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Abstract

There are a large number of large-scale greenhouses around the world, and
monitoring the growth of crops in these greenhouses is a major focus of greenhouse
management. Traditional manual inspection and monitoring methods are time-consuming
and require a significant amount of human resources, preventing growers from quickly
and instantly understanding the overall situation within the greenhouse. However,
automated unmanned aerial vehicle (UAV) navigation and monitoring systems can
address this challenge. UAVs equipped with pure visual positioning, without the need for
expensive sensors, can perform navigation tasks with an RGB camera. In this study, an
autonomous UAV navigation system was developed using Enhanced ORB-SLAM?2,
which incorporates ArUco Markers. ArUco Markers are specific geometric patterns used
as reference points in computer vision, aiding in location estimation and tracking. ORB-
SLAM?2 is a visual positioning and mapping algorithm that achieves simultaneous
localization and mapping using a camera. The experiment demonstrated that Enhanced
ORB-SLAM?2 outperforms the original ORB-SLAM?2 in positioning results when dealing
with environments containing shadow features. This UAV navigation system can perform
various flight missions within a greenhouse autonomously, with a root mean square error
of the flight trajectory within 30 centimeters. Additionally, map calibration using a
similarity transformation algorithm ensures the alignment of the MapAruco with
manually measured ArUco Marker positions. Fruit detection employs the YOLOv4 deep
learning model, achieving a fruit detection model mAP of 0.96. DeepSORT utilizes this
fruit detection model for fruit tracking. After three steps of data cleaning on DeepSORT's
tracking results, the average ID switch count in false fruit experiments decreased from
5.83 to 0, achieving accurate tracking. The greenhouse fruit localization algorithm utilizes
the cleaned fruit tracking results. Using triangulation, fruit positions are calculated and
subsequently corrected using map calibration and iterative ArUco Marker calibration.
The root mean square error of false fruit position decreased from 2.758 meters to 0.223
meters after correction. This fruit tracking and localization algorithm has also been

validated for real fruit tracking and localization applications..

Keywords: automation, unmanned aerial vehicle, autonomous navigation, ORB-SLAM2,

fruit tracking, fruit localization
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fl}L? o EABBIFIRY CHERBEGLINAL R ﬁ}ﬁa%ﬁ«?d:& v L H
AR ERE 2 FRMELET T Lk 304 .
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223 F P R ABATIIREES X 5|

AR g AE M EER Y GPSABL T FP R F N R K
Mot RRgAWRERY B AEOFR e BRAFLRERS - ERE
PR AF A ERE ) SRR A AP AR T S FIR o Aslan
£4 Q022G EAWATART 3 ARB A FEL B¢ ki &
A < FIEFEEME > B 37 e A i i > 2 & BR 37 Hae T

o P BREFPNRY TR LS RS R A & 87 o Roldan ¥ 4

(2016) = pFi# * Unmanned Ground Vehicle (UGV)!Z 2 Unmanned Aerial Vehicle
(UAV) » B &7 4 Fnipd > § UGV @IlHat-pr o &% UAV & { 20 F
Moy kAN AEL FERDERTTR > 30 kg UAV &% F Hd &
UGV, Flp 2 Z & F fimEhi # > 758 UGV BT ¥ « B E ¥ g A
2 A EEBANTLFOERYL PN IAE TR ER LS £ A B i A4
I E N RT o 4o Amador & A (2017)@ * T HE-F T enL L8 BN E

CREBRERYAT VAR EREEFNAL DR PR ABESE
PATS &) - %’ﬁiﬁ"‘fiﬂi?ﬁmﬂ Ao RF R ABORERRESEY DT o

MAaEREERE -

2.3 % P& A8 s SLAM

231 8 2R AP

B A Mg R Ery B R EAFM  FIRt R pd i ey B A e UAV -
UGV B~k A 4 » B 52 B 5 Sl @Eenfiie 21 E 3 P & iF5 A

B
ar

PRl g A IMER s SLAMBURT Y RPN Lo

e

232 TR R R

FEDEPN AW T E R TR LS B2 Jfﬁ,ﬁﬂ # (Bailey and
Durrant-Whyte, 2006; Durrant-Whyte and Bailey, 2006) - SLAM ez # P24 2 % {8

ChAdeamkR B8 AR PR ERY FE LY SRy REREY i
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B2 bRl RAZRRBTTLREABSIRY FRTOEE > URFHFELE
m SLAM 4 & & 2 3 48 > & %] 5 & * k:if (light detection and ranging, LIDAR)

1 LIDAR SLAM 12 % & * &F: 4 7 VSLAM > = "F’i‘ A B P B Aok 2-1 A17 o

# 2-1 LIDAR SLAM & VSLAM 't # £

LIDAR SLAM VSLAM
Cost High Low
Affected by external light sources No Yes
Map accuracy High Low
Cumulative error No Yes
Map language information No Yes
Usability High Low
Stability High Low

82 7% LIDAR SLAM engjiip = 34 > D R R B 5 % [y - L > e d 30
BB AR S F%RAATE oA VLSAM £ = A MKhigd , 7 @
RGB #p# 7 & (7 » H ¢ VSLAM d #p4scnfd it » 2 3 #8> % - 65 RGBD /%
BARYS > 4o Kinect; % = 485 RGB en¥ p Ap4% ~ B0 4945 - A P41 % - RGBD
i 4p $82 LIDAR SLAM gt jisap 02 » 5 1% i & P% R EE (time of flight, ToF) » 12

FERRFZ P R AP 18 e o
Lachlan % % (2018) 74 4 # } % % 2D LIDAR # ¢ * LIDAR SLAM &% p

e 2B HE Blavd A NS 2em RSP HET 3D LIDAR M &
{AF ek o Qin % £ (2019)% % * 5§ 3D LIDAR 7 UGV b & 2 -

7
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?ﬂ

fevk hEEZ ] 0 LM WD UAV 8 7 0 UAV fhot 3 Bl = oif
182 B 0 0tk sAlr UAV ehfs s b UGV i et B Tk 7 (i e 22 &
3D ELZ B e

VSLAM ¢ 4 & 7 8 3 2 27 > 2 (Huletski et al., 2015) « & 37 2 4o
Jakob & 4 (2014)#73# ! e LSD-SLAM (large-scale direct monocular SLAM) » &
R LLED PR P RGP EF R s RAFWLZIERBRE
#zenORB-SLAM ~ MonoSLAM ~ PTAM % { 4ef8i t¥lw > @ H 42 8L 5 3R 8 hs
AAPEPFMEF o 2R F LA CPU F FPFiE 7 o ¥ ¢F ORB-SLAM i - 4%
He™ % > d Mur-Artal & 4 (2015) 22015 & 3& 41 » &_# >* ORB 3 j# (Oriented FAST
4 Rotated Brief) 7% & ;= - ORB ###icd Brief crf-id = & 44 it 2 e > H 2
¥ i# Bt SIFT #-7 i # & % (Rublee etal., 2011) » @ ORB 4k 7 *gdg{-: & 7
B2 A ERRAFE P T Rk BT 2 E Y GPU T
FTHPFEF o m 2017 4 Mur-Artal £ £ (2017)%7% # 59 ORB-SLAM2 # if #* =
faspalentpts (Hp At~ EP AP {- RGBD Apt) » ¢ o 2= BILA1*

e RIfr E AT e 4o b o B Krul & 4 (2021) 508 3 3 0 AT AR 2
51 ORB-SLAM * & # 7 j2 5 LSD-SLAM § { | S B34 > @ 8 3 7 ha i ;&

B oA T R AR LI E § AR
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4 fe 1A ¥

A - @At d - L P FE R BE R SR BRAER YA
(Wilhelm Ludvig Johannsen)#7#t # » & 1905 # is 12 4pfe < /] che + fAfg d1 < 5]
R LR RS R T AR GRS L R

PR R o ER B R S K S S ARE S LA Al 8 AR

AT R R IR B n 3 A7 58 (Peirson, 2013) ©
2.4.1 it & A & 7 H 55

T Aot RS f o BlcZA v+ 23327 23] 2 R

TR BEEALSI G A Fa* (Songetal, 2021) o

Bkt A s 772 KRR XA P/ > BB E > wif i ~ 2253 5Vl

T4 % 4] 4o Hughes & 4 (2017) & * X-ray uCT ™ ZLphdf s ~ 2Hiz x e SV E

FEb Bl R L B AR A o Xiong % 4 (2019)4% 41— ﬁéﬁ_«“ 3D 4 4| A 45 3778 CT
PpoadZinge 327 27 N ERORP RSP DR DL AT 2 FHREN E Ty

BB AGFOIE o ¥ b ZF Y R & 2R § 3D 23] ¢ 7R

(aspect ratio) ~ * [4. & (porosity) ~ x4~ ¥ JE#L (grain-to-grain distance)frzid~ & &

(grain angle) » I ¥ ZFILGEH VS L F S PR EER = HEI% X FE M oom gk

PiRPIEEES PMBIM o BT ED D T A AR R R T
Hz

BIH T &3 R AETRE > T hith 44 o

-

Poo A 44T A 5 =460 i 350 (portable) ~ F] #_;¢ (stationary) ~ #% # 3V
(movable) o i #5% & A A 47 endFBE S 5 N4k IF 2 S ~ 1A A > 4 Aquino
£ 4 (2018)E B L APP > B 3% * FEA LW RGB AP » TP F § 8
%W YR o AT AR TG G B R A 304 48] 840 2 B o @
3 @R RGBAP M AN e s B MBIk - S RS

¥ 3% bk B~ (Araus and Kefauver, 2018) » if 35882252 i » 2 H 4p 4441 5 kiR
AL BEAEAAATY 07 T Ft > T SR B A A
T ARER A 0 AT L PV UZ % RGB Apfs ~ 5 k3 4p#% (multispectral) ~

9
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2% 4p % (hyperspectral) ~ #4 i ik (thermal) ~ % & 14 ;B ® (fluorescent) ~ RGB-D #p
# (3D imaging sensors) ) 3 53 & A & 47 3l H B o 4o Virlet & 4 (2016)F 4 7 -
2RpER RAABRRLET S0 T SR AR AT RGBS - EH E Y LR
TE U RBGR A B R LHAA -3 B 3DLIDAR £l bz
Pk e PESWEREE ARy DSR2 R o B4
AT T AR 2 ANRERET  ABEER - DR RED L RO
TEODEAZEY pd BE o UL e 2g D AR P RS OER Ay o A
Jimenez-Berni % 4 (2018) £ & yrf| T d ek s B A A xR FF4 o ¥ iEiF
# {4  LIDAR # 34 jp| £ {8tk § & (canopy height) ~ # 4% 484+ (ground cover) ~
# 4 4 £ (above-ground biomass) - ¥ 7 ¥ e GPS T iz i 8 F 4 ik J§IF Tehidn

BT A 0 M p A iden 3V o & 3] F e B (Shafiekhani et al., 2017) o

TV ERA A TALRL FIEE PR B ABE ﬁiw;t}%@\ u BT
PARALAT B e LA AR A SR A AT S W AR Y A R
BAE S o 7o T et B3 hE AR R 2 S (canopy temperature and
structure) ~ £ % % 7 £ (chlorophyll content) ~ ¥ % & (nitrogen content) ~ &tk § &
(plant height)£2 =+ & 24 # & (above-ground biomass) (Sankaran et al., 2015) - @ £7 &
ERGAR 0 BAAPERMOS AT S R ERIFHIFRTRE Fa { X EE
(Yangetal.,2020) o » Fpt & A A Eenivd 2 3 * 2E3 B & By e
;O poeha £ (Barbedo, 2019) o & A 483 ¥ € 1 RGB Apts ~ =t SE IR
LIDAR ~ 5 k3#4pt4 ~ B L HF DL £% -RGB Apf s aie * » 3 247 R0
2D grifw o kG B (¥ 2 € 0 4o Elazab & £ (2016)F1* RGB 8 JFgR| 2 K

1§ ¥ini RGB il EHROFTRE > 2 FRY { fhd Liipth o
Zhou % % (2017)R|&_¢ * % k3B (37 R-kKf2A & - Trachsel £ 4 (2019):F * 3

LHW AT RBS AR -

10
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242 tH 2RI

AEGEHEE A RFEAESER 24 2R (biological yield)E b 3]
BHOJE RS REREN BB EALASFAE > BEA AL ITED TS
A EPRAFF PFrLE AR AFHFALT >V ETHREY KT 7 b

AEEES BB TR Rt ERE o d FEHRT it Al

&)
TR
|
b
B
T
.

TG R A BB e AR T MY doHe £ 4 Q017 F
SARB RS kA AR NWEXE 360 R Ay P EXER R
ERCWR M- TF < o B RR T kRAEREE LIRS
% % 243 ¢h- &+ o Das Choudhury % 4 (2018) & ip| o 3p#& 2 X 7 RGB ¥ ff > £
TR RREF VI EFREEER O NEREF LA o d P
TREATE G RPET R LA A TR R e WIA AT AR
AP FREEF 2 L%y ARFR AR FY PELP > RITPENTHAE
ol AR EF A S BEYERZREY SRR B¢ (Zhengetal, 2021) -

LB EF Y 22 > 4ol 9 £ 18 (support vector machine, SVM) ~ 4 1 3¢
A& 4 % (artificial neural network, ANN) % # %+ (random forest, RF) » iz#g = /2
TR S By Y Op RPN B AR RS TR ok B f‘?‘

% (Miao and Niu, 2016) « # * {8 B £ ¥ s 2 4o Liu % £ (2015) %15 E % o e

Wt N B A LS A R RRA AT S AT Bk A

BB RS 5 87% ~ 7w & 5 90% o Maskey % 4 (2019)i¢ * = B BE ¥ eh 2
TR = & ® g (PPCR) ~ 42 5 8 (NN) {rig 8 &k (RF) > e = § fcdp iE Rl
FEAE A BRP S E A BEEY G { EIRTE -

FOBRDPEEY 2 REEYV S EAREY > A RDLUFREY 3
BB PP EREVREE > BA R FR LS A REdR R RS
PR UREERF o e Olenskyj % 4 (2022)# 150 3 85 A 3 R & ~ %22 B foipl
%’ﬁ%YMDﬁWﬁ’ﬁﬁﬂ?ﬁﬁ@wﬁﬁ’@% WA R ¥ A
¥ % & o Kalantar % ¢ (2020)# *" RetinaNet iF & % fi#! ‘Sit > @ * 2 A 87 4p

PUFERAHABHMA LI R HAEE > 2 T 54 R (average precision score) 7 0.92 >

F1 Score A 0.9 12 + o
11
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243 e 2 -8 £ R

R R Y Tk RN TR OO E AR A
P oA WRIER S AT TS A A 0 % ST R A R R o Li & 4
(Q011)3n 5 $H30 hor B cfc BB @ 3 > (04 Lot fa Rl b2 £ & 2P
T A T BRI 0 G B F TS A § 3 (crop-load estimation) <

Rrgid

RIEp GRIGPRT Y PR F G HE SR wiE R it R R R
PN S S g bk PR G 2 2748 SR 48 e 4 FERY AL - Gongal % 4 (2016)507 §
A R hp BB R BE - SR EE BT SR B R A B
A2RERAEG F AP EN D ZRGEE FLIHRIEEIRERD

Bl Rl a B 7 3t ar R d S8 %% I 82 % o Mehta and Burks (2014) %7
TrAERELRAL DE PR EIRFOFER  SERT N LR
) S kR BN Y 0 LR EP O SR LR R TIEE L AR
Bt B ELFREIGEL [Scmup o

e Rl R T APEHRIS S A SHRGBE PApts o 4 di i RE S LD 2
R4 o Feng % 4 (2012)i¢ * 3D k& & F %3 ¢ A4 BIg % e &2 % | 8
2AGERB G T ATk eSS P R 2 e 2 ik =
Mih e {EFaiE LR LT o ¥ BEp 2SR T T i
RIEFT G P 0 A4 (B anx ] s BEAE 0 TIORRARR L L 506 A4l 3 ok on
Aol o T5E R A A 2903 6%2 B (Fontetal., 2014) -

12
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AFEF 2P BERABA LA 1Y A R T
BRzY EA Ad#cE e A o A 4% 4 & 5 DII Tello ~ Intel RealSense D435 /%
}i%‘gzﬁﬁ A ﬁﬁf"' W b oo ’&__‘{ir A ﬁﬁg a %ﬁiﬂ?ﬁ » ROS ,:“E ffué frv%;’—‘@iRosbag“aﬁ"

FFR o RAEAEL R EFAEE LA AR SR

Hardware \ / Software \ f Melon Analysis \

Architecture Architecture Algorithm

@ Detection * YOLOv4

Q Via Wi-Fi
@@D DJI Tello |
Control
Tello e Drone
Driver Controller Track ] DeepSORT

Filtered l

Pose

@ Intel RealSense

RGB Image

Localization [~* Triangulation

| Il Ground Control
Station

< A~

Size —* Triangulation

Rosbag (Save RGB images,
6-DoF Pose) / K

W 3-1 f 2 icini & 5 A% T L
3.1.1 H*g% ﬁ

AF g E® DilTello (75 f %" 10 i A 8 > 4ol 3-2 %77 o Tello £ - #x
OB MRE A AR S ek e RS 53500 % 0 2487 - 3
ws o WA HD720p 30fps 5 RGB 4p# 3% & A fchE 4> 2 484 2 4]
750 2L AR & BT AR SR F ALE o & 4 % 9ROS Package ¥ )2 & ROS Wiki

35 ¥ (http://wiki.ros.org/tello_driver) » 3% ROS Package >+ 2LF = 1 TelloPy B i

2 oo AptF 3 9 TelloSDK » 2% & ehiTelloPy B4t 5 L 5 erb i o pr 2 2 ¥
FiEdp L RipdlAe & EF C HSHHAERT S A F ek & A RGB B
A~ IMU EF e

13

doi:10.6342/NTU202303659


http://wiki.ros.org/tello_driver

@] 3-2 DJI Tello & * #%

% 3-1 DIl Tello & * 8 ##e4te 4

DIJI Tello

Video quality
Weight (including battery)
Body size (including propellers)
Maximum flight distance
Maximum flight speed
Maximum flight time
Field of view
Visual odometry (precision hovering)

Stabilizer

HD720P 30fps

80 g

9.8cm x9.25cm x 4.1 cm

100 m
8 m/s
13 min
82.6°
YES

NO

Intel RealSense D435 /% & #&## (9ecmx2.5cmx2.5cm) » :%&F 45 5 TR

BHEEAF0IIE 1028 2@ « 4ol 3-3()%m - tafsd 23 444w Bind

AE G 2

MEBLLEE Ao b AR BAL Y N B BRER R

AR 2 REL R R - PSP RGB AR o H P o 2t

E 5 B RIEE (ToF) 3 o

13RS % >  RGBAP KB & 7 5 1920 x 720 % » % #i#c 5 GOFPS » i%
BRAPHS BB & 5 1280 x 720 B o BB hidch 300FPS » o 4p 8 2 o PR IE 4 B
BRFIch i A2 ASPTHr - FAEABI-RGBABE § 7 b il &

14
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ek B oo R F R U2 @ B - K o Intel RealSense 4P F * B # T — B R
HFen ROS £ 2 (https://github.com/IntelRealSense/realsense-ros) » 3% & i & &% B 4p

#22 RGB A e # iv > ¥ R {8 B @iX 3 rostopic > B @ —‘F‘{ e
H#% % * realsense 4p 8 s ffo o V0 )k L¢P 5 RealSense 4 # e o * @ (B 3F
ZE 43 Bl o 4oB) 3-3(b)#777 » ORB-SLAM2 & 8L (forb_slam2_rgbd) ¥ 7 37 & & i
rostopic - /camera/color/image_raw {r/camera/aligned_depth_to_color/image raw - ﬁk

¥R 3 ORB-SLAM2 j# & i o

— RGB image from Realsense depth camera

®] 3-3 Intel RealSense D435 /Z & #&F:4% : ()#FEF 17 HWE

(b) rqt_graph ¥ rostopic 37 B B %

& A G shE Y ek e 7 % (A]%L ¢ MSI GP65 Leopard 9SE-018) i*
SElE A ente BB 0 Al TR Intel i7-9750H AJL E{e 8GB
DDR4 & {548 ~ 1TB+256GB PClIe SSD # % & ~ NVIDIA GeForce RTX 2060 6G -
AR S TR A SR kA R R A BT E 7 @i
By o pteh o AT gR % % TP-Link Wi-Fi dongle (A1%5 @ TL-WN722N V4)
MU R G SR A BB TR -

15
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https://github.com/IntelRealSense/realsense-ros

3.2 & FiHl W

A A 5 it k55 Ubuntul8.04 LTS = » » I # fic ¥ & 17 Robot
Operating System (ROS) Melodic "< #:& {7 - ROS ¥ — B R L * s B A i
LR *“ﬁ’élkﬁ@vuwfﬁ%#%ﬁ’éﬁﬂ%\ﬁﬁ
Fodl s e gl ® o Ae v kRO B Tripd itk > S S E A
Friek* BgainEH o

A G R EE AR B 34 A7 o RERLEREEY AL B
W8 Wi-Fi #-F e H.264 @f{ﬁ% % @i% 3 gk o & ROS k52T » Tello Driver
B GEW 0 > #-B s ¥ 2 ORB-SLAM2 #ij * 4% %= - ORB-SLAM2 4 #- RGB
B e A A PR e 3B B chORB £k o p F¥ » ORB-SLAM2 fz* & %_i+
BN e BE 7 7R - LE XA o M@ A 8E B Frame ohiz ¥ @i

o

' (6-DoF Pose)% i T Robot Localization i Extended Kalman filter (EKF) 32
Drone Controller i * EKF ik 4 chi= % (filtered pose) ¥7 3 £ 2k Z_eh St 524 5

% ¥ Z (pose error) » B {s » PID ¥4 B2+ & =413 5L » Tello Driver #-H 3 1%
GRE?P DR RAPFRREY] PR EL AT EAPER G 22 BT
I e 18 ﬂis?ﬁr' [hat: RS N £ )i i %”F‘?ﬁ ORB-SLAM?2 4% €_izfr EKF e it
R R TR T TS

ROS

/ Drone Ceontroller \

izati r= ==
ORB-SLAM? Robot I}(;z]alhzatlon ] =f_ \: . &chremte I
6-DoF (EKF) | Filtered Set Path  Wavpoints

Pose Pose

RGB Image Pose Error

e ]

Driver

PID

Control Signal /

Tello

Via Wi-Fi

B 3-4 p A g 4 B0l 28 W)
16
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3.2 ORB-SLAM?2
3.2.1 Enhanced ORB-SLAM2

*F 3 P A% GitHub T’F—*F]’ CarminLiu #< 2 59 ORB-SLAM?2 #a2e > H & % {4
GitHub e & 4L 5 " ORB_SLAM2_aruco" 3% iT4 & ORB-SLAM2 #r » 7 ArUco
Marker 77 5t > i ¢ § ORB-SLAM2 % &+ 12 ¢ * Keypoints i& {7 SLAM » 7= ¥
i€ * ArUco Marker i& {7 SLAM ° it 4 #-MapAruco & # I KeyFrames > 4741t 3
B ¥ & * Keypoints & ArUco Marker % = = > » i if Hifrf& i MapPoint {v
MapAruco > I { #72> & LT £ (global bundle adjustment) °

A i A3 CarminLiu e%7 3 > #7361 R 5 &2 Tr s Rlens i o Ry EXal kSRR
PARFIMER » P M R P EYERFRET A AT ER-
ORB-SLAM2 B i e BlGE 5 03V 38 (7 83 22 > d 30 e dn 38 &4k % MapPoint &
KeyFrames 5% 73 > 3% i -2 13 22 20 ¥ 12 73 B~ MapAruco > & & & i€ CarminLiu £
ORB SLAM2 aruco ® ° %= » & & %it & SLAMZR{sE T+ B > T &7 -
=X i# ? ool AN AF St % %% Enhanced ORB-SLAM?2 -

321 REH W2

AT ABEY A B KA R R4S ORB-SLAM2 2 54 i i3 ic en
Enhanced ORB-SLAM2 - # 3f & Tﬁf‘ Bl ehim A > 3 Bk 53 2 B o ORB-
SLAM2 )k sti¢ * 1 Intel RealSense D435 /% & #%°#% > @ Enhanced ORB-SLAM?2
g Xep)i@ * 1 DI Tello 557 RGB 4p#% - SLAM 2 @)@ * £ 1 £ 34> A
BEAF Y FATEYUP G P i * ROSI=% T throsbag 1 B8 (7657 » &
o saE R WP > BBt 0.5 B2 R £4hbag WA k2B TR R (4
£ : rosbag play xxx.bag -r 0.5) o #iEiefE> 2 > 7 U KD FPS @ SLAM

mE RN R B

17
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3.2.2 Enhanced ORB-SLAM2 3 B & &+

ORB-SLAM2 ¢ PR AuEARY L F - e R A TR 4k oen
Ry Rl » 2R EFX24pF S Bl -0l &L F5 kit BIFFF &

HBIEEA B LA A1 B ek (frame) 0 @ & 3 E

il

A S s e ol S
b oo iz BA AT M7 0 e BleoE AR Flpt R R AR g de S e
d g # FIE FEE > m AR AR BT T B e T R

FEIFH O eI FRIEFTRE -

B 4~ ORB-SLAM2 i3+ B4 MapAruco f= KeyFrames & = » & 7
Enhanced ORB-SLAM?2 ¢ MapPoint ~ MapAruco ~ KeyFrames = —"‘Ff 2 o MapAruco

Rl R4 BEEDITY o g b AR B ERIEE M Y75 ArUco Marker
EFEE O BRFAPRYSEEF R RE B P F P4 9 MapAruco = F o

B BIRCE ARy o AR AT Dk o B fE E AR 2R
B 3T B (iterative closest point, ICP) % /% » i * Python efropen3d & ;% & ¢ k| {2 ICP
\;},Qﬁ;o Rm oo pL f‘f”ﬂr‘——\bg\, N —TJ’# ¢ Frern ArUco BE$F:E 7 7 ﬁr. » Wi iR

7 NF P BCHGEL o FIPEF i B oA JE T B I8 B fZ (local minimum) e

% - f87 i AR 7 std d (affine transformation) % i {73 Bt o A Y

® & * Python Geometrical Morphing (PyGeM) 3% & > PyGeM i & * 3t & ip 25
TR A LS P R TR B E R S fed 5 PR 11
A5k R B2 o # ¢ A {eiE 4 Radial Basis Function (RBF)e j2 & I st o
RBF £ - B BF Y e B WREY ¥ * 1 8 > L5 L Esldo
RBF me*,»#zﬁ“*f*“ﬁ;] TR aE - g ﬁﬁ?j I B Z A AT R i o
F13-5 5 PyGeM cvf = it * § ol » WF R B R4t dl 8oy R4 4B A28 ¢ 3
EApsaEd > Tk kR A e 0 A B¢ o0 MapAruco % 5 B 45037
#18 > @ F % £ pl e Ground truth ArUco 3% 5 #2530 418: » & # phstsprdifa o B3k
+ B (MapPoint, MapAruco, KeyFrames) » = = i &4 3 g BRI o

18
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~ axig Wy 00

(b) (c)

) 3-5 Pygem © Sk 2 F 2 fo bl ¢ () R4sBb S B A TR
(b) B 4o dr il Bher A5 d1 8L ()% 782 B A 7 [

33 HFHEA A
331 &8 A 83D =X it

*F 3 & * d Charles River Analytics, Inc. # % 57 Robot Localization #% % + 3
BR B G312 7 =& A #¥i=% > Robot Localization 2 ROS B k% i2 ® R
2 Ft @ A kT 437 B (Unmanned Underwater Vehicles, UUV) ~ & % = & 2 {5
(UGV) fr& * 7 B (UAV) - Robot Localization 3t =+ f & jmA B (kalman filter)
gl 2 g o A ROS Fak = L enfik o ",% T AT * a9 ROS1 2 ¢ &
ROS2 ’%‘%’fﬁ# R R AR % 2 2 ¥ 3> ROS Wiki + 35 7]

(http://wiki.ros.org/robot_localization) - Robot Localization i & ¢ 7 & i & 2k (node)

BERHFFR® > & 5 ekf localization node {r ukf localization node ©
ekf localization node & * #E + f & /gt B(EKF) ; @ ukf localization node & *
ZEPFFEERAE (UKF) > A % @ % 4pl cnd e @6 07 RIER] K Seak i -
d ** UKF g &35 e g % mmgmaﬁ‘l&» P F AR AR E o dprt 2T
AP TEY fpEE HEKF £ 2 -

EKF ¢ * 25 @H g Rla Ay » @ % B3 P RIFRBEL =F
T D] R P B iR ik WA SRR ehi= 8 o Robot Localization # & % @
B BiEE G E o AN EARE 2 AP R * ORB-SLAM2 v i# (16DoF pose

it % Robot Localization rﬂﬂiﬂ T oo % g i SLAM =X 3 B e o
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http://wiki.ros.org/robot_localization

#. 3-2 Robot Localization 1/ 15 & & % 77 % B £ @ &5 5k i
State units
Coordinates in the x-y-z system (robot position) X, Y,z m
Angles around the x-y-z axes (robot orientation)  «,f,y Rad
Velocity along the x-y-z axes X,y Z m/s
Angular velocity around the x-y-z axes a, B,y rad/s
Acceleration along the x-y-z axes A m/s?
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node) » =% & 3 4% (ros topic) » orb_slam2 mono 3 # =% F 3t > d orb check 37
B > % orb_check iz node ¥ € Fzili= ¥ £ F 5 { #7 > % ORB-SLAM2 3 { #7x
B o F #4kiE True » & 2.3 # False - Waypoints mission % # & PID 3+ & 15
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Subscribe pose
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Subscribe boolean ¥
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frame_ID x1 vl X2 y2 melon_ID

1 146 174.2 134.89 210.03 173.29 1
2 147 173.61 134.55 209.5 173.01 1
3 149 195.6 155.98 229.3 187.76 2
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AR R AR RE R R Y S BER B~ 0 &% OpenCV chz & plR S
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i
Marker {2 ¢ # A F AL F 127 10 = £p| R T L 2 4piT 0 d # ArUco Marker 12

R Sl c o S BT o Gl - LU G

¥ *24cT > @ % ArUco Marker i+ % 29 S BLEA = & | F > @ % = &P
£ 3+ 8 v ArUco Marker = % 27 ArUco Marker £ & =% » A w285 2 F°¢ = B
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3i% S Bcend B (upper and lower bounds) » 3+ 5 2 54 4e T e
Upper bound = 2 X |5] (3-5)
Lower bound = — Upper bound (3-6)

KEH -z AR BRFEHEF AT RES LY 2358367 7]
Upper bound ¥ Lower bound » ¢ = ;% 3-7 ~ 3-8 ~ 3-9 4{¥ Midpoint ~ Lower Mid -~
Mid Upper = B %#cis & » # Lower Mid ~ Midpoint ~ Mid Upper % % & ¥ # »
A F r 3 E ST RE=Z 2 RMSE - 2B = B RMSE e % » $5 ] 9 RMSE &
# 245 Upper bound £ Lower bound » = 48 RMSE 5 % g § = 38 4o & $.3-297 7
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#. 3-3 Upper and lower bounds i%  i& {733 #8348

Parameter for obtaining the

minimum RMSE Upper and lower bounds adjustment method

Lower bound remains unchanged.

Lower Mid New Upper bound is set to the old Midpoint.
. New Lower bound is set to the old Lower Mid.
Midpoint . .
New Upper bound is set to the old Mid Upper.
Mid Upper New Lower bound is set to the old Midpoint.

Upper bound remains unchanged.

/ Lower bound Lower Mid Midpoint Mid Upper Upper ba

-2 -1 0 1 2
. Lower bound Midpoint Upper bound
Lower Mid .
-2 -1.5 -1 -0.5 0
. ) Lower bound Midpoint Upper bound
Midpoint
-1 -0.5 0 0.5 1
Lower bound Midpoint Upper bound

Mid Upper .
K 0 0.5 1 1.5 2/
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>
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3.5.2 ArUco Marker 2_ & i j

~#7 % ¢ Enhanced ORB-SLAM2 /% & ;2 & * ArUco Marker 4r % % 5% >
£ % 250 i Marker > & & Marker d

NSy

AP iEHE T aruco mip 36h12 g Eie |50 0 4

8x8 2 v S M e > I ¥ B 5 vi— 5 Marker ID -

4o ) 3-13 (a) » 3% i #- Marker 77 & A4 ' b > £ 4007 8 195 24 x19.5 24
St 3 A5 T H 0S5 24 hd F e e 3-13(b)A PR T E P L (20 cm x 60
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3.6 Nk iTIiR
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h
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4.1.1 ORB-SLAM2 % _i* 3<% 4 17

# 4-1 37 ORB-SLAM2 & 33 £BRA Tz =40 %+ 9:30 ~
10:30 iz = L e AR FRAZE 11 § > 3 7 55 hs 7]
frame ) % 7% % 300 & 350 2. ¥ > Tracking rate #~ 4 3 92.21 % > @ Frames required

£ %2 > Keypoints per

for localization 4 %] Z & 78, 90, 387 % frame > & & f b B4~ 41" & 372 99T

Ao B ABARLE € R LN T B TR

b 11:00 ~ 12:00 PFR 80 4 - B LM T % > KRA & 5~10 § 2
& > Keypoints per frame j£ i * 11300 3£ 3 500 > Trackingrate & & 99.7 %12 + >
® —‘]‘B’K WE S @ frame ¥ 2 H# LTI 0 F LEEHEA S ORB-SLAM2 82 i H
* o SFEL A 4-1 en¥ % » & _Shadow 2 Keypoints per frame &7 B 7|3 & 7 » ¥ 1Y
BRIy EREIRE iéﬁi&ﬁ”'#?fﬁ"{f%ﬁifﬁﬁg PEEs FIF T o
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% 4-1 7 b % B IR 2 ORB-SLAM2 #%_{= ¢ %

. Keypoints Tracking rate Frgmes
Time Lux (k) Shadow per frame (%) ;zg;lllir;; if(‘;);
09:30 113.1 YES 340.98 98.7 78
10:00 144.7 YES 320.22 98.4 90
10:30 160.6 YES 314.76 92.21 387
11:00 48.2 NO 519.21 99.98 2
11:30 62.9 NO 488.08 99.79 2
12:00 95.0 NO 555.34 99.97 2
12:30 112.9 YES 528.08 99.98 2
13:00 25.8 NO 600.85 99.98 2
13:30 39.9 NO 605.38 99.98 2
14:00 30.4 NO 636.10 99.98 2
14:30 117.6 YES 473.21 99.95 3
15:00 95.4 YES 475.62 99.9 2
15:30 79.0 YES 471.20 99.98 2
16:00 48.1 YES 548.61 99.98 2
16:30 4.8 NO 672.57 99.98 2
17:00 1.8 NO 663.49 99.98 2
17:30 1.0 NO 754.65 99.98 2

Mean 397 97.82 111.80
Std. Dev. 88 2.87 142.45
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4.1.2 Enhanced ORB-SLAM?2 Z_i* x4 A 7

F4-18 2 420 * TR AR > L9 3R * 2 I VSLAM & 500 &
4-2 & 7 e1%_Enhanced ORB-SLAM2 A8 27 kAR E T e 4R F k7Y
ZE e 41 RIRAPpFARS 5 vE— 7 407 Frames required for localization »
kP RiE 168 7 3 A28 FF > Frames required for localization F & 24 & frame =
BERA o B R BIERT §2 3B frame ) TT R e A5 BIP

Enhanced ORB-SLAM?2 % e sk BB i% 2T 3 4p $H48 T efmw %k o

% 4-2 7 & BB TR B 2. Enhanced ORB-SLAM2 #_i+ x4

. Keypoints Tracking rate Frgmes
Time Lux (k) Shadow per frame (%) iequl.red .for
ocalization
09:30 113.1 YES 322.78 99.96 3
10:00 144.7 YES 315.35 99.95 3
10:30 160.6 YES 324.57 99.42 24
11:00 48.2 NO 562.94 99.95 3
11:30 62.9 NO 539.65 99.55 3
12:00 95.0 NO 589.65 99.9 3
12:30 112.9 YES 566.40 99.94 3
13:00 25.8 NO 624.82 99.97 2
13:30 39.9 NO 627.47 99.97 2
14:00 30.4 NO 658.54 99.97 2
14:30 117.6 YES 494.86 99.94 3
15:00 95.4 YES 500.56 99.94 3
15:30 79.0 YES 485.57 99.95 3
16:00 48.1 YES 574.77 99.97 2
16:30 4.8 NO 681.91 99.97 2
17:00 1.8 NO 667.48 99.98 2
17:30 1.0 NO 755.26 99.98 2
Mean 413 99.77 7.20
Std. Dev. 113 0.23 8.40
39
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4.1.3 ORB-SLAM2 £2 Enhanced ORB-SLAM2 Z_{* %% ‘b &

41l E 4127 24773 B ASNAET RRRIFEET T EEIR HEF O
#7H4 8 p] ArUco Marker 7 Enhanced ORB-SLAM?2 2 > 4§ T {4 ¢ "% ORB 4+
Hxen ORB-SLAM?2 -

K 418427 p 1T Mg B3 EF - 3 B A v KiTLRAE PR -
ORB-SLAM2 2 7 1 ik PR & # B9 7% & 1 k~100 k lux 2. & » @ Enhanced ORB-
SLAM2 d *t4c » 5 fd jp] ArUco Marker 2. # it » % TR 3 B R ik 2 cnB BAp | -
TR FFNE & Lk150k lux -

4.2 BT
42.11ICP = ;2 ¥ BRI

Iterative Closest Point (ICP)E_~ f& % * cnBZ T feig 5 /% > * 2083 B 5 B
B2 FAEHEICP AT NRY - BEAEBUE adE T P Rl o
ICP o H % R V- BRZBERD Y - BERIHREFL? - &5
BEEZ B2 B erpedtd | v o @ AR % g4 %2 B¢ o MapAruco # 3 3|F
“ § Pl 0 Ground truth Aruco > 2% 74 & * Python ¥ fopen3d & ;% E % &=k 4 ICP
¥ ;* (03d.pipelines.registration.registration_icp()) > 3+ & %= = & ¥ ¥ | - ‘o 4x4 v
AR el gt ) > @ % Ll MapAruco TP B IR 18 en
Aruco =% o & * ICPRLE B%4rBl4-1(a)*7T > Bl®P RE v enic B #H I RKRED
s eng gk > ¥2 Ground truth e 2 BE{ 5 #5317 » & »enRMSE 2 1.073 m > & & &
fsem RMSE T ' 3 0.145m- e @ % ICP ki 222 B> Wi * 23 3N F)]

FfE R AI* ¢ drehT R 0 F]ptF 5 % Rk I%E &% (local minima)de
Bl 41 (b)r7 > §BIZWMAI R > e BdpF > Fa2ER{ Mot > B2 Rislt

M FfF o gt b > d AT @ * KM ICP 3 > Fpt &2 % ArUco B4t 2
FamfZ RE T BFL > T - S RmcP By PREAERAL > R -
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>0 ] a
a o
-1 05 0 0.5 1 15
X (m)
W Original aruco ¥
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7.5]
\) 1.5
S 7.07 »
] |} [
-1 — 6.5]
2 05 N 1
; S . (b)
8.0 £ = ©
557
5.0 8 -
a
4.5]

1 05 0 05 1 15
X (m)

B 4-1 ICP & & ;8 % ArUco Marker i % » ‘= ¢ = H. 3% 3 B]® 7 MapAruco = % >
Td3Hifr e ArtUco =% » 24 2R 2Rz R ArUco =% »

(@)ICP 3 & B & j2 5 (b)ICP %k 255 14 f2

422 P g FH 22 B

0 b ik i 7 Eﬁ‘fmﬁg?] % Enhanced ORB-SLAM?2 # ] 7 MapAruco £2 4 1§ %
R 7 2P ArUco Marker =% o g 2% 7 @ * 23 % ArUco Marker i& (7 & &+ »
%8 PyGeM & X B ¥ chrbf dnm T ORI (234 1 +3 ) x 3 4R aEE > plapit r 3
¥+ Enhanced ORB-SLAM?2 i Bl c#73 F 3 o 4@ 4-2 #ro0 » & * gikedi
Original aruco ( %= ¢ * =) & i+ I Corrected aruco ( F ¢ = =) - f& i @
MapAruco # Ground truth aruco #35 > 1334 & W 5:x > v 0.262m >~y * = 1.884

m->z> % 2592 m: @ & 5 MapAruco £2 Ground truth aruco #4593 9354 # =
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BhezZ Ly 57 0> FEAIFEEPai=d = 2REE o 4ol ¥7 > Corrected
aruco (74 > 42) 22 GTaruco (24 L5 ) A 3d 2@ ¢ €8> &7 P& D
PRI HARS Ve B Y 4 MapAruco 1 38 ¥ Aruco marker i3

ERE o

16 f

|

14 B

U

o Original aruco

o Corrected aruco ol

ﬂ‘“\ + GT aruco N ‘
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Esg
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[+ 7]
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i 7]

A1 s =
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X (m)
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Enhanced ORB-SLAM?2 3 [B] % * = ied| ek k5 (bin) > o 08 Bl @ * =
A FE 0 F R EE R FORNEER > Rl R P o ARk
F BB o R 4o B¢ * python P struct S 3% BB~ o & #% MapAruco
MapAruco ¥ KeyFrames = —"‘Ff i T #* PyGem 3t e ik r =¥ o

2
fez -

-1
B~ AT B0 %S H B
423 B ¥ F2 Tisek A

& A 45 Enhanced ORB-SLAM2 ¢ * R 4o3 B &R ¥ M2 B ehd B i
kR R AR 0 7 E R R eI S FT 0 T35 B frame

B3] 0 Keypoints #icE (keypoints per frame)? % 3§ B 5 (tracking rate) o

4oBl 4-3 “77 0 Rded Bloud 2 @ % - ¥ rosbag fTREFORE 0 A R B
BRI E @ *h> ¢ 332973k 2 i sk 5% > R 4o BlS Y MapAruco &

JEF 28 o s ira fid Bz ek b o AP * 2 = Rdss B0 rosbag

=)

2
B % G5B~ 0t fd fB4 Bl & Bnhanced ORB-SLAM2 § i i 1L & - § % 5
%ok 43 9T 0 R4pE BT I0F B frame AR 3 6830 @ @ ¥ D ¥

BT % 385 FRHRLNEE ) AEBAE FY THH15%-

> % ) Enhanced ':'-::::.:-:-.@ "‘-—---_-:-:-,@
ORB-SLAM2 '@ ®: .......

.bag |
Original Map N N\
Original Original Map path
Map path (Corrected)
Enhanced Lo ::,©
ORB-SLAM?2 @ S '
Corrected Map > "“;"ci
orrecte
Map path

Bl 4-3 Rdod B fer b B2t 8 2 022 = 46§ (7
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% 43 deds BB R & Rl T IOPHERRE & S

Keypoints per frame Tracking rate (%)

Original Map 683 99.92

Corrected Map 385 98.39

= d Enhanced ORB-SLAM2 ¢ $£i8 {7 chifL s (L 4L T 7 MR F] 0 & * 4o
PHErRLET A REFBOEAPPE Y Pt F RS IREL o P
AELZ B Y AT OB D o 4B 44 T 0 B R4 BT @ F L R
REFBGES P AR P I RE P BTk 2R FFFE

MEF A A RF R BT L BRI oA #F R BR

TR S T AN R T

—— Corrected Map path
—— Original Map path
= Ground Truth
Original Map path (Corrected)

¥ {m}

Bl 4-4 J b BFOER 2 AT B Rl L2 v ]
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BARFTE P o AR 2R % 5 st ig 4 44 Enhanced ORB-SLAM2 /R 4 2+ [B] 38
FRE R APERRZIFEAABEE DSE NIRRT 2T - A AT

S E LT A A
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(T8¢ EF P2 fReang s o
424 SLAMZR 7 AR %

AR g 6 * e SLAM i 4 2 ORB-SLAM2 £ Enhanced ORB-SLAM2 # #& >
@ 8 SLAM e B]2)38 % 3 #77 o ORB-SLAM2 3+ B %73 7 MapPoint &
KeyFrame = i F 3 > &7 4814 3+ B¢ MapPoint 2 2 ¢ 8.1 % > @ KeyFrame d /%
Fd 2 iEp F 2 4 o Enhanced ORB-SLAM2 +* J 457 ORB-SLAM2 % 7 1 B

ArUco Marker x i > @ #5733 % B¢ L5 MapAruco > &7 ARL1" # B¢ &

“m\L
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% 4-4 ORB-SLAM2 i * 2_ = 6 1 ]

Front view

Top view

Straight
Line

Closed-loop
without
turning

Closed-loop
with turning
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#. 4-5 Enhanced ORB-SLAM2 & = 2_ = f& 3 [

Front view Top view
Straight Line
Closed-loop
without
turning
Closed-loop : i‘
with turning 5:
AL
e
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4.3 K7l H
4.3.1 SLAM % 38 & 7 g £ 45

A& %7 I 7 ORB-SLAM /& 522 § 75 2257 15 /69 % » & A 4% PID
A TR A PBREFRPFL  FAL e H R AR xyz FA e yaw B ik B
WL o F Y LRI Flacd 4-6 71 0 2 B[ * 7 R4 ORB-SLAM2 v
*F7 3 it {8 11 Enhanced ORB-SLAM2 % &t o pt #F 5 Jds e ORB-SLAM?2 i 54
P38 A F 2% ArUco Marker & 7t fie o ¥ #b > fi7dfn s 5 5460 &M - 59
el - R > 2R T B 2R F S R 45T o ISAF RE ML

WD 25 R SRk T LA T 0

%461 fER A AT RITFR IR T

SLAM System ORB-SLAM2  ORB-SLAM?2 Enhgﬁ‘f\gRB‘
Marireerssei?lctehng?irgI}jlf ?Area No Yes Yes
Straight Line Exp. 1-1 Exp. 1-2 Exp. 1-3
Closed-loop without Exp. 2-1 Exp. 2-2 Exp. 2-3
turning

Closed-loop with turning Exp. 3-1 Exp. 3-2 Exp. 3-3
Full Greenhouse Loop Exp. 4-1 Exp. 4-2 Exp. 4-3
Full Greenhouse S-shape Exp. 5-1 Exp. 5-2 Exp. 5-3
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DR S YAt 4T 0 KT By B REEEL 1}% (mean of x,y,z error) »
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RMSE ¥ 12 8 4 » i5]:9 %8 7 x RMSE %cﬂfi 024 2% 5] 03 2 2 [ » 2y
W RBEESER R L & R FIA Y it S R e A B
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2474 A B R AT T L (20 4 R) BT Mk

Mean of Anele
Flight Exp RMSE RMSE RMSE X,y,Z RMgSE Number
Trajectory . ofx(m) ofy(m) ofz(m) RMSE of Frame
(degree)
(m)

1-1 0.18 0.05 0.55 0.26 3.27 1261

Straight Line  1-2 0.11 0.10 0.50 0.24 1.11 1154

1-3 0.12 0.07 0.50 0.23 1.01 873

Closed-loop 2-1 0.25 0.05 0.48 0.26 3.17 1328

without 2-2 0.24 0.18 0.42 0.28 2.44 1883

wming 53 030 013 044 029 1.55 1006

3-1 0.19 0.11 0.40 0.23 34.38 1825

Closed-loop 5, 918 008 041 022 33.86 1818

with turning

33 0.20 0.11 0.39 0.23 34.94 1625
Full 4-1 048 0.27 0.96 0.57 13.7 3482
Greenhouse 42 0.43 0.25 1.02 0.57 12.2 3408
Loop 43 044 0.21 0.82 0.49 9.80 2437
51 039 0.25 1.12 0.59 14.09 4355

Full
Greenhouse 5-2  0.38 0.23 1.10 0.57 15.70 4832

S-shape

5-3 0.39 0.24 1.06 0.56 13.39 3683
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433 % F SLAM % 3t2_ 1 B iR

G T4 44 BT S%PF 0 AP g IR ORB-SLAM2 &0k 56 > AR 3L 5
Rip (¢ ZRRASKEY) B2 2B I RIS > FALRY S higdy

AAM HBEF- KFERESLAM B2 v EHTTE T A M s v HFE
ST FE 0 F]Pt ORB-SLAM?2 e So 8 (780 Sh 5 4% 114 e

Frim™ o EAPHT L AA S 2 LA

B 4-10 »~ 477 = 8 % S S pFene 2%k o B 4-10 (a)B 7+ 7 L3 aruco
ey b * ORB-SLAM2 & 7 Bichg % o A 3¢ chic B & » Pkl
LTRF AR eSRd i) o RA > FRABENES T - B e 3
PRIy R A e A R R Bleh i A e B 69 600 B9 100 B o
P BRS¢ BB A R TR o F]Y o 4ok & # % ORB-SLAM2 i&

B A FR AR AR B E TR o Bl 410 (b)F R
ORB-SLAM2 ¥4 i~ ks> 23 FehE &4 3 ArUco fhizen® B 7 H#7 o
ArUco 354t 433k % ORB-SLAM2 + B2 chiipic > @ R A @ Mo e
B i B BB R B 400 10 1 o i@ F TAP $HE TP 2ok % o Enhanced ORB-
SLAM?2 & % 4o 4-10 (c) » 2+ &k se¥ 12 18 p] ArUco Marker » & i * §d = j2i4

HARze ik > B PF A ArUco Marker e+ 7 2 Bin 8 ID - &8 % kg > &F %X
ArUco Marker 7% 3 & 5% > % it & SLAM i AR 2 enp i 3¢ 2 i o
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B 4-10 & A 8 5* 2 =% ~ 17 © (a) & aruco ® £ 2 * ORB-SLAM?2 ;
(b) =3 aruco % ¥ % * ORB-SLAM2 ; (c)Enhanced ORB-SLAM2

44 %R B2, ¥
4.4.1 % 7 W RIBF] At A 7

AT AR RS L L R%Seng IR 3 K B 211 %4 A RGB # i
HPE izt B 5 960 x 720 pixels » # * Labellmg %32 % F = % {8 * >> 21
YOLOV4 %9 (5B o 211 5B R iz B 7:2: 1A X2 E - B E 228
FoAl2 e * 0.0013 08 % 2 £ 4000 = iteration » 4 % 4 i 4-8 #77F > mAP i ¥
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0.96 » 243 Hd L AR RIT] 633F % F > @ F S A H_EF A A BAE
7

% 4-8 YOLOV4 % 9 # pHal 2 2" R %

Metric Value
mAP 0.96
Fi-score 0.91
Precision 0.89
Recall 0.94
TP 63 melons
FP 8 melons
FN 4 melons
Average loU 72.5 %

442 BERFUEBES L

v

RSP ERERGREE ARHRMB ISHE LS ldom HEFF Lf D

G4p2E > TR IHFEAP SN HWUS B RGBT EFT T EHL T -

W R drd 49 i 0 A PHF - chE - A BT %P R
iz el % (before)fr= ¥ BTG ILIS (after)shZ B v > R &Y R * =5
FREOTALFIL S JU e Pt 351 & 0 -5 - ) Freh size threshold & % = ¥ Fr e

v

frame threshold ¥k 5 50 - &= 2RS¥ > 975 AT FRANE S 2 1D
switch (before) » # # Exp. I-1¢71ID switch#® &> » ®8 4 - x> @ Exp. 1-6
s IDswitch#cE & % » £ 5] 12X c fpF ¥ > FiBET = ﬁfi‘??ﬂ‘iiif-lﬂl_(after) N
7o = 74 %#Héf 73 ID switch enfii » » e R %P i BidicE W 5 15 % 0 FA Y
2 0cizdPir = iﬂ}ﬁ?’?a‘i,ﬁ-ﬂ" E 0 R R & F B 4 ID switch sk
Wrry FHEF X @D menicd - 558 F & 0T 354y (mean) 0 TR IR
L3R B F %o ID switch #c® 5 5.833F 0 TIOY HilicE 3F4 5 2.5%F 0 A TR
FILis e ID switch B & T30 il B354 0 T 1 0% o
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2A9BEEFUBEFR Y ZHBTRFED G204

Tracking

ID switch  Real Number Error
Number
Before 1 15 0
Exp. I-1
After 0 15 0
Before 3 16 1
Exp. I-2
After 0 15 0
Before 7 18 3
Exp. I-3
After 0 s 15 0
Before 4 16 1
Exp. I-4
After 0 15 0
Before 8 21 6
Exp. I-5
After 0 15 0
Before 12 19 4
Exp. I-6
After 0 15 0
Before 5.83 17.5 2.5
Mean
After 0 15 0

BRI % F B % F % 2 IDswitch » @ ID switch e3> 38 4T
S o Bl 4-11 ()2 (b) 5 Exp. I-1 #of it % » B 4-11 (2)eh 11 3.5 % 4.8 4-11
OYRES] S 8 5% % » 23 ID ch®4iakse 5 - = ID switch « ¥ — a7 4e Rl 4-
11 ()2 (d)577 » i6m sEM s Exp.1-6 i il ¥ £ > %7 ID8# %9 ID9 &
i 36 B frame f& ID 4p 3 g3 > R T 28 5 & =x ID switch - B 4-11 (e)&2 (f) 3
Exp. [-4 i 82 % > Bl (o) pli% F ¢ K4z 5 ID4 > 515 96 B frame 15 »
~ TR P AREL A ID 40 pkRs 5 — = ID switch o B 4-11 (a) ~ (b) ~ (c) ~
(d)s ID switch 3 %9 ID %3 > 2 B 4-11 (e) ~ (D= ID switch £_37% F 22|+

R OAEDEL RFIERAGZ AR 0 BET - KFATERP o
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melon—8 1 r.@!
melon—10, = melon-10
melon—13 - melch-13 5 J

L \,\“"',_,
n"""‘.‘m
* Tl
melon= S’ T - i ,
|
' \M' :

al i Ghe
= 8

(e)

Bl 4-11 B % 9 i B % 2. % F ID switch &4 #7
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& Exp. I ® #4i® 8 4% size threshold 22 frame threshold ¥ 3% % 50 » & & d-4
7 % ke ¢ size threshold £ frame threshold € 4o B2 8% F i BiE % - A F % *

R R 7 0 FIH ID switch 3 4 St ficdke ® > AR LEPE > BV R

ﬁ_y}

S ¥z Benid B M o dod 4-10 eh#757 » # 4e Size Threshold #* £ ;‘},ﬁ“,f g % F
1= S EF R @k 2 > Total ID switch ch#c & 2. F "% > ¥ 3P % 7 IEAAp SR
BPF o F 52 IDswitch > R B4 2 I 5067 F sxd #-Total ID switch j£_12
%1 20 pt % > Frame Threshold =773k % & 7 oF M=t S en%F > "M% F ¢
Bégngen » Frame Threshold ¢ 0#% = & 70 » Total ID switchd 12 F* 3 8 v &
Frame Threshold #4** Total ID switch i /X 5 P g™ "% » {2 (5 2% ;‘},ﬁ",f LA —’fﬁ%‘r 4
ey %% F o % Size Threshold ¥ Frame Threshold = B & &% 3% 2 2 70 pF > &

i# WS 3% 0 AF) S M Size |20 70 B pixel ] ik FARFRRE 1 F
A frame & € %7 > p PFL * Frame Threshold 70 ‘}},@“,f & i/,%l“,f L PN R o
Bedp 0 ERBESOEHREEFTED3EET -

% 4-10 #- Total ID switch 4 = = s A7 0 EY ﬁé 54 ID %40 % = 7f;é7_§
&P A2 EEF > &2 2 Size Threshold # Frame Threshold ¥ F &3 " 1%
F ID %4 (% - 4 ID switch) > A #37% 9 F 4+ %7 (%= & ID switch) &
PEJ: f_ﬁ_;‘/ﬁ% s Ard PR 0 F G AR A T ﬁ ID switch =77 Size Threshold > ¢
S0 #3270 mi2 %% = 48 ID switch o @ * % = #HIAFT ARG LS 2 ;‘},@,% EY
= #a5 1D switch ©

d E5 v 'ﬁ 2o A AR ey ¥ *% 1 Total ID switch » ® Size Threshold 7%
% { 4v P & > Size Threshold ¢ 0% = 3 70 en% % #75¢ » #- Size Threshold 3% ¥ %
50 ®_14 ;‘},ﬁ“,f % — 48 ID switch » F]4* #- Size Threshold * ¥ % 50 - @ j¥_ Frame
Threshold ¢ 032 1 70 e %+ —g a1 > 8232 % 7 e Size Threshold P* & » 12 i5 28
¥ "% < Total ID switch © #-5 B R | E‘,SK?«K 250 =% }_,}ﬁf - #& ID switch > ]
BB ERD BRERR LS 50
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% 4-10 34 % Size Threshold & Frame Threshold 2. % § i g ID switch #ic& £ 2

Threshold First T S d
Total ID st 2 ype econ Real Tracking
switch of ID Type of Number Number Egor
Size Frame Switch ID Switch

0 0 12 10 2 19 4
30 0 10 10 0 19 4
50 0 2 0 2 13 -2
70 0 2 0 2 13 -2

0 30 9 6 3 15 0

15

0 50 8 3 5 13 -2

0 70 8 3 5 13 -2
30 30 8 6 2 15 0
50 50 2 0 2 13 -2
70 70 2 0 2 3 -12

4o 4-11 #9777 > 2§ ¢ h Before & i * % - ~ = HIMAAFTAHIGFIL o size
threshold ¥? frame threshold '# 3% %2 50 o After X % 4 » % = # s SR I o Exp.
WM 5 %2 H 37 § ocif'k % = M0 ID switch o &2 23 % ¢ Before e 5
ID switch #® 5 1.17%f > T35 gidke® 5 14 % > # ID switch 3 2 e 37
FRAMENEEST R G 8 AOIDAR R EREPSEFEEAHE R
Sk FEE S TR0 -3 REFTHRFEY = %53?;‘1,@% ID switch {4 » ID

switch 8 #1384 T % 1 04F 0 T AL BP 2R i 2 ok .
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A1 BS F B * RF 2 A TR L G el 4T

Second Type Real Tracking

of ID Switch Number Number ETRr

Before 1 15 0

Exp. II-1
After 0 15 0
Before 1 14 -1

Exp. 1I-2
After 0 15 0
Before 1 14 -1

Exp. II-3
After 0 s 15 0
Before 1 14 -1

Exp. 1I-4
After 0 15 0
Before 1 14 -1

Exp. II-5
After 0 15 0
Before 2 13 -2

Exp. 1I-6
After 0 15 0
Before 1.17 14 -1

Mean

After 0 15 0

443 BER 22N

BEFEEEY A PH AP ENEFT R EAFS IR > B - =
% i BT iR AEE > % St PR E R * ArUco Marker i 7
Z AP R REER A RD > A& E A5 ArUco Marker 1 # #ieerfe

RS E A I EF 8T ek o

B AP ArUco Marker e it % #cen Exp. I > p* R % ¢ £ ¢ * = ‘& rosbag &
faE2 > > 5% P SLAM F Bl » ¥4 22 B P %HEESE o F 2P R
73 N Ao TP s @ % 1243 anps Bl 22 rosbag (0§ 5 i 7 Enhanced ORB-SLAM?2 -
#-SLAM ¥ i 3] e ArUco Marker i+ % 12885 3 txt = F 4§ > L& *

5 ArUcoMarker =% - 4cB 4-12 ()77 > & ¢ * L8 & & = &0 # 5 ArUco

Marker =% » % — i * B adigdE s BRI S EEL o BF I S RERD 1%
gk d BlY hied AET P RS D S SR BRE 2 £ E ArUco

Marker =% (% ¢ > #8.) ¥ ArUco Marker E 9 =% (2 9d¢ L3 ) 3% i >
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XYZ i f%3o §338 4 4 6 5 0.266 m ~ 0.060 m ~ 0.868 m » ArUco Marker = & jp| £
: rE (XP) PAAAE S 2B FAG e ) (z#) L ApE L RT
REh o LR RS > N4t ArUco Marker = & B E 2% ad ikt (F 3

R e jE o P 352 &) S Elerken ¥ Bels o TR

ol F B Kz AP ERRREL o B 4-12(b) 5 KD FHisESE > BP
%d S fELp 2 g Ly

’ %?1»]3«:‘,’]" ;z ‘J’\f

{4337 0 XYZ $hen g fe3o3 42384 T % 3 0.064 m ~
0.059m ~ 0.240 m -

o Original aruco
Corrected aruco
+ GT aruco

Original triangulation aruco
Corrected triangulation aruco

P

=<
3

(a)

(w) A

(b)

] 4-12 Exp. IlI-1 2. ArUco marker
Marker ¥ #cfc it 2. £ 8

T_im &% » 47 ArUco

()% Hcfe 5 (b)F #efe 1

b4
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% 4-12 % Exp. e 29 %% ArUco Marker = 4 P& 2 % @i #icle & a5
FAIGF A TR R kg 0 R VR 2 X8 Z 2 e dien A A Y
J£.0.261m £ 0.880m ™ " 1 0.067m £ 0.278m > F A F 0T *E @ ¥ Bofe® HAT
Y 3w et R AT g P OO R w5 3005 184§ 5 0.059m e
B3 ED 0920m T T 0293 m d MFEFZ AP E L E LT O

ArUco Marker % e § #ic" % -

% 4-12 = & p|& ArUco Marker % &% Bt w {6 2. 3593 33 £ % %

Calibration X (m) Y (m) Z (m) Distance (m)
Original 0.266 0.060 0.868 0.910
Exp. ITI-1
Constant 0.064 0.059 0.240 0.255
Calibration
Original 0.305 0.073 1.022 1.069
Exp. -2
Constant 0.043 0.072 0.203 0.220
Calibration
Original 0.308 0.069 1.006 1.054
Exp. 113
Constant 0.063 0.069 0.263 0.279
Calibration
Original 0.264 0.057 0.934 0.972
Exp. I11-4
Constant 0.081 0.057 0.354 0.368
Calibration
Original 0.192 0.045 0.626 0.656
Exp. III-5 Constant
nstal 0.055 0.043 0.208 0.219
Calibration
Original 0.230 0.052 0.823 0.856
Exp. I1I-6
Constant 0.095 0.053 0.399 0.414
Calibration
Original 0.261 0.059 0.880 0.920
Mean
Constant 0.067 0.059 0.278 0.293
Calibration
Original 0.041 0.010 0.133 0.139
Std. Dev.
Constant 0.017 0.010 0.074 0.074
Calibration
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% 4-13 Exp. Il = ¢ 2% ¢ * ArUco Marker p #3% X 2_ & ¥ #ic

X (m) Y (m) Z (m)

Exp. II-1 0.278 -0.014 0.834
Exp. 1II-2 0.314 -0.013 1.003
Exp. III-3 0.315 -0.001 0.971
Exp. 111-4 0.273 0.001 0.865
Exp. III-5 0.198 0.012 0.592
Exp. 11I-6 0.215 0.011 0.720
Mean 0.265 -0.0006 0.831
Std. Dev. 0.042 0.009 0.131

Exp. TII# je. b B8 i@ 4 ficdeo & 4-13 9777 o gt ot ¥ 08 0 B 20
T R* AtUcoMarker = 4 BB &% » 77 % AT = &R 5T =8 » 11 M%
R EAL o Exp IVEL TS F 5d % - =8 BT ¥ % - =t ArUco Marker ¥ #ic
Rt a3 9L 2% o B 4-13 5 Exp. IV-1 eh % » @ % ¥ #cias - st i3 &
Tk AeB 4-13 (@) 7 0 Z AR EOEF E S g BHRY ¥ - X
Rl (et BT ) AL 59 8 g% B3 ES FlE KR v g
REfsens g o) (FIRE) E5XFLFE (2 Jfﬁl%)@li.t&@ﬁiﬁﬂéf—
£ XYZ #hen g o= 43284 A 5l 5 0.274m ~ 0.058m ~ 0.763 m °

Rl ¥ #ci® ¥ £ 4-13 & Exp. III-1 £ 10.278 m ~ -0.014 m ~ 0.834 m » 2t {f*
HE - EBRE NS 0 LAY - S R 0 B XD G % 4oF) 4-13 (b)
SR A A REGHYR el (FSNB) 24T 59 08 (29 P8 {4d
i e d RESERHEE - XYZ phengfR5S 19384 T % 1 0.055 m ~ 0.071 m ~
0.167m »
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o Original aruco « Original melon
o Corrected aruco »  Corrected melon
+ GT aruco « GT melon

B] 4-13 Exp. IV-1 2. % F %% % » +7 ArUco Marker ¥ #c
Kz £3 (¥ Skt w5 (b)¥ Bl 18
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Exp. IVe= 29 S % A 454k 4-14 5 K T 30303 19384 4 47 » @ ek
= > B -

A EESE G A Banid > BT 9L 3T 2758 % o Sl Bl

i
LT AERETEL 0760  FFEBREFEIEF LianE B o

AOF BT GG 0 AT R kg o R VERIR XE Z 3 e dus
34 A A W 0255 m 2 0.713 m T X 0.056 m# 0205 mo FA Y G AT
50 Y 2o aus IR SETERRE S T AP EORS ) RIS L
AL 000l m> HAi & R a5 Y @ v &é‘«%‘f—ii&w%@iﬁ 3 ERAL R
¥ #icfe ¢ o Distance (X 35352 3% 4 d 0760 m T 3 0223 m FF 1V iEE

ArUco Marker i & crf #ic »ad " M & F = & P& gL o
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F 4-14 BE%F =8 @ * & Bl 27 ArUco marker % #icfe it o {8 2 103 9384

Distance
X (m Y (m Z (m
m Y  zZm
Original 0.362 1.899 1.87 2.69
Exp. IV-1 Map Calibration 0.274 0.058 0.763 0.813

Map Calibration +

Constant Calibration 0.055 0.071 0.167 0.190

Original 0.459 1.806 1.846 2.623

Exp. IV-2 Map Calibration 0.287 0.059 0.798 0.850
Map Calibration +

Constant Calibration 0.072 0.071 0.314 0.330

Original 0.298 1.668 1.814 2.482

Exp. IV-3 Map Calibration 0.283 0.073 0.814 0.865
Map Calibration +

Constant Calibration 0.058 0.075 0.241 0.259

Original 0.27 2.343 1.828 2.984

Exp. IV-4 Map Calibration 0.257 0.062 0.722 0.769

Map Calibration +
Constant Calibration

Original 0.395 2.084 2.132 3.007

0.047 0.060 0.206 0.220

Exp. IV-5 Map Calibration 0.199 0.058 0.543 0.581

Map Calibration +

Constant Calibration 0.047 0.046 0.138 0.153

Original 0.466 1.876 1.972 2.761

Exp. IV-6 Map Calibration 0.230 0.063 0.637 0.680
Map Calibration +

Constant Calibration 0.055 0.055 0.166 0.183

Original 0.375 1.946 1.910 2.758

Mean Map Calibration 0.255 0.062 0.713 0.760
Map Calibration +

Constant Calibration 0.056 0.063 0.205 0.223

Original 0.074 0.216 0.112 0.188

Std. Dev. Map Calibration 0.031 0.005 0.095 0.100
Map Calibration +

Constant Calibration 0.008 0.010 0.059 0.058
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B 4-14 - Exp. IV-1 2 5§ =B34 %% A5 % & fEIRD &2 then%
FHRAZE R 4147 g d > ] frdd METRFELE L > LB YO @
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Felag R EHe I ER SHEIRA44@ FI DY D e ifis ik
HWAveAg g o Ad > $d NZ 3w L FFLIS ORI 25002 F > 3

HABH o

B 4-14(b)E i * » BIRESHEF T EFLES BRI AESp o 15

SR Fd BRELAETHD 02 2 T RAKERET 2GR R
P AEY S e amEL o B N2 wEAds §PRST > T K- 2% sk
FEREFEL oD 2L XS e ARG PR o

B4-14(c)id * & fafe® » 2 > &~ W 5= Ber 122 ArUco Marker ¥ #cfe it -
Fld X o 22 0 B Ld A FRSTE » 7 o B L F]T Z %3 £ 02

SR O XEY P e angE LY TEL 0208 0T o

Bl 4-15 5 #1407 29 Sl 4 535 D 2 2 (5 ehi % » &2 BExp. IV-1 1
% R RAp AR E o
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Error {m)
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(b)

35

3.0
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151

Error (m)
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Bl 4-14Exp. IV-1 2. %9 =524 B : (@) 4oz &R 2% 5 (b)7 g Bl
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B 4-15 Exp. IV-2~ Exp. IV-6 2. % 7 i+ % 2% 4 §]

Fh (SRR Ao 24 1 (ArUco e fo sk 7 ) @ A et pl& 2 -
tit (7 ArtUcoMarker 2 %9 =% th X > oI 2 % » LU= A | 4 1
L R R SR AR RZE S X P eaRkE Y R R e
SR MAZR O PFZRED X el ® Flice APV U = £RIEAEEK
Hgrf i eni B L hE A ez PR AL R o

4ol 4-16 (2) (b)*77m > 2@ > ¥ F ID1EID2= 4P EEE TR
SR oo MR ARz AR LTS LA DB o AoFl 4-16(0)fr(d) 0 T
7 R exfrz? o b3 AFREM G o NPT LR Y F REE (curve fitting)
17 F R RFEBREM R F o« RypAFOE > NPT L HET R F LR
AW RBRE R FAFAN OF A7 5EFEWwAAPDLR S F2 0 F
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BENINOF > 27 5% F E0RAWHIR - weB4-16(0)%F ID1enE s » &= d
fitting cure £ F 5 235 A A5 FID 1 =3t @ A LR A ¥R ST -8
PEo e b x 2w K lice Bl 4-16(d) % F ID2chd % > B ¢ dhiz d g fitting cure AL

FL 206 NAEFFID2EEABIR AT ERISFTEERF BREE x
¥ e

LN

Melon ID : 1 Melon ID : 2
Data Points Data Points
e Median e Median
=< =
3 R
= 2
Melon ID: 1 Melon ID : 2
® Melon positions of Triangulation @ Melon positions of Triangulation
40 1" —— Fitted Line {slope: 2.35, intercept: -1.76) . 151 —— Fitted Line (slope: -2.96, intercept: -1.96)
30 4
20 4
E
N~ 104
04
-10
-20
-5 0 5 10 15 20 -6 -4 -2 0 2 4
X (m) X (m)

B 4-16= 4Pl o @ A A A NS5 T =% ()% T AL Rz =

ERIBEERNTHATE (D)EFEA R ERIEHZELT R (0)*

i

12

TR AL R 2D FARBE A S AT (D)FF R A = Rl2 2D ARF
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444 BER AP BELH

BRI %Y o R 2 EBEEFIROTRALSI 2 BT R A
B OISHEER T BEF ALY S Mdom e R F L L PR RS KR 415
Aron oo od R A FE 2 RENEF S Tk gLl B B d e ikl

APl abup  H%ETEF S EZOT RN

G A05Y AP AT ARDHRY o b EPECEEL > B 13
RS /)
AR A L3EEF Y OREFREL L 034em HABEET G B

R o

A-

PR B A L L 084 emy REAAA BT K E IS F 0

4I5S BEEFRHRZFF AP FERES
Calculated Melon Diameter (cm)
Std. Dev.
Melon_ID Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 (each
melon)
1 15.2 13.4 13.6 14 13.1 13.3 0.70
2 15.2 14.3 13.9 13.5 13.2 13.6 0.66
3 14.3 14.1 13.3 14.3 13.9 13.9 0.34
4 13.9 13.5 14.7 15.3 15.2 14.3 0.65
5 14.4 13.9 15.3 14.2 15.1 13.8 0.57
6 13.6 12.9 13.3 13.5 13.5 12.7 0.34
7 15 15.5 14.4 13.3 14.1 13.9 0.72
8 15.5 14.3 14.4 14 13.8 13.8 0.58
9 15.3 14.6 15.3 15 14.7 14 0.45
10 15.8 15.6 14.6 14.4 14.6 15.2 0.53
11 13.8 14.5 13.4 14.4 13.7 14 0.39
12 14.7 12.8 13.1 13.6 13.2 13.3 0.61
13 12.5 15 12.9 12.9 13.8 12.9 0.84
14 13 12.7 12.9 13.7 13.3 13.9 0.43
15 13.7 14.2 13.3 14.4 13.9 14.3 0.38
Mean 14.4 14.1 13.9 14.0 13.9 13.8 0.55
RMSE 1 0.9 0.8 0.6 0.7 0.6
Std. Dev.
(cach Exp.) 0.9 0.9 0.8 0.6 0.7 0.6
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Distance
X (m Y (m Z (m

(m) (m) (m) (m)

Original 6.96 1.21 3.90 8.07

Exp.1 Map Calibration 0.18 0.17 0.38 0.45
Map Calibration +

Constant Calibration 0-13 0.08 0-15 0.21

Original 7.05 1.23 3.87 8.14

Exp.2 Map Calibration 0.19 0.17 0.41 0.49
Map Calibration +

Constant Calibration 0-13 0.07 0.20 0-25

Original 7.21 1.23 3.84 8.26

Exp.3 Map Calibration 0.18 0.15 0.45 0.51
Map Calibration +

Constant Calibration 0.12 0.07 0.26 0.29

Original 7.07 1.22 3.87 8.15

Mean Map Calibration 0.18 0.16 0.41 0.48
Map Calibration +

Constant Calibration 0.13 0.07 0.20 0-25

Original 0.10 0.01 0.02 0.08

Std. Dev. Map Calibration 0.00 0.01 0.03 0.02

Map Calibration + 001 001 004 0.03

Constant Calibration
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o Corrected aruco - Corrected melon
GT aruco + GT melon
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Exp.1 Exp.2 Exp.3
Melon Ground Ca}culated Error Ca}culated Error Ca}culated Error
D Truth  Diameter (cm) Diameter (cm) Diameter (cm)
(cm) (cm) (cm) (cm)

1 0.16 0.12 0.04 0.10 0.06 0.12 0.04
2 0.16 0.11 0.05 0.10 0.06 0.12 0.04
3 0.15 0.13 0.03 0.14 0.01 0.13 0.02
4 0.16 0.12 0.04 0.12 0.04 0.11 0.04
5 0.16 0.12 0.04 0.11 0.04 0.12 0.04
6 0.16 0.13 0.03 0.13 0.03 0.12 0.04

7 0.11 0.12 0.01 Not Tracked Not Tracked
8 0.13 0.12 0.01 0.13 0.00 0.12 0.01
9 0.12 0.10 0.02 0.09 0.04 0.11 0.01
10 0.15 0.12 0.04 0.12 0.04 0.12 0.04
11 0.14 0.12 0.02 0.10 0.03 0.11 0.03
12 0.15 0.12 0.04 0.10 0.05 0.11 0.05
13 0.14 0.14 0.01 0.11 0.03 0.11 0.03
14 0.14 0.12 0.02 0.10 0.04 0.13 0.02

15 0.13 0.19 0.06 0.13 0.01 Not Tracked
16 0.14 0.11 0.03 0.09 0.05 0.11 0.04
17 0.14 0.12 0.02 0.12 0.02 0.12 0.02

18 0.16 Not Tracked Not Tracked Not Tracked
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19 0.15 0.12 0.03 0.10 0.05 0.11 0.04

20 0.15 0.12 0.03 0.11 0.04 0.12 0.03
21 0.15 Not Tracked 0.11 0.04 0.13 0.02
22 0.14 0.11 0.04 0.10 0.04 0.11 0.04
23 0.14 0.13 0.01 0.13 0.01 0.15 0.01
24 0.14 0.13 0.01 0.09 0.06 0.16 0.02
25 0.14 0.10 0.04 0.10 0.05 0.11 0.04
26 0.14 0.13 0.02 0.15 0.00 0.10 0.05
27 0.14 Not Tracked Not Tracked 0.12 0.01
28 0.14 0.10 0.04 0.09 0.05 0.10 0.04
29 0.14 0.12 0.02 0.11 0.04 0.12 0.03
30 0.13 0.12 0.01 0.11 0.03 0.10 0.03
31 0.13 0.10 0.03 0.11 0.02 0.11 0.02
32 0.14 0.10 0.03 0.10 0.04 0.09 0.05
33 0.15 0.11 0.04 0.11 0.04 0.10 0.05
34 0.16 0.11 0.05 0.11 0.06 0.12 0.04
35 0.15 0.11 0.04 0.11 0.05 0.10 0.05
Mean 0.12 0.03 0.11 0.04 0.12 0.03
gte(\l/ 0.02 0.01 0.01 0.02 0.01 0.01
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