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RESEARCH ON STRAWBERRY DETECTION AND
LOCALIZATION METHOD BASED ON DEEP LEARNING

ABSTRACT

Strawberry has high nutritional value, medical value and ecological
value. Strawberry berries are aromatic, juicy and nutritious, known as the
"Queen of Fruits", and the earliest fresh fruit on the market in the fruit
tree, known as the "first fruit in early spring". China is one of the largest
consumers of strawberries, and its production continues to increase, so
the quality of strawberries and picking efficiency is also increasing, and
the accurate detection and positioning of the target during picking is the
most important part of ensuring the quality and efficiency of strawberries.
Aiming at the problems of high labor intensity, high cost and low picking
efficiency of manual picking, high cost of existing strawberry picking
equipment products, low detection and recognition accuracy, and low
recognition efficiency of the detection model in the edge equipment, this
paper proposes the research of strawberry detection and localization
method based on deep learning, and the main contents of the research are:

(1) Strawberry dataset collection and production. Strawberry
pictures are from strawberries with different growth cycles collected by
StrawDI, totaling 3100 pictures. The collected strawberry pictures were
labeled and classified into three categories of strawberry flowers,
immature strawberries and ripe strawberries according to the agricultural
industry standard, and the training set, validation set and test set were
divided to obtain the strawberry object detection dataset.

(2) Research on strawberry detection algorithm based on deep

v
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learning. In this paper, based on the deep learning object detection
algorithm YOLOVS5s, for the problems that the algorithm's detection
accuracy of strawberry needs to be further improved, the number of
parameters is large, the model complexity is high, and the effect of
strawberry detection in complex environments is not good, we firstly
reduce the number of parameters of the model through the Ghost structure
to reduce the complexity. After that, SIoU is used as the localization loss
function, which not only takes into account the overlap area, centroid
distance and aspect ratio in the bounding box regression, but also
increases the vector angle constraints between the bounding box
regressions, which improves the model's detection effect of strawberries
in complex environments. Then by adding the efficient channel attention
mechanism ECA, the strawberry features are focused by high weights and
the background information is ignored with low weights to achieve the
attention to the strawberry feature information, and the SimSPPF feature
fusion module is used to enhance the model's fusion ability for different
scale features, so as to improve the model's detection accuracy for
strawberries. Tests are conducted through the test set, and the
experimental results show that the improved YOLOv5s model has a
detection accuracy of 94.9% for strawberries, and the model size is only
7.76MB, which has higher detection accuracy and lower model size
compared with the original YOLOvSs, and also has more superior
detection effect for strawberries in complex environments, such as
occlusion and overlapping.

(3) Research on strawberry localization methods. Firstly, the two-
dimensional localization of ripe strawberries was realized by a series of
methods of image processing through Halcon software. The three-

dimensional localization model of strawberry was constructed, and the
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conversion relationship between the pixel coordinates of strawberry and
the world coordinates was deduced. Using the Zhang Zhengyou
calibration method, the RGB-D camera and the passive binocular camera
were calibrated to obtain the camera parameters, and stereo rectification
and stereo matching were carried out on the passive binocular camera,
and the active binocular camera was image-aligned, and through the
python program, the improved YOLOvSs detection method was
combined with the camera localization method, and the 3D coordinates of
the object were obtained while detecting the categories to achieve 3D
localization. The experimental results show that compared with the
passive binocular camera, the average error between the calculated depth
and the actual depth of the RGB-D camera is only +3.75mm, which has
more excellent localization performance.

(4) Strawberry detection system design. Based on Pycharm
integrated development platform, using the improved YOLOvV5s model in
this paper, a visual user interface was designed to build a strawberry
detection system, and the system interface and each functional module
were analyzed accordingly.

(5) Edge deployment of strawberry detection model. In order to
realize the practical application of the strawberry detection model,
accelerated reasoning of the detection model is realized by TensorRT
acceleration technology, so that it can be deployed to edge devices with
low computing power with faster detection speed. And Jetson Nano is
used as the experimental platform for the edge deployment of the
strawberry detection model, and the experimental results show that the
speed of the model after using TensorRT accelerated inference is
improved by about 51.1% compared with that of the unused model, which

improves the detection speed of the model deployed to the edge device

VI
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more substantially.

KEY WORDS: Strawberry, deep learning, object detection, localization,
edge deployment
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RO RS AN E S H AR ARSI ROR , I i R 0AE 5t 77 7 i) A 25k
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BorENTTE, SEPN AR HARE R B 4R AL RIS, A T AL
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3.1 EH ERRNBEERESHIE
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WA R EFHE=ZRER: Bdade. tFRIMGEE, EATR AR K.
MERTE, =FER—Anl, BRSO A AR, i F A H b I A S 1F
NEAED R UAT D H . Hoe, RAThe HlicdE 1AL R e ) 5
Fro AEUIZR BAR ISR 2 |, AN G R 1 it T 02, IR &E
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B 3-1 s, AR B 3k 3100 5K, B K/N B R 1008%756, 40 8: 1:
1 BIELHI 3 A ZREe (2480 8D « BeiE4R (310 M8 FNASE (3101E) -

BAESCASI R o R, R B AR AR SR T R, AR AT BB
WA i 78 RSB EE (bR vt o AR Fpr i N R A L AT Ml A 7 B SR
HAEFARITERETS: 1) Y i 88 1) 5 ae, BRI ik 2] 90% LA
BRI 20 FRENGEECE RIS S I A, RIRIAE Bk F] 80%LL 1
ELARFFRC i AR B SRS, Bk i FE B . ST { ] Make Sense T H TR,
FRERA D N=3, A5 (1) flowering: BEAEAE, FRZEANECN 1100 (2)
fruit: REGEAMFSE, BIRMEE O/ TET 80%MHE:, bR M4Ch 10218;
(3) ripe: TR RN FAE, HIREE QKT 80%MHAE, A4
NAT18. Horf, WERSEE H AR LN 10.30%, ESEA HER G LA 1.28%,
BRVERS 3 - B A B 3-2 iR, ARvESE UG A2 YOLO $odfs #% 20 i axt SCHA
xml 3CAF.

] 3-2 Make Sense #77E S
3.2 EEBRRNSEERR
AL POSCALL VOC2012 F s 445 A NBEATHI4E, ST/ R 3-3
FITm o

VOCdevkit
V0OC2012
Annotations
ImageSets
Main
JPEGImages

P 3-3 By H bl Kot S S 45
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o, Annotations U E Z i 47 HH R T Make Sense F3iE f5 7 A2 1 xml 3T
i, xml A FEAR TARMER A EE, WK 3-4 ioR, filename Kox B 44
FR; size BB R~F, % (width) « & Cheight) AUEIERL (depth) =
-G object Kon HAR, FEHIrE HAxZKA] (name) ; bndbox &7~ H ARz
B, MIEHENIER, # xmin, xmax. FRABAARAA AR, ymin,
ymax KR FHAFRFI FHAAFR . Main S EZ R B EIRE D NIIZGE. B
UEER AR SR () SCA SO, JPEGImages SCAH I B9 A8 S0 s 56 AR 1 3100
5K P AR Y R I

¥ <annotations
<folder>VOC2012</folder>
<filename>02001. jpg</filename>
¥ <Zource?
<databazerlnknowns/databaze>
<fsource’
v<{zize>
<width>1008< width>
<height>T86</ height >
<depth>»3</depth>
<fzizer
¥ <object>
<name>fruit</name>
{pozerUnspecified</pose>
<truncated:0<{/truncated?
<difficult>0< /difficult>
v <bndbox>
Cmin 34T < Emin
Cyming T2 ymins
CEmax > 393 wmax >
Cymaz > 1464 ymax >
<fbrndbox>
<fobject

K 3-4 AR XML SCHF
% 3-1 Bl s

Kl 18 9 5 7% M
HSV H 0.015
HSV S 0.7
HSV V 0.4
K5 e % 0.1
KGR T# 0.1

R A2 i 0.5
i) 0.5
FIGIEN 0.001
IRV 0.5
el 2k 0.5
Mosaic 1.0
Mixup 0.1
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N T AR R AR BUR e i, GRS iz A Re 70, 3RTH St M
F'T Mosaic. Mixup~ BENLAE. BENLIERE HSV. BENLENS: . BGess . EIE
R RS AR EEEET . BURIE 10 POy UgEAT HdlE g5 . b, Mosaic
K VUK B H A 5K B s Mixup K P5K B #2 B— g (03 I LR G 72—l
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faigog, FAARESHINE 3-1 s,

3.2 YOLOvS B3

3.2.1 YOLOv5 484544
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-

. Concat |

[&35] [c&7]

> Concat i# Conv *
_T_

EFEE { Concat

*_lA C3._8 # Conv *
D o |

-

B 3-5 YOLOv5 JEfit i 7
YOLOVS5 /24T YOLOVARO B A — Ffv i (4 B B B H b en il 5095, AR T
AT $23)¥) SSD. RetinaNet B4,  HATYIZRFIHER g L, A8 H ROV = 5
Mo EEBHETMEE (Backbone)  FHM4S (Neck) FIFMIM L (Head) X
ZEB A ET MR ATTRER L, B A KN 640x640 HYE 8T
BRI KAN N 6x6, SKFEAN 2 WERE, HFEHMER, REELEN
Bt M 4% CSPDarkNet53 4544, 58 i) 5 AE 1308 T8 48 2 (4 20 A PF e o 303 0 4%
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TREGAF R RE R, SEOAFEM TR S . 28 B RS FHBEAI /N H 7
AR BARII LA RN AETT, B ORAE &P R N B RE SRS HE IR0 o I Sl id il
TP 2 SR H ARSI BAS FEAL SR TN [E1 U, YOLOVS BRI A 4 ¥
3-5 s
3.2.2 YOLOVS 5 B ¥
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D Frs.
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Hof, o RoREIEG Wil BB EREG i FZoRERRER, 08 iE A 1;
o[i]ﬁﬂ? I 288 31 T 734
YOLOVS5 [R5 H 12 CloU ki, A (3-2) Fimx.

2 gt
Loy =1—]0U+(p (b )}Lav (3-2)

2
C

Horf, U RRA I P RRTA R SIS b, 0% 4y BIF R T
DUHEAN FCSEAR R R0 s € 2R3 BE B 2 b T A AT 5 SIEATE 7 60 P DX 3 6 o 2
B COANEZSHL Y ONRREE R KT AR

3.3 EXRARREBH T &

3.3.1 ECA EZB LI

FERSRNCR N0 i NI U AL AN 2 S TR TG g it el e N E P
AW FEAE YOLOvS A& B rb 75 T vy 208 18 73 & JJ L) ECA - (Efficient Channel
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3.4.2 TEfr 845
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A AN 86.33%, THIREEIIME AN 91.60%. K 3-13 FB AL I 25 5 {H AR bk
#E.

1,00 -

(A
f VJ\MWM” VM At A A

0.75

I precision
HIElZ: recall
—— PRSI IE: mAP 0.5

0.00 -




8 W YN R R TATS'S

(a) BALIZH Py R, mAP 24L& A

0.12
0.10 | —— Efifi: box loss
—— HFrf%: obj Loss
RS cls_loss|
0.08 |
o
0.06 [
&
0.04 |
0.02 |
0.00 [
1 1 1 1 1 1 1
=50 0 50 100 150 200 250 300

AR
(b) HRIYINZRr S PR AR A ]
K 3-13 Il g )

3.4.3 A E R MR

% LS BRI BE B S 2R B2, A SCSI T m ROEIE E B R BCA,
I 5 2T Ee e TR R L AT R LG, Sege g R an &l 3-14 A 3-3 R,
AR, WSINAE R IHLES YOLOVSs RIS BEA5 3 17— @ mode s, o, Win
SE VER AIHLHIAT BCA MR AINEHIR TR 2, ¥4 93.5%, T YOLOVSs,
mAP_0.5 427+ T 1.0%. {31 ECA 4 5= ALl B s 210 2 45 i R0V 7 08 B AU
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mailto:考虑到模型检测精度和模型复杂度，本文引用了高效通道注意力模块ECA，并于当前比较先进的注意力机制进行对比，实验结果如图3.14和表3.3所示。由3.3可知，添加注意力机制后YOLOv5s的检测精度得到了一定的提升，其中，添加SE注意力机制和ECA注意力机制提升的最多，均为93.5%25，相较于YOLOv5s，mAP@0.5提升了1.0%25。使用ECA注意力机制时的模型参数量和浮点运算数较SE注意力机制分别少了32765和0.1，故本文使用高效通道注意力机制ECA作为研究模块。
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mailto:为了评价本文改进模型的综合性能，改进YOLOv5模型检测结果如图3.15所示，直角坐标系中横坐标是R值，纵坐标是P值。曲线下方围成的面积是每个类别的平均精度AP，草莓花、未成熟的草莓和成熟的草莓的AP值分别为89.3%25、96.7%25和98.7%25，mAP@0.5为94.9%25，对草莓花检测精度较低主要是由于一些未成熟草莓中带有一两片未脱落的花瓣，造成干扰，后续会尝试增加草莓花图片数量，提升模型对草莓花特征的学习能力。
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1.0
: —— flowering 0.893
fruit 0.967
—— ripe 0.987
= all classes 0.949 MAP@0.5

0.8 1

0.6

Precision

0.4

0.2

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Recall

3-15 pidt AR P-R Hh 2k

R 3-5 LRE TIIER

Fi 7 P/% R/% mAP@0.5/% R K /N /MB
Faster R-CNN 93.1 76.9 93.1 629.0
SSD 83.7 65.7 83.7 102.0
RetinaNet 92.7 77.6 92.7 245.0
YOLOV3 91.4 90.9 92.8 117.0
YOLOV5 91.4 89.6 92.5 13.7
YOLOvV6 89.3 79.3 89.3 38.7
Yolov7 93.9 87.3 87.6 71.3
Yolov8 92.2 86.8 91.7 21.4
DETR 91.7 78.7 91.7 473
gk A Y 94.5 90.5 94.9 7.76

RIS H T2 AR AT TR EL RS, gk 3-5 FIE 3-16 B
A DLE SO B A d s (R S FE A, N 94.9%,  LL Faster R-CNN.
SSD. RetinaNet. YOLOvV3BIA1 YOLOVS 737 2 H 1.8% 11.2% 2.2%+ 2.1%-
2.4%, HAmRGHRIFER: ERRR/NTHE, B YOLOVS B LY Faster R-
CNN. SSD. RetinaNet. YOLOV3 fl YOLOVS 43 59&/> T 621.24MB. 94.24MB.
237.24MB . 109.24MB 1 5.94MB . A 3Lk 5 & #r (9 & P AL AL YOLOV6
YOLOvV7. YOLOVS fl DETR (Detection Transformer) #47X%1EL, 3 3-5 A 40,
O AR PAE Y 2 Y 5.2% 0.6% 2.3%. 2.8%, N 94.5%. RAEZDHIZH
11.2%- 3.2%- 3.7%- 11.8%, A 90.5%. mAP {H537% H 5.6% 7.3%- 3.2%-
3.2%, IR/ 7.76MB, A i e B R IRS B2 A0 B (I OB B RIS, X 4%
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2 RN 3 QAR A 2R B A1

1.0
1.0 |
0.8
OB Faster R-CNN
———8SD Faster R-CNN
RetinaNet == SS[_’
g 06F — YOLOV3 0.6 RetinaNet
z —— YOLOvS e —— YOLOV3
—ier |2 —
& 04t —— YOLOVS b
—— Improved Model 04 YOLOvE
B I —— Improved Model
0.2
02
0.0
1 1 1 1 1 L 1 00 1 1 Il 1 1 L 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Epoch Epoch

3-16 ANER I XS EE

ANE TR A5 R 3-17 fitw, W e Sk m BEIR R H AR,
Sk A8 1) SR R R B 1 FHE LS RCE W B bR, AR AT LA
RetinaNet. SSD. YOLOVS 1 YOLOvS M 28X +4 H s /N H AR # B T — 58
FEFE MRS % ; Faster R-CNN. SSD. YOLOvVS5 Fl YOLOVSISOIZE Xif 38 4 fr) ik
SRLREHEAT U, RIAE 1 ARGV HE A & I R I AR A 2[RI,
RetinaNet 224 b N IERSFRPRZS P A~ 545 H AR R oy =4~ H A%, SSD Al
YOLOVS X i Mkl — A Hox, M2t /5 ) YOLOvVS BB AAE /D 1A
WG, T HAERHRE bR R FRRES 1B AR AT 7ORTIIHE B TG0, SR
J& B IAE LA & 4 B AR, 193 T BONHER IR I HE RS 25 5 . FH i 10
of LS IG RN P 3-17 BRI 285 SR B, TIEBA T AR SOOI A A 0] BEARE I G BN Bk

eI fE .

(a) Faster R-CNN
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'8 pe tipe 0,94 !
R . Ll

(f) AT A 7Y
Bl 3-17 TR 285 SR
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3.5 KENG

B ELAE H AR, HETRE ORI A AR R RS RUIR . AR R A
ARSI AR 72 55 ) el , AR SCHR Y — R T YOLOVS WUt ik, sedll 1 oxt Fidy
FrE s il O 1 iR m A AR R, PR, R YOLOVS T M4%
AR X 45 v ) 5 AR 2 8 # Ghost A& A7, [R] IR C3 A5 R v 0 96 290 45 ) 4
Ghost HAEE M BEAT B ;. N TR BN SRR A R0E, (8 Ml iE =
TS ECA X M A BEAT T ARAL, R e A2k s Al CloU #48y SToU,
K FHAERL-& B SPPF B0y SimSPPF, #2747 BLAY g I RE /). Seae 2 Rk
W BT B AT 2822 i 1 H b A AR, A SCRTR I 20t YOLOVS 5912
i EERME W] LLE B 94.9%, HARLIK/MIUA 7.76MB,  HA i PR IAG E . BEAR
PRI RIRRT B G RO I R, s B8k 1 A SC ek S92 Y - B e A ) g A Rt A
PR
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B 4E EFENGEME

i — 3 E LI 7 XA RV AERKRSE R/ B bfail], ZEARSZEUR L2
AN R HCR, DA E BRI E, A A% r EG
RbFE, SEENEEL AR 4EE A, RS X H AN SR EEAAL, SEEL B
bR ) = 4 5 7
4.1 B8 — 4 e frifFet

4.1.1 EfgFmALE

B TAb B, R BB AL B AR T A% O 3R, B AR JERR R o R B
FfE R, EEIFNEHGREESER, s R gnR, HRER
WHAE R . WX — RA A, BRRRAER I 20381, VRS BA SR ) 4%
JE SRR AER AR LR Z 4R T . 0, BRI RS AR A& LU LB RR:

(1) IRPEEAG: KFEA 245 F RGB B R BoA KEEG SR, 4R
() . G (G MB () =M= REHSR, Z5E RN K E 5
. BEi, R=G=B MIEMEFRNKEEE, HEBUETEITE 0 2 255 2 (8. N1 5L
OB KN, WRNINEARESEE, RRMEDE. FEEEFMECT
e IXEETT I REA WK R (B R o K R

(2) JUf A Al A IE UG LR, ndtlh . hofi, Beiess.

(3) EMgGE: @R RGN LR TEMWESE, [FRGEIEW. 5
TP AN

FERMG AL, B — W HIEOR, g, P, BiLsE, XEH
ARF LAt — B4 v AR I o S AN T, ek M A AT T4, DA B 4 b A KR
FEANE R
4.1.2 BB =8

[l RGB (52 [ AH LG, Lab B2 R JEANH WL . Lab Zite 2 (8] 2 — AN 421
B N B ks m), BtbH sy s . Eihtagssimh,
T HEOEIIME— X E ). 5IRE T RIMER . KPR 8] %
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FIRHAT RN, (AN B 2 8 (1 (R e BT AH EL LB, BEAUURIULAL .
E Lab B0, Bt =ANS8FR, 20l L CGREED « a Bl fl b Zif.
LIETE R A G, a @B bliE RASE . Lab B2 (8] i) Loy &, H¥uE
1 B R[0,100], IXAREFH WIKIZN B OH L EAFI A6, ianiE, H
EIHCA[127,-128], JUEiEE 1 AERE ) 20 (0 U B il () e o () el [RIIE, b
Gy, HAUMEBEREN[127,-128], AR MEE B (¥ 3 €0 A48 22 I 10 (o 1
. XA EILFEMR T Lab BN, FNBEER, FOvAE, ERAm
TR (D BT ANBERERE, BAEARME: (2 5E LB a.
b, HERTRE. AR THES: (3 AEsE, EaEHit; 45
WAL, AL E . BEURITT A [F & 1 e

TEARSAE A, EAMEB XYZ B 72 MK RGB 2 7 7] 1 € J7 #% 4 Lab
BRI, 1 Y67 RGB Bl S (Al H, B &8 R st AT A — 4k, ek 3
XYZ B 7S 6], ZJE7E XYZ s d, sl mass mH— R, %
3 Lab Bt 756 . RGB 5 XYZ Bt a4k 7Nl (4-1D , KR, G,
B Xt RAG R AERR LA 255 IH— LA BIRIME, JEEN[0,1].

X 0.412453 0.357580 0.180423 | R
Y |=10212671 0.715160 0.072169 || G (4-D
VA 0.019334 0.119193 0.950227 || B

£ XYZ gt s, ka3 —4, A (420 s Hr,

X,=095047 , Y, =10, Z, 6 =1.08883

(4-2)

XYZ 5 Lab BUta AR R R Bk R na (4-3) P, oy, A& x, vy,
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6 3
t’/3,z'f(t>(—j }
29 (4-3)
(1}(29}2 4
— | —= | t+—else
IN6 29
XYZ 5 Lab gl 2 [ ki oe K0z (4-4) ok

{L=116y16

1=

a=500(x—y) (4-4)
b=200(y-z)

4.1.3 R E

BE o #4812 8l — RAVE AR AR, K — 05 R A B0 R 5 8 T
S XI, RN X A MR RO T . R RO K BRI A kb B,
KRB A SR UG A it 7 BB al . 7R UG AL B 0, IR B
MRA HH b R [ 3 AT IR e AN ALy o ARG Sy Eh, AATTE 8 R34 B ARk
PR, XL HAREE S X, JF H AR SR BRI ) R A 2,
IXBEREEZE BT REAEH B, MATREIRAEGL, DB WIRGSEA k. Fit, K
83 B H IR X L JEOGER 1) H An G bk B ik, DU 5E M SR IURFE |
BEAT HARERER . 2 REFEATS . WA NBRG S FIIONE T EGRRLIN L. &
TEAAR 3 E BT X8, T 0205 B LU TR AR 1 70 &1
X LTRSS B BA MRS AIE s, R BB U R 5 R

(1) FETFBERM Y ET: XML E B e —AEE, KEG Y
PGy, —E AR RERTRE, 580 ERENTERETRE. X
MINERI B 54T, B0 TR RN EBREMEFERLZHEE, SRR KA,

(2) BT IR E1 775 X P75 B R f B o it AN X3,
FERT AN X SR AT REAE BRI 432 o 3 b7 10 52 2% 11 MG gt 7 5 %2 (1 [
%, MR R

(3) B FaAZ oy &1 757E: R0 75 £ 2R ke I G b 1l 2ok 4
KB, LG REEEHAR X R R, X e, Lok
PR 53 B AN [ 1R X3

(4) FETHREE IR /#1770 XM 7 vE £ 2R B Ry e 1 B B
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POREATEG R, B, T ERIIA BTN TR

ERG RS, el D EmEe. S, RAIRER IR X
Sk AR AR XA, AT DU HT B E0 5 9208 AR 70 1 sl b 4> B A Xk
P80 ) o A SE AR R A A EL AR LA T R A R iz & o3 B TR — A X3
4.1.4 AEFH " YEE

§$ﬁ$§%$ﬁ$gﬁ>ggﬁ>g®§;ﬁ>%§®§

Bl 4-1 4k i e
N T I RS HAR R A FR S B R ) e AL, A SO AR T AL TR AR
I 0 €, 7 () AT SR AT PR 0 B S5 0 SR SR I 1 0 B AR I — e o, (I R

PSS KA Halcon. SEHUE RN 4-1 AR
B SEilid emphasize() iR 00 B 34T UGG 5, N XS EORE s RS
11T decompose3()F trans_from_rgb() iR £ H RGB Bl 47 [ 5% 4 Lab Bita 75 [A],
MR I B eI s, R TR AR AR, A 4-2a FToRs PR AR
WP R, 8 A illuminate() 3 5 P A5 0 L B AN UG RO R A IX 4k, BIGA A4 A
i G A R R ST I, W] 4-2b FoR s A thresholdO#EAT BIME 2351, BIMEYE
1% H[140,255], 3 HH BB K BER BE, AN 4-2¢ s BRI
A7 IR T BAAE R R BB, AR A28 1 LI, 20 5 2 i) G Ak 22
BRI, XIS T ZAEH closing_circle()MEREAT A& F a2 H, HERILI,
Kl 4-2d firms BT 20812 5 X380y — N B4k, X B 34T 75 2248 connection()
BRECEAT XA T B, Al 4-2e Fioms 6F AR I, 75 0% B HH A B AR FITTE
(RIIX 3k, A8 H select_shape()#EAT THIAR (1 B8 M8 43 &1 9 BEAT AR LRI 8%, 4» 1 H
AR B bR, Wl 4-20FiR; (] area_center()f gen_cross_contour_x1d()
852 Hbn O W 6 BT SR, Bl 4-2g BioR, AT SERL T XA

INELRE H AR 4 E AL
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(a) Lab Zith75[A] (b) K&IE55

(c) HEDZ (d) JE&FHIsH

(e) [XRITHL () FAHAARE ¢

(g) e EN
] 4-2 ] AR T R A IR A MR AL B SCR
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FET Lab 020 8] (1) B R AR B TV BRARORT R IEE35 F e7 H b BAT B8
M MR RIROR, (R TR, BllnsEA R R pales . Rt
By, e mIEM KT, ARAZAME, SR, WK 4-3a,
4-3b, 4-3c fion. WA YOLOVS & 58 AT B IR AR, (A1 H
Xt R SRR A FAE,  JEXT SR EAE AT Bon, AR USRI ot O

(a) IR A (b) AL I

(¢) gL
B 4-3 Bk AF T R B MR AR BEACR

4.2 WEHM %R
4.2.1 HNLR &R

MBSk B — B BB .. UL F IR REPATIRAS I 5 X
LOIEBIRT, TSR IR T, XA T O B L B

KESH, Ffhatid 7 E S 5@ PO m SR EEE . AP SR AT = T
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MBS, BOLTOIFAAE MR R AR RUAL, SRR LU Mg ST H RO
TelF BN s I, AR AHURRAECR I i 2 (/LR BRI, U] 4-4 BoR, (E
PN, R ) =4S [a) Al bn 55 4R AR bR 2 Ta]i /2 21 R &R

Ye

ff/JF’—‘/t_,—l

u
K >
P >
Oc pd
Py %/ Zy ¢
S

L///' Hf,,,;,gg;=f R
v y
U-vRERAMRE 0, Yy

x-y: Bl AshRE EMARER "

&l 4-4 HINLA AR R 22
FEALI ARG TR S — RIRE WA AL ARG 3D B, AR NIAAR . B
5 BRI IR DL R R X SD IR et TR R L AEALARAR R L BG4
PR RAME R R E IR R, H0R T WIS 7 3 GG R A i L
AR RN 4-5 Fis

[ HFFAIRER }

A eeed

[ TEMNAIRER }

B

[ EEEEER ]

REERTIE

[ ELEGARRR }
TR

[ B ]

[ 4-5 Ay RGO R
(1) WifAAR e, RO A ALSR R BIAELAAAR R IR, YA A R ATE
A, R EBATIRE NP, BNl AR R 5P mE T, slask it ik
WARFHIP,(X,,Y,,Z,) EHAFBLALAR R PA(X, Yo, Ze ) B8 R dnak

(4-5) PR
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X

XC /4
Y. |=R| Y, |+T (4-5)
ZC ZW

KT HEEMIEE, BEHAR (4-5) HiRFRAAFRER, maR 4-
6) Frn.

XC XW
Ye | ROTH Y (4-6)
Z.| |0 1]z,
1 1

E¢,%%ﬁ%Rﬁb@ﬁ@,¥%W%Tﬁbdﬁ@,ﬁ@ﬁﬂw

MRS HERE, BRI B4 mm.

(2) B, BIARBLAL bR R 2B AR R A4, IniEl 4-6 Fros, LR,
FLSRE Fop 12 RS AL G T i b, AT LSRR ], fEARNLAR
pRAS, AR A Pe 5 ERIGAFR R AL p ZIAMFAE —MAFE IR R . Bk
Ph, M Pe BIH K IEL B ANOGO Oc, TR OcPe, ZZB 5AIHII
AN R pe s p B9 8] A Pe £E BB T T BRI .

x _y_z_[J (47

Hop, fONEREE, s ZBhJ5m b Pe i EIBCFITRIRE R, FEITHIE (4-
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8) .

s-x=Xc-f,s-y=Yc-f,s.z=Zc- f (4-8)

Rl (4-8) B AR, WAalEHERR (49 .

X
sy
1

Heh, [Xc, Y, Ze 1] Nz iE] i Pe FEAIBLAL KR 2 OcXcYcZe HHIFF AR F;

Xc

Yc

£000
0£00
0010

(4-9)

(x,y.0)" F14 85 p 7E MG AL FR B oxy HEIFERARER, LRI #4679 mm.

(3) BRRHFIE, {EHEUSGIERE S, BT out IR, o & sib k)
SGHEEME W, R PE R AR B AR R A, SRR R,
X PRI R AR AR o AR B AR A AR R [ AR R O T R e R
JR AR, 2RO R AT I AL B

(4) R4, BVEMRALER R SRR AR R B HE 4, i 4-7 Fos.
PR BT UG b, ARSI JE R R AL 2 R . BB AR R IR
RUE SCNABNLG S g -F 22 A0 @ A T BUg-F I oA B . R R
AL bR 2R B R RO AT U CE T 2 B, R E RN NIE R (pixeD o B
HZ AR AR (4-100 FiR.

Oy u

O(ug.Vo) x

v
y

K 4-7 Bzt br R 5 B AR &

X
u=—+u,

dx (4-10)

=4y,

dy
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R (4-10) HHOEFERER, B2aR 4-1D .

1
— 0 u
u dx “1rx
vi=| 0 El v, |y (4-11)
dy
Iy 1o o 1|1

Hrp, dx 5 dy ZoRBATEE SN, B 1 pixel=dx mm.
BT A (4-6) (4-9) (4-11) wJ1GH TR R NG = ALFR R IFEAK
wnR, Rk 4-12) Frs.

1
J— 0 u X
u] | dx "I[foo00 V[t 0u,0 W
i R T]Y, R T]Y,
Zo|vi=l 0 — v, |0f00 = 0f,v,0 (4-12)
dy 0 W 0 1|Z
1 o o ] |0010 0010 ;
f. 0u,0
FERN (4-12) o, | 0 £, v, 0 [N SHERE, ShSHEFEAT A SRR H
0010
PREE T I I 5K I AR E 23R4
4.2.2 WEM B EALLRE
=i
&tm s
Ot ;
e
WELR
E@m(/-.fh_ _ % - . o z
---“-‘--“‘-..___ \\\ x-b Y/‘I'
SO

B 4-8 XUH AHHL B R 2
XUH SEARPLGEER BEAAL S N BRI L, AR R 525 TOF., 45
F e EE A PR FE R LR AN R o e T 7 BB U, 1 A 3911 48 1) 7
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B UR E GRS IR EE R, IR RRE S s D E IRE ML E
AW [F]— A7 B AN AN A AR LEAT A8, 5 UM IR FE A5 B AN
AT AT CLEAT 8 A A EE B I &, L HAR SR F N ] 4-8 P

RIEE 4-8, HALL=MALEIATH A (4-13) .

zZ_X_Y _ (4-13)
f x vy

A (4-13) , REFETHEAX 4-14) .

R VA M (4-14)

b

f [ ox-x d

Horb, dFRRAEANLE AP ZE s MIMLAOEREE £ ORI 28 aT M AL H
JHESEAAH, WA LOEE K IE AR E AR E], AR (4-14) AT B4
AP = AR
4.3 RN E B =4 E LR
4.3.1 L0 &

FESEBR I AR e AL, TEZEBLITHME R, GRS, G,
P I T 2 o AR $5 5 o7 8 30 R S0 S A 5 o AR SO R IR 2V AR A ) AR
77 i) HBV-1780-2 S2.0 -5 (X HAHAL UK 4-9 fror, B ARSISHnsk 4-1 fir
7N, BERPLE USB #: M B #5210 A H i Al 7

K 4-9 XU H ALY
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* 4-1 MHAMILSH

ZH TR ZHE

e AR AR 80mm *x22mm x24.6mm=0.5mm

AR Y CMOS

PN 2560x720

IR B R 100 /3

W37 fa R R 100 f& TCHEA5/2. 1mm
(UTBE 30FPS

Bt A 0V9732

MR RS WinXP/7/8/10/11 Linux Android
TARIRE -30°C«>70°C
BN USB2.0

TAER DC 5V+5%

4.3.2 ¥RESRE

AT SEPEEEN =R, E ST AR T RS H AN AN S AR
NSRRI S R, A 0T DL AR bR R BUR FRAL bR RN R A
¥ it Matlab HLf) T 2L 4f Stereo Camera Calibrator, i Fij 5K 1E & A 5 1256 X H
FANLEATIRE, FEGAZAERE: REVEREGIF AR ERE . Hbs
& GRS bR e 45 2R

(1) RAERE B

RICER T 12x9 BB AR B, AT R4 15Smm> 15mm, &
4-10 i

GP200-15-12x8

4-10 H3 2 W G
Fibr e PR AE K 5200 b, A OO E AR AL i e 2R AN [E) A B S R AT
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3%, EmEE AR A% 25 kIR RKER F, REAEANFEP SOt , B
WA 4-11 s,

4R jpg 5Ljpg 5Rjpg

9Rjpg 10Rjpg

14Rjpg 15Ljpg 15Rjpg

19R.jpg 20Ljpg 20R jpg

23R jpg 24Ljpg 24R jpg 25Ljpg 25R jpg

Bl 4-11 REE bR E BRI A

’
fcamera 2
Pl 4-12 ff s ksnill 25 1

T JF Matlab, i Fi APP 1 &5 4k 22 55 11 5 L AW 5 1 ¥ stereo Camera
Calibrator T B, /4)i% 3 Cofficients 1 Tangential Distortion %3, S A % 45 #H
MRS E B, WE BRI RSN 15mm, #ONJG, FHiEs B3kl
PrEBRE R A, N 4-12 PR

(3) WHEbrES R

midi Calibrate #%4H, FFUATHEFRES R, b 4 R UK 4-13 s,
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Mean Error in Pixels

02

e
o

0.1

(U Detected points
+ Reprojected points
Checkerboard origin

f

B 4-13 bRaE 45 2R

WE UG, SEREAE R AR RER, WE 4-14 PR, RE
Mhs B2 (] B 4-15 fros . — oA PRI E BB IR Z T 0.5 MEERAESR
SERCRBFEN, @R TR AR IR R ZE O 0.15 MER R, broE 4 R 2 A TR

10

Mean Reprojection Error per Image £ A80QQF
T

[ Camera 1 I
[Camera 2
— — —Overall Mean Error: 0.15 pixels

15 20 25
Image Pairs

K 4-14 ERGCIRZE

50



8 W YN R R TATS'S

Extrinsic Parameters Visualization

Y (milimeters)

X (millimeters)

Bl 4-15 XUH AL 5 € B T R Ar B G R A
R Export Camera Parameters, “FHARES R, RIZLAHNLS A AHHLI IER:
e, PR RE. NS R, 4R 0%K 4-2 s,

R 42 hREGERSZH R
LB 5 FE AL
FARBL
Ji e Ji 1.0000 2.2516x107  —0.0073
—2.0550x10* 1.0000 0.0027
0.0073 —0.0027x107  1.0000
TRl [56.2199 0.0193 —1.2566]
S [489.0515 0 0]

0.2215 487.8746 0
| 301.3951 233.6376 1

[488.2275 0 0]
0.0815  488.0390 0
1304.9436  243.6144 1 |

T AR [-0.0063 0.1734 1.2897]

[-0.0550 0.6159 —1.1463]
IDEES [-0.0051 0.0080]

[-0.0030 0.0068]
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4.3.3 WEILIAFFIE

FEBE R H LA R, ATLEd AN (4-14) REHWZE, dEim
SR = A br . (2, FESEBR A A OB H SCARRLSE R G, AL
IR AFAE— T MR, NI T B AN A AL UG T T Ak T 3E-F
IPIRAS, BRIP4 7 BRI AR o SX I, 20 A ML ) AR R P A st I AN Ak
TH—HL, SRR VTR (TR, X i AT 2% X H AR
BEATSLARSIE, A HH R R LA kA, ARG BEAT SLARULAS, K 7e A UG B
() RHEAT R N, R TSR 22

A SCNARHFIEM# A T stereoRectify()~  initUndistortRectifyMap() F1 remap() i
B AT SRS I, Hr BB WA 4-16 Bk,

(a) RILARHFIE

(b) EAARHFIE

K] 4-16 SRR IE 45 3
4.3.4 B AT
TEX e A AANLAT SRR IE 5, PG v AR KR AR TE], BER H 7R B e
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w5 S VAR R AL, B SLARUCES, TR R AL, i SEIL A
HIAA I = 4 8 A7
FEXUH SCARILECH, 8 R IRE 2 = F, 73502 BM. SGBM Al GC,
ERIEE F, BM iR, GC fHefg: il B, GC &, BMixE. 4
B 25 SRR FERECR, SGBM #R AL R K, HCASCR A SGBM LKL
Pk, e MAT I EX AN P EN 2RISR, EE AN
A, AL AU ShA AT S AR, B E SEE KT Sobel
P EEET R, A (4-15) Fon, R B, ma s
(4-16) Frow, R AL B a B9 B B BEE R s B s — B &, A
MmARIEENEERERE, Hh PRRERE, Puv B BiBEBR ERGRE,
preFilterCap N—"NHE B4
Sobel (x,y)=2[P(x+1,y)-P(x—1,y)]+ P(x+1,y—1)-P(x=1,y = 1)+ P(x+ L,y +1)-P(x— 1,y +1)
(4-15)

0 ,P< preFilterCap
Py =< P+ preFilterCap ,—preFilterCap < P < preFilterCap (4-16)
2% preFilterCap ,P > preFilterCap

R THREAE PR 4R (D) KA B Bt 2 0 BUR BORR A5 B2l R
FERTAR 2R AR . (20 KRR R 57145 2 SAD R4, ILHc
% SAD R EEAS R AR I 2 AT X I 1) 2 A AL B BB A0 B AR R BRRDx AR 3
ERLIMERAT KA, A 4-17) Prog, Hrp d Rz,

xyd ZZ‘L x+i,y+j)- (x+d+i,y+j)| (4-17)

i=—n j=-n

NS MR FVEAF A RN, AMZERAL 7 LR ILAC, SGBM
A S SRR TT 3T —dEREE MR R, SRR IS Bk % a
fiEgie b, MAZATEERER, WEEERERE BT, U R
SR AR RN, ek #4J7 1A B R UL FECACH A N5 21 i UL A
A, A (4-18) w1, LOyHHTEAR BB RE, PL. P2 ABRRAS
B R AR BB Z 8 OLF T &1, PI<P2, H{=TEE X,
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AN T BR A J7 [ B AR BE AN [& 52, K5 BT« 07 1A A UL FE AR
IR ELE LA, WA (4-19) Fros.

Lr(p _r,d)
L(p.d)=clp.d)+minl L(p-rd=D)+p, ‘- min L(p-ri)  (4-18)
mln Lr(P—V,i)+p2 i=d ool
i=d iy oo
S(p:d):ZLr(p,d) o)

FEFN SR TERMUE, SGBM H#EAT ME—VEAR N . WARRIEEA A A — 2k
R, SERRE SLARIGES, H SGBM SARILEL AN % d J5, #tnl LU
MR (4-14) , G HIsER =455 S .

4.4 RGB-D 1HHl =4t E 5

RealSense D4351 /& SR /R 2 w4 ) — 301 9 R AL, B R EaE—
AN RGB ML BALLAMNL LA B — AN LA R A3, thabEE —A IMU (I
MERI , ATHTRNANA A B E RS s RiEs:, fems ool L AEBE L 3
LT AR BE RN, B TR P AR S B 2 B AR LA RS, ARG X
H AR X H RGB HHHLSAR, #14A HFRELIRE, RealSense D435i AHHLANIA 4-17
Fizs, BEWEESHANER 4-3 Fis.

K] 4-17 B4R /K RealSense D4351 FHHL
HLRE/R RealSense D4351 ) E AN R HRIE T 2L AME S RIS MDE R o 204N 5
F A I K S 2L AR A S R SR BUIAAR IR FE A B, G5 M e E AR U E
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LR S A A B SO SOC SR TR BAS Bk S = 4E @ e fr, X
PR AR B 45 5 45 D435 LR & 1 sk FEAT s A e TE I AR RE T - BRI
b1, D435 JRiz = A1 & R B DLIE BRI o L7 A5 W (0 20 AR A AL A DT
D&, T SR LLAh R B % WS BN AT AR, RIMEAEATF R B
PyrTBEAT IR FE M &, ABRCR A PRI, AT B4 ) RGB ARFLIN 7 5 R &%
R, 2t i SEBUR AU 5 R LI AR B 0T 55

+ 4-3 JifE/R RealSense D435 tHNL EE S H5|F

ZH TR ZHH
RGB i) ##3 1920x1080
R o % 1280 x 720
RGB #UE MM (HXV) 69° x 42°
REEGEMA A (HXV) 87° x 58°
RGB i % 30 FPS
TR i 90 FPS
4.5 KEINGE

AT VEGH A 4R T A G A B B PR ) A A AL RS S EE A
SCH AL E A R . 38 S AL HBV-1780-2 S2.0 5 (44 5 W H AR AL
Irbise, RET ALV PR MR, NSRBI R, )5
SHHGHAT 7RI IE, (WA R AR, B UG AL T AR IRIK T2
WA R TR R RS, A SGBM SVANT A2 A ARML A 1 AR EEAT
SEARUUHED, ARHE LA USSR AT (A0 25 R AT = 4E ;. X 94 /R RealSense 435i
RGB-D AHHL 1478 A7 J5 BEAN S 58 2 Bk AT 7 A28, DT A F B3l 00 H AR LA
RGB-D HMLSE I B AE ) — 4k 78 A B 1 A
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BIE EERNRERGEESOGNE

N T X FU R B R A I AR G AT e DA S e, R R AR T =
I AEE YOLOVS B H bt il ik b, it 17— 0D A 5kl ol
RERI MR R G, (8T W A o 8 Jox B dan ) 2 &9 1) S B 5 SR IEAT 7
B, SRJE X R G HYBEARAE AN T L ThREREAT v 4, B Jm B B AT I B A St
T RGEREINGL, KA RS 70 A SR A I N R S B R A . B, T
i Jetson nano ¥, FUIGREF IR AL AT AR AL BEAT 0 2 58, I8 Tensor RT
IGERIA, 3D IR, Al LUSE o 3 A SE BRI s 2R 4T R

5.1 RGE|K T

9T AT R R AT, IR P 2 51 E AR I 32 o A b A M R 4
AR G AT D). AL T —/NMET YOLOVS [ B4 4 e kil &R 45,
BAUURHRA: (1) SRR R Gl e B 77 38 50 R e A, wy e
P A S AR . BURAIAE R (2) EAERIN R G SO VE A P OEs AR 0
ORISR B, MIMBREE T AR Jedn &, FBACH I, (3)
BENARFRITES LS EITENER S, £5 O TR, SR
TR MTIAN RS T, fFaiism®R: (O J50t, =R RGN
GUI B LB A B A B R R At o LU P o O i b, B GUI B
FARE P Al Re o AT i) HoHE DL A .

5.2 BEMEN A

SRR R G K 384T LSRR 7E 2B 10 AR U b P4 F P TR 2
B 52 s, HARAE R B Y Intel(R) Core(TM) i7-11800H @ 2.30GHz; 8GB
BTN 6G M, N B FEAHIA GeForceRTX3060 &k HEAT Inidk AL AL,
HAE RS9 Windowl1: SRH IR T HFE )y PyCharm, HH1, PyCharm & —
Filt Python 8 JT K ¥ (IDE) , H JetBrains JF &, ‘&% A Python 4ifEi% = 1M
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ik, 08T —RIITARMNAE, BAERE Python JPRASINCE, RATE
Gi. Gk SFTRIRIKINAE: BPERSEE BT RIE Python, Pytorch,
Openey FE AR HESE PyQUS F-45 & FTBLILIT K TH Qt Designer i AITFR
e P

5.3 RGINREN B SR
531 BFA®

XHFARSC AR RGBT 7 AN SR AR B R S S, i
5-1 fse GRERY, REFS NS4 HP BE B, KD A AL
“12345678” . MEFE ] /G I AT DL e R G0 B A iR M Th g, SRR B A
T RN R AN AR M AR s B8 B A B 0 R, w BT R
BRI R G AR I R S, i RGEREAT IR A S MRS AR,
B0 e i BB R], B U SC P SR S

O EERNESRERFE - X

5. 12345078

ZiL, 20008008

o [OF ¢ 171

Bl 5-1 sk AT
532 £FM@E
M P& & RS ES T B RG L 5m, WK 52 s, F57°
i 2 A AR R B . A AR SR LU E R R B S RME
R, AEIRAREH ., AR, Guit g B BoR . Hodr, R
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e B B b B R EE ST R 4 R B0 4 I 25 45 9 YOLOWSs
YOLOv5m. YOLOV5l. YOLOvSx A4S SC Uit () YOLOvSs AL, 7] sl 4734
H Sk NRIEAT R A AR 1 B PR AR S B R A, W DL R
DO, WS O R AT AR Sk S I SR AR AR AT A, 3 e A S PR 4%
HIBEATE SRR, WAGESE T SO H AL B ML, B A, R
B B AR R U AT RN s A A T ARG IR, RS2 BRI 1
AR, GRS, F R A RS Sk R 5 BRI RTHT 50 R A 45
B3, AT SRS . A8 P I T BT HOR B AT T R AT nT I I bR A Sk ek
W G AT BB EAT YT, RO S AN [F) (R B A KRR, SIS [ 4 e )
BORFRE L . AP — > B 37k R, Pl s b AT b 4% 2 15 0
RO B R IR, B AT R AT . Suih sl Fpith 32 B AR () TR . R
A AN R R, R IT Govh . IR B 3 R W E A\
PR S MUK IR 6], AR AD, TR TR R B OR JE EUR B ML
FNEATIART I 25 5

[]aq;gvo LOVSERRFRE

P 5-2 BRI A L S
533 EERAAE
EERA B A SN SR B R Geh, SRR A ST T2
g B IRE T 2, SRR H P B ZE RSO R B . EAS E RAE AIREIR
madriefr i, Rgvats B P BRI S, A B SO REAT I
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B, Al R oA R BRI, IS SRR B R B R
iR AT SEE, Gl 5-3 2 R G N B R #EAT A A AT s ]

DlizvoLovsmmmesa

B 5-3 HAEAG I ST

5.4 1% AL Y48

W% Al RIBFEIA G EARE RSN TR REHAR, & RVFER & Mk
TR, A REE T RS THE R R s AT I, % ALG &
A FEMN TR G FEIN R, B 7 SRR i B F A B B
AR EHAT N TR RS, 1A% AL T RUINER L& Ok SRR, b xt
BB EREL T B, IR P A A A 38 T AR 1S 1 A5 BE S R TL= D
ks, RN RIESIREMRAMZ e, B2, W% AIBERIEBEEHEX,
FEARRA B RO N T e Sk i s R B TT R 22—

ot = E X A R M A AL S, R R G R Sk LS A TSk
brkdiiyst. HT USRS SNGERSEIZER, BEHEIE 68T B0 4 qe
ZE ORI FERT o AW} 75 25T Jetson nano, 8 F TensorRT I F7 A b B 46 M
AL, DL SR TR AR 1 2 V£ I SRR B2, Dy S A SRR AL 2 N R4S T 3R
GrT TR, AT I G S, IR e A SR AT X E A A
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5.5 BRI EEE

5.5.1 T TensorRT HARHETHE

TensorRT J& — /MR FE 2 I HEBR A &, B A LICAIR B2 2% =) i 4R K AE
B AR A HERE, R AR HE Y — AR M Rk R N S HEBAR AL 2R
A A 25 30 I TG 7 AR S5 M B AT A B i Uy 2, S T HERR I . xR
AR ZE IR TT E R AC B R (O HE RS, IS B T BB & IR AR B AT T
AR . TensorRT LAk HEHER o6 R BRI AR 1 . BERY MM Ab . U RZ IR
A TR A Z AT EZAT5TH

fE TensorRT 1, FEBIMAL T F N Z ML E Bk Bl E . X R T
B A IR b ) 40 SE I CUDA K% Dot Sk, il yd /b B A m A
WHL'S, AR AL MUK GPU BHEIR 2, RAIN S, RATZ
IR [ 5 G0 ) B SRR M, R URD T I R 2 X SO AR T
BORAR, EIRT TR RS MR E R A S, B AR, B2, WE
JE RS JZ AT LA B A — N B — 1) CBR 4544 (Convolution-Bias-ReLU) , M
AT, AT — 4 CUDA R0 RI AT SEIL. 1 A 1] 45 5 000 Al b A A [
ZREREARFEREEIFA—AERNE, FFFHTE— CUDA b, HksE
DL RN P 5-4 FoR . X Rh & I SRS A B T THHEOR, b WS A, iR
PR FE 5 IR I T R

[FIE, TensorRT i v] LANG ks FE IO AF ARG FERRAR, AT R IR AR B 2 )
fEZE, {5140 PyTorch A TensorFlow, KA K72 FP32 5 5 i FP64, ZAidiR
JEGRIPZ LS IR0 B AR AL, A AY 5 R AR . 35 R FH e kG B2 19
72, AR R B E RS NGRS, kA 7 =X
SE R A FEIS S IRl = AR i . SR, AR ZR e e, S b A5
TN T R HEAT R AL R . BRIk, AT B AR SRR A ok, A
FP32 H 2 F LK FE 1Y) FP16 & — NG MRS, X FF a] LR 800 B & I8 4T
AT, BEES SR B REEAG,  [RIE, RO S5 M v AR I B HE, AT
Ik 1 e AR K o
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next input

1,

neat

‘ bias ‘ | bias ‘ ‘ bias | ‘ bias ‘
f f
| 1x1 conv | | 33 conv ‘ ‘ 5x5 conv | ‘ 1x1 conv ‘
max pool
| bias ‘ ‘ bias |
f f
| 1x1 conv ‘ ‘ 1x1 conv |
input

:- i
max pool b max

concat

input

P 5-4 Inception FEEL A FHALAL

5.5.2 IRB R E
PyTorch EY
2 ng » ONNXEE—»
ONNX itk =)
E oz oz Wt .5%@5
OMNX iy Engine | 4
2 Builder > |Network| TP S ¥ Eg_;j | FFFIiE HEFE
TensorRT] i !

K 5-5 FHY B iR IR
FEREAT TensorRT Fe4fe 2 7, BB BZ By ONNX #% . ONNX
BARE N — T (A R B2, BB AE AN [R] PR FE 5 ST HE 42 2 () S L HIHE 1) To 4%
A H. BEJE, FATRA T TensorRT W ) T A trtexec K 47 ONNX-TensorRT
PR e T AR . b T BB 42 Y Builder #ER, HRIEMIZE & & T —1 5
BMHEE 5% (Engine) (. X —id FEIERHTIR FT 5 IAAL B AR T2 1 SE B o
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AL IE B 51 ZE 0 73T B R 3C RO P S IR AL OR A7, B 3T B 5]
LA, AT ASRBHE B R AN . 1] 5-5 JEOR TR AL L M) e AR

5.6 A% &R SLE

—RAEGR A S, BRI 2% B I SR ARl Ui B AT R, 0%
B AR AR RS2 IR, ELRAE AT NGO ANE E . i DR A I 2Rk
KGR, BAVSAE T8 A _E e R B 5 ) A AR R (R 25 A, B
Pl HE R L% & . Hi, Jetson nano 1EJy— 3K B9 IA A RO K
M ALD G s, AL AR TERAT R SRR, A% 2R H, X
FFZ MM ITIs T, SEOEG DR ARG S AT, B ARkl &
PR RAIBERSE D RE, A DU T RIS A SR ITH , WNRRE ToT (4
BRI N B E B A HNLEE AN, N AL R A RARG, DL s A
— RIS S B B R RN %, AN E S BRI, A 5-6
Fhos e 2 5-1 NN GRE s A il R (1) H 505 Jetson nano Z 4% LEAR . X E3C
PR G, A8 TensorRT AR, #i% £ Jetson nano JF &AM . A
R, BEALA R A5 4 it S b IR PRk Y 10 5K A BEAT I, 3%
5-2 AR E Ak B R SRR X B

& 5-6 Jetson Nano %45 &
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* 5-1 fifF i S HOT L

RTE VS IN Jetson Nano BO1
o b HE A Intel(R) Xeon(R) W-2255 ARM A57 @ 1.43GHz
CPU @ 3.70GHz
P AL 284270 6144 128
4 H GPU W17 16GB 4GB
BN Windows Linux for Ubuntu
% 5-2 HEFRIEFEXT L
W i HEPRIE /s
gk YOLOVSs 0.45
Jetson Nano ek YOLOVSs+TensorRT i 0.22

H# 5-1 fl 52 ] DUE Y, B TR R R 2 BREOK, 2l YOLOVS 4
RUAE ) TensorRT FL AN, 7E Jetson Nano HBEATHEFR, ~F-H1% Ak B 1)
I HE O E N 0.45s . {3 TensorRT 4% A @ 47 I 2 5, nI LAE B o ik (4
YOLOVS5s 58P 3105 B 5K [ Fr (R HEEE B2 0.22s, $2TF T R2) 51.1%, KR
PRIt T RESK B IASIN A R o 3@ i AR YR 525 T LAIE B TensorRT A A 7] A
5 By PG A T 5 A5 0 T AN (], 3% N FH B30 G v & 1R B R A AR B 1 AR A
BR . Bl 5-7 J9f8H TensorRT ME A JG 1Y TE Jetson nano H % #0455 5L SR
sy, For, o RARF AL, | RARRRATRE: 2 AR AT A.
M 5-7 ATLAE B, BANLIME 2 I, SR H bR B A B R 8eR,

BEAT T IERA B 0 2R

8 -
—
-] =
B
B
nu
ol
5 |
g

B

K 5-7 PR 45 R
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5.7 REIG

REE AT T R AR RS R FR I Hr, A PyQts TR P 51
SEHL T A R G S A R BB AR, SR R R, TR
Frifn SN B DY R AT T VR IR . 20 TensorRT AL,
B RE A IR B T A A Z 00 2 ¥ 4% Jetson nano . fEILSE A B, BRATREASCHY
BRI AL, DAR A Id TensorRT AN (1) R A AL A FE 47 17 AR 01 IR ] £ % B
T IR R EIR, 40 TensorRT NI (KIBEAY, P15 1R A1 8 B M T R AE
BRI 1 2 51%, X2 KIVEREIRTHINAE | TensorRT I 7E$2 THA B %
SN R RE A0 77 TH A R, RIR A o H bR ke S A AR AR A LA N B
KPR IR T —E S HE
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B oEEFRMNSEMSE

N T SRR AR S SO B A A U SRR AN S AL VR R R, I S R
BEAT T A I 5 S A S, HL A ARSI S 0 T B 1R S S AR R S
ol b e (AL R, i R i s B RO T AR S X H ARBL S RGB-D ALY
By = AEE AR e, 6 15 A SR X LE AT 0 T

6.1 EEF I MSC LY
6.1.1 EERMZWAR

——

test (48).jpg

test (58).jpg

.a'l_“‘ L

test (63).jpg

ot @higd.  ne(Olpd  Metia | menipg
B 6-1 4af A
N T BRAEA S YOLOVS S50 SEbr A S A I RACR 2 KUBH B Aig
B, 1T oppo ace2 THLBEHLIA S F A2 7 100 5K, HL5& 7 A ks
ERZ=ANEAIRE, 32 flowering (&AL « fruit CGRALHAFE ) F ripe
(RAERD) , Ao R~ElnE 6-1 B, guitmsrE Ry, 5
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LHPRECE N 94, REGARERRER 461, CHEARELE N 195, AEHEMN
S I ) B SE PR MU I BN B C 2R 07 B SR A A B ch gEAT AR, P
WESH =FME, BT, 592580,
6.1.2 EEHMMER I

VR FH I T P A R e 00 i B 1 2 5 RS PR S E AR AR (R A 2K
P, R KRR IR BE B Pl el £ 1 i N 81 X 2 A R v R AT R EAR N, g sk B
15 20 SCEEAS R Pl P A i B BRI A R B A (0 K S, SR A5 R WK 6-1

B, Rl ROR i 6-2 Ars .
% 6-1 LIRS

F HSRER RN R REER% RS B R R RER

BEA HEA S B B /% /%
flowering 94 78 16 17.02 0 0 82.98
fruit 461 291 154 33.41 16 3.47 63.12
ripe 195 182 13 6.67 0 0 93.33

H3 6-1 S HHR G0 i T LUE B, 78 94 AN ELSL R A6 H AR b, sodh il iE
R R IBCR N 78 A, AR N 0, RBIHERISN 82.98%, Xf BAEIL IR R 2 =
N 164, IWATRLN 17.02%, 8 W8S S B, R %
ERFAE P BIARAT, A LA, AR I Sk AR — A B AR, TR —
ANRAEAE H R I E R IR LG 1E 461 AN SR BEERE H AR, 2
BERTY IE A AT ARy 291 A4S, RN EON 16, FERZEON 3.47%, KR B
RN ECR N 154, JRIEFN 33.41%, RFIMERREAR, N 63.12%. JELEW
ST ORI S5 I B R, FEEATRERR N : 1) B2 R A SR E sk
RIMEEAEFIEE, TSN, SREAEM 7 1A R R 22 FF B
FEH R, ERHESHEKRS, S SRR R, MO S SRR
WRKZ . 2) WG EFFRAET, R OJZIEF] 80% LA AN Ay Al K
W RO, AL TR I R AR R R TG (LRI W A IR BN R, (R
o AR S B R A U A R, TR T — B R AR I &R 7E 195 4
FA AR H bR, SCIBRLE R A 1824y, AR 0, A
EHRAER R, B8] T 93.33%, A 13N RARRERG, FAELHN 6.67%,
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U 5 SO R AR A I A A, RTRERIE R E B A 1) R R R R
b Sy, EEXEE 2N, oSN I ERE RN EILS, K2 H
PREERIB I bR 2) SRR ARG I Sl 2, e
BREILR -

HIAS RS g AT AR B, BARCCHER R R A — e s e L R, (H
FEXT T AT H b, SRR B AT R IR ER R, BB 1 93.33%, JRfR
R 6.67%, XF TN B F A GERAGHL & FAT BN AT 5

6.2 E& EAISE
6.2.1 EFEMEHAR

N T IR UE AR SO 1) B T L VR I U, AR SC LA B R AR
RSERRONBEFEN B, 2w E FH#sh X0 H AL HBV-1780-2 S2.0 1 RGB-D A1
Intel RealSense D435i #EAT & Az S5, &l 6-3 NIIESKIR )7 5t K, #2300 H AH
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WL =2 e BB AR W 6-4 (a) FlzR, RGB-D AHNLAT =4 & A7 A E AR an
K 6-4 (b) Fim.

K 6-3 st

X DGR E IS A AL, il A AP BUE t RGB EI1&,
SRJE R RGB IR S A\ BIAS S R A AR A rpy, A 2 B 3 iR03) H ER h SaE
T~ AR N AN N F g XTI AR BEAT AR, TS Aol i) — 4R
FARNR: I, A R ER IRt R AT B AL W 1L AN S AARDL G, 15 2 A4 AR
PURLZE ;s #5 T R 2 iR BEAS 2 AR P oS LA AR 1 e, BRI (1R
FERRE ;s fo ) IR AL SR SR AW H A8 8 R IR B, 55 A b ) =
AE S AL .

| e |
FIFHEL
l B ETIE
T | v
EEG. GEE AR e e
il | ‘ @ ‘ ‘ )
eRE >
' "
ROIIE, BinRE
l v
MSREE R
T HEAAGR EltR=ak
PR
5
\@ié‘i&
3
(a)

Bl 6-4 FEML =4 AL e
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X T B4R E 47 # RGB-D AL, i Jilid RGB AHNLZREN 4% (4 RGB K
Fro B OE A RARIAR L AR A A b, A 2 5 3R
PR R B A . AR B R RE R ABE A X I F AR TR AR R AT AR R, THEDH Al
R AR AR RN, i 2 LLAMANLIANAS ZLAMEN ISR BURE R SR )5,
KR IR 5% (4 RGB BIGBEAT X 5%, 13210055 5 AR A B ER: &
SIS 7 TR FEAS S UG b oS AR 2R AL bR (R A ds , SRERERELE AR LA AR &R T I
TRIEBRES: BJa, ARYEARHURR G S BRI H Wb s A R, A B L
(=47 hr E
6.2.2 EFEMER T

& 6-5 7 Intel Realsence D435i IR FEAHHLIKAL ) RGB R &R, MK 6-5
FILAEH, IR T 4 A SRR A B bR, 40X LS B BR IR E AR AR B R
(R AR S T 13 21 H bR iOUR BB, PR XU H o e Aor J5 2 vH 3 B
bR =R bR . R 62 MK 6-3 47 H1 T HBV-1780-2 S2.0 #H HL 1 Intel
Realsence D43 51 ¥ ALK HL AR B B Al = 4E AL b

VToma oo 0ul

—ripe 0.9¢° [U-UTH,
; [e-o,g%zows. 0.449]
¢ 1-0.013, 0.045, 0.454]

& 6-5 Intel Realsence D435i IR & AL =4 i A il ik K]

IO EE R BT A O S YR R AR IR R S, s X H
FEALAE M 18 1 X H A0 58 A S B B0 Y B vt fU T 1 AR AR AR ) = 4 7 )
%5, RGB-D HAEW M RN . 20 N T E R RE, @i A
T R BEAE S BRIR L, S AL & R BE A R AT X B, mT BAAS 38045 A
ZNXCH AL HBV-1780-2 S2.0 THE Y HIVRE 5 H b5 2R S bt s SEBRUR FE -
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1% 2 N+18mm, f# Ff RGB-D H#l Intel Realsence D435i 15 H iR & 5 H Ax
SRS B SEBRIR B T 351 22 A 43 75mm. 8 X e 1S, f# A RGB-D
FEAL,  HOAE BB H AR Z D> T 14.25mm,  SEINIE & H 4 KL a8 N €
PLHIRE LR

# 6-2 HBV-1780-2 S2.0 AL A Hods

Hbr7 5 S BRI P /mm = 4EAL R/ mm TR PR % /m
1 0.480 [-0.43, -0.036, 0.497] A0.017
2 0.474 [0.029, -0.025, 0.452] A0.022
3 0.453 [-0.101, 0.026, 0.434] A0.019
4 0.456 [-0.019, 0.052, 0.441] A0.015
% 6-3 Intel Realsence D435 7 5 ML & 17 B
H¥s 5 SRR E /m = YEAA bR /m RIE R 2 /m
1 0.480 [-0.051, -0.028, 0.484] A0.004
2 0.474 [0.014,-0.011, 0.469] A0.005
3 0.453 [-0.082, 0.015, 0.449] A0.004
4 0.456 [-0.013, 0.045, 0.454] A0.002

6.3 RE/GE

AR E EEAT T AR B ARSI AN = 4 52 7 556 R B IE AR SO VA VA R
FARR I S B0R IH « AR SC e i B A U V20T B A AR A et O ARG R
EE o T AT R P S R A P P AT R U Sy, S R A A T A R A
EAEHRA A FRIE 2 T 93.33%, IekF A 6.67%, AT LA RS2 brfhE
B BEATATIN . = ZEE A Seie R M 8 H RGB-D AHMLIEAT B4E = 4 58 fr XA
FEAE TR X H AL, AR T4 2 00 H ARBL, W05 B P 208 BE i 22 b T
14.25mm, Y N+3.75mm, SEHNE & FAERAMAL G N E AR B2 20K .
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FTEREERE

AR LB T IR 5 2 W B A e 5 58 S 7 VAR 7 il 45 R SR 5 E AL
B 0TI 0t I R AN AL o5, @i 4 B P A ) SR S I 5 e v 7 2R, S
TRRE S T H ARSI SR A H AL S8 BIBETT 1 B BRI A E AL T . H G,
M SR L 5 S B AR AR, TSR T 1 AR S (AR RS S, AR A%
PREE R O B A R, el TR R R AR AR A AR L G RN, A
MEAT T REARE, BRR TR, O Ed B AETTL, ST
XA EE AL FRG B B sh X H ARPLAT RGB-D AHAL, SKBL 135
R =HEE L R S AA I R Uit AT 1 ik AE; 2R)5 12 M TensorRT i
TR, Wt R R R T 4T IO E T AR, o, AXEEH AR
AN S AL T, AT T SERRIAEE R (eI 5 e A s, UER TR TS A AN
AR

71 X TERS

(D) AWICERR T AR R SR 5 ALK E AN TT, TG IR T IR
5 5] R ) B ARG A Y S S ARG R R S, SR T T SR A A 0 B A
BEAh, At T X AR AE R SR s AL T I RLA , REIAE H TR R R A
R AT

(2) T StrawDI U E 1 3100 5K & v, &RV bR#E > KA RETE . K
RLRE MR, 1508 80101 ELfl, K BmARBENL > N IIZREE . Bk SR AN
%, 4% Pascal VOC2007 kg UhRiE, & 1 Hag HAnRr A2k .

(3D BEXPRLIIRS BE . MRS 20 I R ORI BT R IR REAN R I IR L, K
Ghost £5 M RAMERL, 51N SloU #5725 B B T B A A EE R IR &R,
ECA VER JJHLHI A1 SimSPPF FRAIEfl & B Sk MR o M2 R SR, oot
FEA P 1 94.5%, RH 90.5%, mAPfH 94.9%, A SHE L) 50%, i
I/N2) 43.4%. 5546 YOLOvSs AL, MEReRERT, IR IR NRIH
R PRSI 2R
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(4) WFFC T 3T EUG AL TR )l s i kg — 2 5 SR H AL 0 = 4 58 7 7 1
fE Halcon #fFH, RIS AL, B AEAH ., BEE 0 BISDIRSIIL T =482
firo HES T FEAEAR R ALKR 5 FARAR I 4 00 &R, I8 FH 5K IE AObs 58 b5
RGB-D Fl# a0 X H AHHL, &5 & St 1 YOLOvSs &0l 75 v: A X H ABHLE i, 5K
BT RN = E A, ST R, RGB-D HINLEAVEREE F, REFHREN
+3.75mm.

(5) Vil 73 T codh a5 20 i B A b W R e S DB A P S . F A
Pycharm I PyQt5 H1) Qt Design L H 58 | R, WG, FAHmME
FEAG I L . 383 Pytorch. OpenCV Al Numpy %5 SEHL R i ThE, 1% R GE A
P, B Sebr N E .

(6) Hrih B A A AR AL @ TensorRT fNE A R Ih# & Fia % k%, 5L
LT NEHERE . 7E Jetson nano P& _EMK, {8 H TensorRT J& #8522 55
s 0.22s, HEHRTFZ) 51.1%. SEIGIER T TensorRT H AR A8 2 2 4 il 1%
Fe BRI, SIS B AR S i G R & R

7.2 RKFKRE

ARSI T B TUR B S R RN 5 58 AL T VAR AT, O B B A R AR A
AL A0 G I A0 5 A7 J7 TR BF e 44t 17— 280532, (H PRI () 46 R 3 AT) SR A7
FEE LU R AL AL 75 BEREAT oot 2 Ji5 Bt — it 5

(1) A 3Cf# A Ghost #i %t YOLOvSs #E47 7 # AR AL TARIE S T — &
[R5, (BT Ghost 4 P 513 F ) /2 Depthwise Conv CERBE AT 43 B EHD
CUDNN (24T CUDA KRR 2> GPU i) %t Depthwise Conv JH ¥ A %
SRR AL, AR AR A, S 4, I 3x3 Conv AR & %, T
CUDNN [ Iffbid, ik 73, 5 8t i YOLOVS #5 RAG o i A 4+
B TE, S5 4: R DA% AR b CUDNN JE 285, i H MobileNet 1£ 4 3 F
Pg ., BRI e i, SR D IR 4E, R0 R BORG IA [

(2) REES =) Hbsta I RE B A EAE AW SOEnEAC. T e e PR,
A T B AE L S O S B AR B 27 > E A I Do 2 AR Y P R B AT S0, DAY
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IRAG NS T H AR S A A 1R e

(3) A FUI) B g A 2 L B0 DR A StrawDI 1 BAHCER RO AS R ZE K
JAS R R I, R B REAS I 5 Ao R G R RAE ) 2 B8 2 SRR A A A —
SE MIPRAR A JE R R8O B il 1 A I B s S AT e, AL R A H
ik A SRR SE AR A

(4) AR FRE R SEEAT VRIS A T, el 1 R A R g, F
P R A AR AL F 2 BN N o H TN ) 5 B A B 1) 8L, dn e 2% 2 B A
KAPERL ARG, BT RN s 5 F A R PUME 2 W il R a8, el
RERAH AL B, R T AR E— BT
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