR DR AR, PS4 17 5 R ALE $i R X, S T 5 e A R e S 2

DN Y BRSSO G 4 S SR A By, AR SR FH 4 [R] A 38 B 4 45 A7 (Spatial and Channel

reconstruction Convolution, ScConv)#E S A C3k2 1A C3k # Bottleneck 4544, I+
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SRR 28
%N C3k2 ScConv #iHL(C3k2_ScConv FH #4541 & 3-16 i7n), ScConv AR
T 3 50 2 (B AR5 A AT IE A RE AR R EEAL, A ARG R 1 AR SRR AE SR RE T, U
DIERIE ST, ScConv AR H 7% [8] B A% ifE 2. 76 (Spatial Recalibration Unit, SRU) A

1M 18 A% #E B0 (Channel Recalibration Unit, CRU) P 2 ik, H &/ ankd 3-17 Fios.

b Wm acr' O] Wm
0 Ve =l
O%ci k
k —
T v lﬁ ] (_‘
k in ( in k o
(d) !
[7..W,1 a, O[W.. W,]
out k (‘mk Cm aw k (m k. C'”
Pt (9 lﬂ 1?1_, H
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Figure 3-15 Schematic diagram of ODConv four-dimensional attention mechanism weighting to
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Figure 3-16 C3k2 ScConv Module Replacement Diagram
35



RT3

[ e T e e e R |

| N /4 < |
| | .

| 7V W, — — X" X7 X"l |

| *@> E 4()(}»@» 1 <y Ay

Ve W ) |

| e |

| " * B |

|@mn| 1« @ W= 5 — (8) sigmoidsirien 2 (X) 4 @wfit )m @)conca |

R - 1 s i J
) A EX

] o g 8 S A

HIARFIEX Y 33 Y
SRU H /L—[ CRU |»( )}~
Y

[ = 7 T ™ 0 7 T T T T E

| |

| - I

| L/’ ! Yl Softmax CF—/»’& I

/ [ Y
) e @)
L (1 - Avepoo X)

| o — PWC (Y - |

2
| 53 F(Split) 4 (‘Transform) il (Fuse) |
_____________________ -

[ 3-17 ScConv FEHRL45 1) ]
Figure 3-17 Structure diagram of the ScConv module
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x'=w®x,

X} =W,®X,

Xiex;,=x", (3-15)
X ex/=x",
X"ox"=x".

ANE] He gé ﬂiﬁl?‘a Tb/\’ 1=} 15H fﬁLi_z‘x ‘J'TJ/\O i_tﬂn ~
SR SRU ReA 22 B2 B TUAR, (HICEIH BRI IE4EE F IR - CRU @t 73 F1

FEHORTAL O SRR E— S BT . 0 AR X W2 Py, A
RS RN, 135 X, A X,

AR 45 7 4 345 A3 (Group-Wise Convolution, GWC)HA PWC, 43 il HEBL =) #5457
TEFIA SRR . RE R AR B I 42 R P AL A Softmax 3 — 4k A2 BBUE 1] & B, A 3,
B AR BB AL IR IBRHE Y = BY, + B,Y, -

itk JE IR C3k2 ScConv MBI T ScConv 2% )45 4E AN 38 R0 (R BB 75 LA, 3
SRASE T A RFAE SR ENRE 7, RERS SRS HEML IR AR T HARIX S, #H1E St R
AT 55 IO HE R 2 A0 B i b
3.5 ARG STl
3.5.1 SCIGIFIE

SZIS FEHLA AL FE 23 Intel® Core™ i7-5820K CPU @ 3.30GHz(12 #%), @iT WA
32GB, &4 GeForce GTX TITAN X, A7 K/NA 12GB, #:4F & %N Ubuntu 20.04.6
LTS. TRJE 5 SIHESAE F 4% PyTorch 1.12.0(Python 3.8.13), CUDA fRA N 12.2,
3.5.2 THN#ETFR

AR Z A TR Y AT 2 B AL (R VP Al, IX Se 48 b A 35 K 1 26 (Precision, P).
7 18] Z (Recall, R) ¥18 “F- 241 ¥% & (mean Average Precision, mAP). 15 & LA K k6 i 22
I8 ~F ¥ k5 48 FH TOU(Intersection Over Union, IOU) {8 A 0.5 #4715, BIH
mAP@0.5 KA & H AR AR R E . LA 2 & 2RI AR VR4 A 4

(1) FEBZE . FE R — A T 20 EB R PPAR Fia b, 37 I T30 A T 2R A A
5T TN IE2REEA I L] . 2K 3-16 7, TP(True Positives, TP) 2 1% 78 F5030 1F 7 () 1
%144, FP(False Positives, FP)I| 2 A6 47451 15 ) 9 IE 1 R IR 2K

P TP
TP+ FP

(3-16)

(2) AFRE ). CRAHERMKI A IEREARNEE ), RrBEiks 20
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HIERIEFEA, Sem 1 B BT A Ay B 4% T i FE A 1 78 35 B8 /7. 3K 3-17 1, FN(False
Negatives, FN)Z& 7 & 585 1 A 51 A IEFEAS S

R— TP
TP+ FN

(3-17)

(3) ME V- H0KE B H AR R AT 55 b LU R PR REVE AR FE A7 . mAP 38 i i 2 A5
TR 2528 0] b RO RS WK 32 R g e B AA A W 12 i o m AP 2 T 95 7)) AP(Average Precision,
APYHE VP35, RS Ll e A T bt S RS 20 (R AR U 1 BB . mAP I HUEYERITE 0 3 1
ZNA), A B RN B A PR R AR, 2 3-18 Hh d FRORMREL, AR TR i 1
S-S5 R RS FE

1 d
mAP=EZAE (3-18)

(4) 1HE R, HEENESEERE, R &R 2 AR 8 A
GFLOPs(Giga Floating Point Operations per Second, GFLOPs){E A B AT 1 & . ALY
TS SRR R SR S B A o T SR 1 2 /0 0] DL AR R ) T A R
T R T R DA R AR R I R R B o DR A SR S R R LR A R R
AT BEUR 2 (B IR, DAY AT 55 75 5K

(5) Keillmi%. FPS(Frames Per Second, FPS)Je fig & A ol B i it B i, e 740
PG RR B, R A B LA AT 55 R A HE P o S8R (W B 2L FR bR . FPS B
RN AHER R R, MR . THRE AR 3-19 BroR, Hid r ROREE
BT SK ]y TALEE . HEER DL A 5 Kb 2 AT 75 (0 B 1] 0 SR

FPS :% (3-19)

3.5.3 WEEXWERE SR

N T IRUEA TR At A YOLOVS. YOLOv7 FIgdt® YOLOv11 Sk HA
BEOFRIRCR, AR R, EORIESEIR ISR JOUEEE . DR AR 58 A AH A (1 1% 1o
F, ff [} YOLOV3. Faster-RCNN. YOLOv6. YOLOv8. RTDETR*®), YOLOV9. YOLOV10
H BTN AT 2 Rl H AR DB BEAT X ELSESG . ASHE 7T LA mAP RSB 2R A0 43 1] 3 2%
TENEEFM4RR . LI 4 RN 3-1 fios.
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22 3-1 FRANT L S8

Table 3-1 Model comparison experiment table

A P R mAP@0.5 GFLOPs  FPS
YOLOv3!!1 0.792 0.683 0.762 155.3 32
YOLOVSL 0.826 0.698 0.795 108.3 34

KGR YOLOVSL 0.831 0.724 0.817 71.3 36
Faster-RCNN!®! 0.833 0.711 0.820 323.5 21
YOLOv6L[!12] 0.779 0.678 0.744 391.9 19
YOLOv713] 0.819 0.727 0.803 105.1 37
A YOLOVT 0.855 0.738 0.831 59.2 49
YOLOvSL[4 0.836 0.675 0.797 165.4 31
RTDETR-LI¢! 0.816 0.692 0.778 - 20
YOLOV9!!3] 0.806 0.703 0.774 84.1 41
YOLOvI10L®! 0.827 0.673 0.782 120 32
YOLOvI1ILU!T 0.829 0.714 0.810 87.3 31
Mgk % YOLOvVIIL 0.864 0.736 0.848 58.3 38

WRAER 3-1 L0 Wy LIS H 4510, A SCHRH s YOLOvIT SR &
280 ST R 7] S SR ARG D 5 R o i BVRAE 2 H AR A I R TS T 84.8% 11 mAP,
f.-F YOLOV3. Faster-RCNN. YOLOv6. YOLOv8. RTDETR. YOLOV9. YOLOv10 4%
B 8.6%, 2.8%, 10.4%, 5.1%, 7.0%, 7.4%, 6.6%, RNt T FHi YOLOVS.
YOLOvV7 VAR H et i AR 5.3%, 3.1%, 4.5%, 1.7%. Lt4b, YOLOvI fEXERSE.
[l 2R AR A T T R IR 57 o R AR M2 (FPS) He ik & YOLOv7 i 11 L
YOLOVY ik 3, {HAREME I & SRR i 755K o 10 H., BRI TH 3 5t 2 BRI e 10 5
B B EE SR, [ I 2R U AR EORSE RAF IR I i Seae B nf Lu R W, A LE
B FC AR A AR DL R AE SO A o, BSGdE Y YOLOV 1 RINE AT, G tkResmtl, &
e A% T 2 5 o SR el 3 R S SRR I 1 7 oK
3.54 HRASRIEEE RS M

ARSCE b 1 B = T RO L S50 SR B0 AR SCHE H ) = AN SSOEEAR B (1 55 A SOk AR
PR
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A YOLOvS SREe45 RNk 3-2 froas, BL YOLOVSL ey, Jefdi i
Soft NMS SR & e  J5 A7 1 NMS, 2038 JFUR RS o) J0 AR (1 40 3875 20, mAP 271 2.1%.
SRJG P OTA KB E R AL AR 25 0 Bl 07 20, W hn 25 2y BB A B4R i 1) L, mAP
FHHRTE 0.5%. #Joffi] FasterNet Ht 246 3 W 2% b (14 45 AR HAE S AR AAE £ 5
%, mAP [#{X 0.4%, GFLOPs J#/> 34.2%, FPS H4/n 2.

% 3-2 kA YOLOvS 7 9 fih S 06 ot iR 3%

Table 3-2 Comparison table of ablation experiments of the improved YOLOvVS model

A P R mAP@0.5 GFLOPs  FPS

YOLOV5 0.826  0.698 0.795 108.3 34
YOLOv5+Soft NMS 0.812 0.745 0.816 108.3 30
YOLOv5+Soft NMS+OTA 0.825 0.752 0.821 108.3 30
YOLOv5+Soft NMS+OTA+FasterNet 0.831 0.724 0.817 71.3 36

B YOLOVT 5250 25 ANk 3-3 fiow, LA YOLOvVT N ZERIE A, 5] X MPDIOU
% B HOR B A R R A B TOU #5K %, mAP $271 1.2%. FHEI0 ECA JEE bl
fil, mAP FHETF 2.5%. /)5 DSConv B #t T W2 3*3 (&, ERFFR
RS FE 1 150 ) A R0 AR Y (1 T 55 52 2% B AR IEAS MG B, mAP F1I 0.9%, GFLOPs
/b 43.7%, FPS 0 2.

* 3-3 ik A YOLOv7 BEAL i il sz 06 ot B3R

Table 3-3 Comparison table of ablation experiments of the improved YOLOv7 model

TR P R mAP@0.5 GFLOPs  FPS

YOLOV7 0.819 0.727 0.803 105.1 37
YOLOv7+MPDiou 0.840  0.728 0.815 105.1 36
YOLOv7+MPDiou+ECA 0.836 0.774 0.840 105.1 38
YOLOvV7+MPDiou+ECA+DSConv 0.855 0.738 0.831 59.2 49

B YOLOVIT SRER 45 SR ANEE 3-2 s, LA YOLOVIIL JyRERiAA, Jafe S
W25l N T SEAM = JALE],  DAIG SR 1) A3 [A)VE R ) RE ) mAP BT 1.1%. F
i ODConv ;#0465 Hh 11y A5 BB B, AR 7L G A% 136 9 2 > AN ) RLJBE RVRRAE 1) A6 A%
mAP FIETF 2.5%. f/a i C3k2_ScConv B, HGaRE R K RFESRELEE /), R E
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K R AT HirX I, mAP $#2F 1.5%, GFLOPs /&> 33.2%, FPS #H0 10.
2% 3-4 U A YOLOVT B3 fib Siz i of 8 %

Table 3-4 Comparison table of ablation experiments of the improved YOLOv 11 model

Rt P R mAP@0.5 GFLOPs  FPS
YOLOv11 0.829 0.714 0.810 87.3 31
YOLOV11+SEAM 0.848  0.698 0.821 89.3 29
YOLOvV11+SEAM+0ODConv 0.859  0.703 0.833 64.9 36
YOLOvVI1+SEAM+0ODConv+C3k2_ScConv ~ 0.864  0.736 0.848 58.3 41

3.5.5 KMLER D

TE SR FE 3 AR AT 55w, 77 LR 25 BRGNS 5 T DA S 2 50 % Jo S5 TR 3%
LIRS CRAG I Y 7E 5 B B F R A Rl AT e S AR . AT SR T S R AR IR . R
JEAR A 2 5 5 AR B A, AN ST S ) R R, AR URAR HE T =R e R
PR TR AR FE R 5 R AR IR, $E— R T YOLOVS Byslud Bkl 77, A
RULR AR T RSN RS AR A SR (U R s LI, ket AR 2 R e A 5 S SRR
LUFR RSN T RFAE N 0 R, DR R T YOLOVT MARAL SRS, LASH S AR 7L 6t
TS RAVBAIRE s B, MR URSE SRAE 2 RURE 7 A 0 2 )AL B AR A 2% 1 T A 0 5
BEVEAS R 8, Bt 7T YOLOVIL IR 3G a3 7k, DA BRALAE B A 55
RS e P S AR INRS B2

I AR AT A, AN SO AR I S R T A R T, B R EA TR
W, BOAE T & U7 R I0A & . R — SR L SEEe , Su# Y YOLOvIL £ 2 A
TR A R I B A, AEVERA R . [l F S SRR T R, I A I R S
B3 T SR 7 T 27 B R 3 25 HE 81 J 46 = 4 s 7 S8 BT G AGH TR 38 1 38 v R, O
YOLOv11 5@ A F e bl F 2 R A1 R G5 b R I A5 2

Nt — B IAE DR YOLOvVT 752 bR R e P85 v i S ROR 18] 3-18 R 1%
BB 4 R . O ERIE B AR (LA IR m e B X, 8 6 3R R AR
REX 3D B 7RG H AR DO SGTERE ). FEIERTE LT, Sl AT e B A
BIReAEmh R nSE R E . AR s, gk AT AR IR AE W8 e A AR A,
O3 BB 13 5K BeE R TR0 Dy e R X . AR T, B SR ) YOLOv1T A7
SRS DIPTSR H AR, R T SR ()RR ME SR I BE 715 B bR IR R e
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Figure 3-18 Test results of experimental scenarios
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FONE R AR LR TSR, &R TRV R, I B R ABSRMBUIA ST AR
SR, RS FEARXBUIC, 2 Fr e AR 7E — 58 I PR . AR 1% #5 F4% Kinect V2 Fll iPhone
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Figure 4-1 Diagram of the transformation flow of a coordinate system
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Figure 4-2 Affine transformation
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Figure 4-3 Perspective projection
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Figure 4-4 Euclidean transformation between the world and the camera's coordinate system
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Figure 4-5 Coordinate system rotation transformation diagram
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X, 1 0 0 || X, X,
Y |=|0 cos@ sinf@| Y |=R|Y, (4-7)
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Figure 4-6 Picture of the camera calibration board

MBI G, R IEA PR E@EP I AT RME,  FFrHFAENLI N 2 R A &

B ki kav pivop2s kso HH, ki kos ks REMEEREL, pry p VIS R4, A
an 4-12. K 4-13. K 4-14 FoR:
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Figure 4-7 Camera calibration visualisation plot
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Figure 4-8 Triangulation
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Table 4-1 Apple positioning experiment results table

5 I & PE 2 (m) SRR B (m) MXTiRZE  fXiRZE

1 0.968 1.000 0.032 0.032
2 0.874 0.900 0.029 0.026
3 0.778 0.800 0.028 0.022
4 0.686 0.700 0.020 0.014
5 0.585 0.600 0.025 0.015
6 0.492 0.500 0.016 0.008
7 0.439 0.450 0.024 0.011
8 0.390 0.400 0.025 0.010
9 0.342 0.350 0.023 0.008
10 0.298 0.300 0.007 0.002
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B FEA. BES , SE I VR RIS P I, B T =4 5 0 2R G IKURE 0 1 D R

52



RT3

ZJa, BRI T WA R BB RGRBOR S B, JRas R R S T — 44k
PSS N T SRIOCE R = e br,  SEIIXTSER I =4EEhi. fJa, oirsesmaiR, &£
WY AR B U5 iR A AT SE B L B . AT AT T OSSR ) = 4 AR A1 1Ak
N ERSYIE-E S NS ) S-S s P Ed R N~ 2

53



RT3

F58 REERGNEMRZSLI

5.1 RGINEE

HOAT, Bk RGeS A AT 55, TR P 27 2T 19 H A A S 7R 2 vy 14 e e 55 28 i
T R B B BB A RS 5 SE I PR I . SR, X SRR 55 %3 W AN A B B
53T "%/ GPU (40 NVIDIARTX 88 A100 251D, AMYYIHRIA A R, 1 A s
ATHEY IR TRIEFER R B TR IR . A, AR 5% 25 i il 2l o 7 B O B AR S
IEYEN RBAT R ROR SRR, X0 T R 2 0 il AR BUNU R S AR LR, AMXUAF
RS AT T, TG & BN RS 5 B E S A B v S IS o), AR b PR o
TR FAEARN — R A 5 N .

PRlte, D7 SBR[ AR 7 28 MR AR 2 AR B A, A SO B A &
WEAERITHE G, &G mEm e B8 SR AR, FTiE—&s,
R R R R R G, ZRE S R AR E R IR AR, T
s B REAL KT, AT A3 P P th Be g e pn P8 S ] o FEREAF 7 1, A ] A&
I BRIR I IE N A ) HANAR AR BE Y Intel RealSense D415 J4 A HLHEAT & Hdl R
8o ZAHNL R A R RAE RGB IG5 IR LS BAURRTT, RefE 3 SR 2 Ia) g A4 it &
T =R AN SRR, 38 A T R S AR A M A PR S P 1 B R R R

BT EREFEAR, ASGRHIFEI 7 —ERESMHENL. 2% HE %S5 YOLO H
A ISR ) SR B AT R . RS, DALS HNLRE R EGEERE RN,
25 P 25 4% PY BN A ARG DA FRY R AT 0 AT, SIS SR KR (14 S B A 00 5 o
SENL. KN R4 E AR = MO IR BIGCREE . RIGHER, 45 R S5 Ab 8,
HARREW N

(1) WEEE.

F4i48 H Intel RealSense D415 IR BEAHMLAT S el BRI 1EAT EIGCR £ o 1ZARNLER R T
LM% AAMEAZ ST RGB 18453k, BERSTEA [F) I 2% 1 T B2 AR R P JR
REJJ. &Gt RealSense SDK SHHHLHEATIEAE, SLIXS RGB H5IREEGH F 2K
A FETHRT ISR (15 N\ L 5, SRAR B 1) MR TE IR N A I ASE 2 2 i g 28 3o PR 1 o
FMe . RAPE— ST BARAE, DA TR AN R PR BE 26 1R T 3 58 H bR (1 & F A

54



RT3

Ho RS 2

(2) HEPLEIE .

TE GRS RHR I B G 5, X G IE N YOLO F 51 1) B bk A AL
BEAT HARRG . YOLO M8 DL 280, 5 S Rty AU P e vz B FH T ik 3 5
o ASCHRERA TR0 T RK3588 S it Hk s b, HEBMHNER NPU
(RKNPU)D of A5 7R HE P Gk FR AT DI, AT R T 58 49 10 52 I 1 17 R 0T 1 TG Ak 24
k. MR R BRI g TN B BEE A EARAER, NESE
[ 2 ) 5 S 4T T S o

(3) T E R,

YOLO HEAY5E i —4ekarillf5, & Guf kil 2] (110 FAE (5 B 5 D415 SREUKERFE &
REAT RGP PR JEE P ot 7 DX 3 A5 3R R P (B G AN S SR AT 4 s g, RIHLAE
ST PR ) S B s (] AR . GBI Z AR S R, RGRE IS A S RAEAHNLALFR R
T =LEALE, AP NPT 5 S B 3R 55 SO AR RIS RS H s e [
RGFRG T RFAT IO T AT 7R BAE e il A0 ARSI o, DA b 2
BT E B PSR AL .

52 R&ZiFIt
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Figure 5-1 Binocular camera and RK3588
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Figure 5-2 Functional flow chart of Apple detection system
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Figure 5-3 Orchard apple detection renderings
5.5 RE/NE

ARG R T RSB IE BRGNS ISR . %k, ERGYRT
oy, KRG EARTh e A L FAZCAT S5 AT T RRIR, BATH T H AR5 2 A E A
EEATE R, WAL T R E AT .

W5, fERGEMBIHS, HANA T IR G A S R, Rl
TGO RK3588 A MIALITH P&, % FER&BANE S FEE M0 %R,
N ARG SIS AR A PR R HE TR SR A IR R . RN, A5G R TIRETE R, X
BRI A SR BT T VR0 A, M T SE B R T Re BE K

FERETRY BE 3 SRR E 5 0, VEANTHE T RKNN P& RKNPU (8 i s 4
T IR S I RIE S E R e . B SRR . B A & RS, fEH
PRSI ASE Y BB 7E 00 5 1 4 BSRDMIRAEIR IS AT, IR T 76 52 2% SR R 53w A 0 s
5 ) S5

61



RT3

B Ji s ZGEIN 70 R 2R G B S BT DA B SR e PR I8 AT RCR AT T RE
WAL KW, RGERENE . RIS B DL SIS Wi B e 77 5 T 2 R B R, i 1
Rl B SIS = 4 ALK S PR B 7K

Zibpng, ARE|EMEAT Gk, KGR T PR AL L8 5 S bR,
T TR RER SRS, AR T RGBT R ATYE S A R, MO R S
KBTS M SL IR 1 — € RS 5 S5 1K

62



P SRS R AT
FooE REERE

6.1 ARITIERL

TEARBEFH, EEXHRIESE RIS, REGITE THmEME. Bk, M
H 5 fir & 10 280 28 45 22 A J7 T LA

B, BRUIATEAA B R AR SR, B A AT AN 2 R
T 00 PR SR el 3 A I R £, IR FL kAT HAcHe 1 mp A B b v o AR S A IR el S SR A
AT 55 B)%F 22, % YOLOvVS. YOLOv7 BAJ YOLOvI1 = BEEHAT 7 ek @it %y
W2 iy R, B T BERLRY (RIS BE R B, F HSRI s R, K
3B J5 A AR S Tl 3 A AT 45 b AT et 1 R B

FOUR, a3 B = 4 5E A 52, B 7K R A B A% A5 8 2% Intel RealSense D415
FNLBEATARE , BIhAF 2] T HNLEI N AN S EOESE B T A bnie i . 285 ST AR DL RC 05 3R
WORFEAG R, MSEBgi R n] LG B, AT T R A 2 5 L AE N B Zh AR
2 H 5 3K o

e, SRR RIS R e AL R GE . W B H AR SRR T B,
MK AR B AR G e b, JRSEIL T SN 3 S A SIS A U AT e 07 o 7 30 25 3 4 AN
BURT A B AL S RO , SR m R AR, 38 T AR AIONS PR B oF B B3R A0 75 K
15 50 58 & A 7E L b Bt o S A
6.2 AIRMREX

AW A R R S e AL R G BA EE MR L, ERGA R TSR

BRI e e RE TR S AR B 52 ST BOR, SE3L 13RI B k.
BRI A E AL, A RCER TGN TR TR, fEm 7 REE SR, JFE

& T NTEAS, it 1 AR A 7 BB AT R 5] ) 2 7 28 DA e Al »
FEAEEN AL REA BT OCiE— 2P . HH BRI, IZRGNERRIHLA N 5EH
REASHLRE & (1 B FH B8 T s O BORIER, s 1 Aol A= 7 1) B ah AL BERE, JFE BT
AT 57 Bl TR ) L

BEANAHIE FEAT Bl TR BEAH SRR KR AR o AT A SR M. ARl
SRR R 25 02 5 D7 T EAT IR AR FUANSE B, A SS U R R e e it 1

63



RT3

Ha IS AL I, Bt 5 B PR 5 G A B RS T , ASOUAT DU
SRR, AT AT B A AR A R AR %5 p, BT N AR, T2
B2 5 ) FT DAHE S 1 LAt o 37 55 0 8 AL PR v, (R A B8 R A 6 4 T O R
WAk, BT SR B = e f ik, A SRR UL AR URR E R, AL AL
ST BRI 7 A R R R 7 28, LB A BARAE A AT, ) 157 FH B A 2 B
HESHAE T, IR A ML 38 N 1 J A 7 FH HERE
6.3 FEFRM

REARRE TG T — 8 A, (HAESERR A Al — L kiR . ok, HoRdem
PR PR, e 4 T 7 o6 SR b 2 AR S 4, WIRRIRAS . B SRR
AN, M RAE F BRAE P E R, WS R, TR R,
BR324k R

LU, FETF U WU A = 4 52 B0 RS BE Y SZABNUAR B « 418 DG I 5995 A0 BR 15 A8 1k 2%
BRI, B85 Pl ae B2, M S 8 iR AF .

Ak, RAESINT AR G A, BRI G MR T A B
WA A7k S IFEESE IR, SClHE G 2Tt 2 1A
6.4 RLE

AHIF S TR L £ S5 ] 3 A DI 5 5 37 2R B A S T S el 2 A 5 BRI 1 0 AR il 24
E TR, AR S ARy . R TAE LR 7T % T A

(1) F REAREIR, BEETL MM, KB RBERER, DR Z R R
PRI, BARIE R AR

(2) FEIESCBRRHIR, 4 RS B R FHL A N 4% b, 8 B8 SR A rh 6
WEHARE, Feife REGETERE.

(3) IHIBR 5, 4 R GHE) & Al R BRI 5 A, SRR AR
PR e R A N | % R RS VA 24 45 5 T RO TS

64



RT3

[1]
[2]
[3]

[8]

[9]

S 3Hk

2021 4 B A LS SR P b R SR A A (e e A T AR [J]. A B SR 2K,2023,43(01):1-8.
£ A SR B A TS E - [INT AR R H 4,2023-11-18(007).

MR, = % T BRI, 55 S SR UL RIS B 5 24 46 W JC BILIR [J/OL]. ARk A2 25
1,1-12.

MR BRE DL, B0 E RS SE AR LA N SSBEBORTE U BN 5 R a #5 (1] 4Rk TR
2211,2023,39(04):1-15.

i 75 22 A W, S 7R 28, 5 R IA T A A SR AR AL A% N3t B B B 78 (3] AL A L =7
,2025,56(02):420-428.

FPEE R AT 2R SRR A HL A N AL E AR ST AT 7T RE e (0], ARk R
1%,2017,33(10):59-69.

VR BB, B0 R A SR R AL N SRBBORIE LR 5 A i@ 3 0] R0k T A2
#45.,2023,39(04):1-15.

Shaoqing R,Kaiming H,Ross G, et al. Faster R-CNN: Towards real-time object detection
with region proposal networks.[J]. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 2017, 39(6): 1137- 1149.

Redmon J, Divvala S, Girshick R, et al. You only look once: Unified, real-time object
detection[C]//Proceedings of the IEEE Conference on Computer Vision and Pattern

Recognition. 2016: 779-788.

[10] Redmon J, Farhadi A. YOLO9000: better, faster, stronger[C]//Proceedings of the IEEE

Conference on Computer Vision and Pattern Recognition. 2017: 7263-7271.

[11] Redmon J, Farhadi A. Yolov3: An incremental improvement[J]. arXiv preprint

arXiv:1804.02767, 2018.

[12] Li C, Li L, Jiang H, et al. YOLOvV6: A single-stage object detection framework for

industrial applications[J]. arXiv preprint arXiv:2209.02976, 2022.

[13] Wang C Y, Bochkovskiy A, Liao HY M. YOLOvV7: Trainable bag-of-freebies sets new

state-of-the-art for real-time object detectors[C]//Proceedings of the IEEE/CVF
65



RT3

Conference on Computer Vision and Pattern Recognition. 2023: 7464-7475.

[14] Varghese R, Sambath M. YOLOvVS: A Novel Object Detection Algorithm with Enhanced
Performance and Robustness[C]//2024 International Conference on Advances in Data
Engineering and Intelligent Computing Systems (ADICS). IEEE, 2024: 1-6.

[15] Wang C Y, Yeh I H, Mark Liao H Y. Yolov9: Learning what you want to learn using
programmable gradient information[C]//European Conference on Computer Vision.
Springer, Cham, 2025: 1-21.

[16] Wang A, Chen H, Liu L, et al. Yolov10: Real-time end-to-end object detection[J]. arXiv
preprint arXiv:2405.14458, 2024.

[17] Khanam R, Hussain M. YOLOvll: An Overview of the Key Architectural
Enhancements[J]. arXiv preprint arXiv:2410.17725, 2024.

[18] Liu W, Anguelov D, Erhan D, et al. Ssd: Single shot multibox detector[C]//Computer
Vision—ECCV 2016: 14th European Conference, Amsterdam, The Netherlands, October
11-14, 2016, Proceedings, Part I 14. Springer International Publishing, 2016: 21-37.

[19] BANF L. 2 R L 5 ST I 2% 19 5t 1 3 R I 5 %€ 2wk 72 [D]. % MRAR LK 57,2024,

[20] Font D, Palleja T, Tresanchez M, et al. Counting red grapes in vineyards by detecting
specular spherical reflection peaks in RGB images obtained at night with artificial
illumination[J]. Computers and Electronics in Agriculture, 2014, 108: 105-111.

[21] fa[, 5K 7R 1, 2B e bR, 25 I T 20t YOLO vS 132 [R) 3L = 2% 0 SR sz B RUAI [J]. R Ak
MU 3£ 4K,2022,53(05):201-208.

[22] E<e M8, w22 ghilh, 55 2k T oot 9 8 S A B AR 2 I 2% K e SR AGE I 5 35 (0] 4 L
TFE2241,2020,36(20):218-225.

[23] Yue X Q, Shang Z Y, Yang J Y, et al. A smart data-driven rapid method to recognize the
strawberry maturity[J]. Information Processing in Agriculture, 2020, 7(4): 575-584.

[24] 5K [A) &, ) ~F . — Fb 6 £ 85 45 SR 49 53 B9 PR = B0 9 5 (0], AR BL AR
77,2020,42(02):189-193.

[25] ki &, WA T, T8 B8R, 45 v SN 0 150 A 7 28 0 WSOk v B0 82 T [0 AR ML ATL ARG =
#,2001,(05):50-52+58.

[26] e, R TR, 5 I TAME# AR & YOLOv4 P24 R ()35 LA A A U 5 vt

66



RT3

0] 4R TFE2AH%,2021,37(18):161-169.

[27] Arefi A, Motlagh A M, Mollazade K, et al. Recognition and localization of ripen tomato
based on machine vision[J]. Australian Journal of Crop Science, 2011, 5(10): 1144-1149.

[28] Huang Z, Wane S, Parsons S. Towards automated strawberry harvesting: Identifying the
picking point[C]//Towards Autonomous Robotic Systems: 18th Annual Conference,
TAROS 2017, Guildford, UK, July 19-21, 2017, Proceedings 18. Springer International
Publishing, 2017: 222-236.

[29] 2=, BBk, 2 40 T ot YOLOV3 (IR b B bt SRAs i 75 12 [ 0] 20 B ARk
KE2E54R,2021,52(01):70-78.

[30] Feng J, Wang S, Liu G, et al. A separating method of adjacent apples based on machine
vision and chain code information[C]/Computer and Computing Technologies in
Agriculture V: 5th IFIP TC 5/SIG 5.1 Conference, CCTA 2011, Beijing, China, October
29-31, 2011, Proceedings, Part I 5. Springer Berlin Heidelberg, 2012: 258-267.

[31] VLAR, PRI, A7 43 4, 55 il & K-means 282870 B 50E 5 0 52 JE 3 A 384559 3R H ARl
5 A VR[] A B A k,2019,1(02):45-54.

[32] IR, 2547 %2, 38 8., 55 0 1 VR B 5 20 1 S SRR I 4L 1 3R szl ) [0 o | AR AR
5,2019,31(05):75-83.

[33] Jede, ML, I T ot YOLOVT 1B A 3% B B brsr i 75 v2: (1] 40k T
FE2E4R, 2023, 39(14): 191-199.

[34] Mehta S S, Burks T F. Vision-based control of robotic manipulator for citrus
harvesting[J]. Computers and electronics in agriculture, 2014, 102: 146-158.

[35] %, AR BRSO, %5 35 T OpenCV 7K FERFEALES N B AREL I 5 52 A1 R Gi ik
FL[I] BT HAR 5 B4 T8E,2022,(02):137-140.

[36] 2 Ik M, £ 47 B . 3 3 M o R AL B9 SE R OR R g ot 5 (0], B
#%,2018,39(03):493-500.

[37] SiY, Liu G, Feng J. Location of apples in trees using stereoscopic vision[J]. Computers
and Electronics in Agriculture, 2015, 112: 68-74.

[38] A% FLAN J TR o 21 R 7K SRR A 388 FH o PSS B AT 9 [D]. R R TR 2%,2021.

[39] X ¥R kT Kinect f FH [A] 3% FAG I 5 5E {57 75 2 FE[D]. AL AR MBI 2£,2019.

67



RT3

[40] Vilaplana V, Rosell-Polo J R, et al. Multi-modal deep learning for Fuji apple detection
using RGB-D cameras and their radiometric capabilities[J]. Computers and Electronics
in Agriculture, 2019, 162: 689-698.

[41] kA8, MR, 5K i, 25 6 F etk YOLOVSs )8 & 40 [l 2= A8 M 7 v [J/OL]. ARl
T 2,1-7[2025-01-05].

[42] FPEENE, TRIRIR, T 2,55 5T YOLOVS BT 43 %1 751 7 [J/OL]. HH E R M4 5
#%,1-6[2025-01-05]..

[43] LeCun Y, Bottou L, Bengio Y, et al. Gradient-based learning applied to document
recognition[J]. Proceedings of the IEEE, 1998, 86(11): 2278-2324.

[44] Lowe D G. Distinctive image features from scale-invariant keypoints[J]. International
journal of computer vision, 2004, 60: 91-110.

[45] Bay H, Tuytelaars T, Van Gool L. Surf: Speeded up robust features[C]//Computer
Vision—ECCV 2006: 9th European Conference on Computer Vision, Graz, Austria, May
7-13, 2006. Proceedings, Part I 9. Springer Berlin Heidelberg, 2006: 404-417.

[46] Rublee E, Rabaud V, Konolige K, et al. ORB: An efficient alternative to SIFT or
SURF[C]//2011 International conference on computer vision. Ieee, 2011: 2564-2571.
[47] Bodla N, Singh B, Chellappa R, et al. Soft-NMS--improving object detection with one
line of code[C]//Proceedings of the IEEE international conference on computer vision.

2017: 5561-55609.

[48] Ge Z, Liu S, Li Z, et al. Ota: Optimal transport assignment for object
detection[C]//Proceedings of the IEEE/CVF conference on computer vision and pattern
recognition. 2021: 303-312.

[49] Chen J, Kao S, He H, et al. Run, don't walk: chasing higher FLOPS for faster neural
networks[C]//Proceedings of the IEEE/CVF conference on computer vision and pattern
recognition. 2023: 12021-12031.

[50] Ma S, Xu'Y. Mpdiou: a loss for efficient and accurate bounding box regression[J]. arXiv
preprint arXiv:2307.07662, 2023.

[51] Wang Q, Wu B, Zhu P, et al. ECA-Net: Efficient channel attention for deep

convolutional neural networks[C]//Proceedings of the IEEE/CVF conference on

68



RT3

computer vision and pattern recognition. 2020: 11534-11542.

[52] Nascimento M G, Fawcett R, Prisacariu V A. Dsconv: Efficient convolution
operator[C]//Proceedings of the IEEE/CVF international conference on computer vision.
2019: 5148-5157.

[53] Wang Y, Zhang J, Kan M, et al. Self-supervised equivariant attention mechanism for
weakly supervised semantic segmentation|C]//Proceedings of the IEEE/CVF conference
on computer vision and pattern recognition. 2020: 12275-12284.

[54] Li C, Zhou A, Yao A. Omni-dimensional dynamic convolution[J]. arXiv preprint
arXiv:2209.07947, 2022.

[55] LiJ, Wen Y, He L. Scconv: Spatial and channel reconstruction convolution for feature
redundancy[C]//Proceedings of the IEEE/CVF conference on computer vision and
pattern recognition. 2023: 6153-6162.

[56] Zhao Y, Lv W, Xu S, et al. Detrs beat yolos on real-time object
detection[C]//Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition. 2024: 16965-16974.

[57] Zhang Z. Flexible camera calibration by viewing a plane from unknown
orientations[C]//Proceedings of the seventh ieee international conference on computer

vision. Ieee, 1999, 1: 666-673.

69



RT3

BUEF A HE A R FARILCHE

[1] 2, ZE T HUH YolovSss [ 5 el 3¢ SRkl 80925 [J/OL ). 3 B TR K 24l (H 28
BFERR),1-9.
[2] W VEZ, 3 A2 T ol Yolov7 1 SR Il 3 SR AG I B0V [J/OL). 7 5 B 1K 222
], BsH

BiEF A HE S 5RMIE

[1] ZRORKRBARG TR ST E , T A k224 1) Do R A4 AL B 5T
55 8 F(2023qyhz10).

[2] ZRUSHFHE TR AR A B AT, FE T I8 iR 483 0 3 3R €
AR RS H sh R I 715 & (HX-2024-08-003).

[3] K5 LA &6 R AV RN B ds il ik 25 i R 5 B H (GXXT-2019-020)

BEFMHEEZESNFMNER

[1] SJU)E 2B < BER M+ R AR QI ML R 3R (L fail Z——If i) Tk 24477 1)
B 47 B £ IR AT ALY, 2

[2] BBJUm 2 HE < B+ R ARG AL SR (R TIRE 2R E RIS H R
PRI R G, 2

[3] B UM ZHUE < B+ K2R QH QY K FE A(MVIC—I A B 77 7ML 3D A
HERARIBEAR), %K.

70



RT3

B

PRIV IR A SE BRI B, 38 2 [ A8 TR AT FU MR SO S I R v e A 45 7 A )
ANSCRF AN RIE Bk B A U R

BE, B BRI AT T REFN IR E B .. AT BN LR,
EFEZIME T T REB ORI ML WL, I, WFFC ML, 298 ST
HAMEH, EEZIMES T LRI SCR . g™, HRNE, HigA
A, XERFR MR R, AT 2.

Hk, BEREG R 200, AT, AR N 2 IS T T
WE e D, AT RIR BEAT S 7 B SR .

BEAh, Fab ZIRW MVIC sKie = S8 F . R e, JRATEANFED . 3t
IR, EiE T RIFMSEARGE . AT B A sl , (8 3REEYSE ve Bt 7t b id 21 (1
A R 52 B ASHIE T o

fJr, B MR RO T AN FHJIG B A S, IS T
Sl S EE, A TRIERBKIRE LS

PR HT 2 i AT W 2 7 A B AT SR N

71



