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1 SLAM

SLAM — Simultaneous Localization and Mapping
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1 SLAM
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1 SLAM
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1 SLAM
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1 SLAM
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1 SLAM
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TurtleBot3 SLAM LIO-SAM H| 2
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localization perception prediction planning control
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BiaAaAaz 28

o
=
Ol: 2LE%F Xt29| X}7t XA} (ego vehicle) X2 2 7|0 EC

Ho

LY

(X2 Zf el £30| Chg B2l ¥ — o T2l 2Xt= Fl THAIE MEECL




E*ﬂ = — 59 (1/5)
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localization perception prediction planning control
KERE REA| FH =N RxEHEE XA HA e
Abgt x| QIx| gt =%}

CONCEPT 9|

£ (localization): X|= 2| XtALS| XpM| (pose) = K| + &S ot= &

dY X|=(HD map): A - EX|EO| 9IX[E BOt 0|2] 2= X &=

(2 FH 19 X F8: X|== SLAM 22 0|2| 21, T S0l XA et
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______
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E*ﬂ 7= — AUX| (2/5)

=g ol x| B CE A of
-> -> > >

localization perception prediction planning control

KERE REA| FH =N RxEHEE XA HA e
A eTiRtel OlX| mo x5t

P concerr 21

Q1| (perception): 702} - 2OICHE BXlQ] 9% - 27| . SEE Tt Y

HE (detection): =M & 7|, FX (tracking): A= AIO| 22 4| A4

[El# ZIts ZZ T (bird's-eye view, BEV): I0A & HH 29| HfA
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HHY #+= — o= (3/5)

xo0 = S|
&e ax | | oz kS Hlof
localization perception prediction planning control
NP | FH =5 HxHFEE KR HH e M e
ARt 2T XEQ| QIR THEF EES

CONCEPT 9|

Ol (prediction): F# A7} R = F OfC[of| ASK|, 0 =

i
-+
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5% 71 (constant velocity): X|3 & A2 &M AY, p(t) =po + vt
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localization perception prediction planning control
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ARt 2T XEQ| QIR THEF EES

CONCEPT 9|

A E (planning): OIFE Z2E TSl XXt MatH HH S Yots &
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HH (trajectory) = 2 + AlZk: S| OfC|o] YSXNXN Het B2

[E# Z2 M o 32 Y& — H[E &(cost function)E StLHE DECE
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5 31+x — BEYHI end-to-end

D E¥4 (modular); X| 27X 2 ChA £HA|

Hy(= = -1
Aot |~ e || o |~ oz || || ot || 2
814 JHs(EOl BUS o) . D8 EE A
end-to-end: YEHO|AN EHNX| &1EY (neural network) StLt

ot P

gy |7 N MEEE
TRIbCh . HO|HE 7iM, HIf /9 F=Xo| oLt

(R T2 ol o) s olw 221 22 RE0
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S = — F Y2 oA A9 o it

Ab: CHOF(monocular) 1L, EE& AH|Y| 2 (stereo) 2EH2| Al X} (disparity)

T "[ 45 20l - ofLlof ]’ oIx|o| =&
[ — =

o 2 ENC PN
Chob . AR _)[ Z10|: ChOF XX . AF|HQ AlX ], dE 92 . 40|

2ro|Ct F4: o|X F = (point cloud)

doict  |>| m2: . % nEmNe A |>| 59 oxlel ¥
HolE A: MM — QAX[(EM 7H = L=Eh)  FJof glok: 2K 53 BoF S5
g2l i>[ ax |»| az |>| Am |>| mo |

QAX|MEX|: ZHH 2L = QAX| £, 20| = F9| - 2AX|

AE - Fojol ¥, FH 3 & 2 Ey
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2 X EFY

3 27] (1/2) — KHgo| A FH

Waymo 360° experience
Waymo, 2018
Xteho] QlMol =S AN HO FOf

youtu.be/B8R148hFxPw
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2 X EFY

HE 27| (2/2) — 7iH|2te} 2to|ct=2 FEICt

Depth Estimation and Object Detection

for Mono Camera LIDAR (& M, Ea A2FY)
Depth Estimation + Object Detection 9 12 4YE(S4 HH otd)

(Hailo-8, Mono Depth2 + MobileNet SSD)

youtu.be/e8HrwjEoxto
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Deployable Onboard Vision-based Pick-and-Place Automation System
for Unstructured Environments
T.-W. Um, S.-W. Kang, K.-H. Kim, G.-H. Kim, H.-S. Ahn, W. Y. Choi, N.-J. Park
|IEEE Robotics and Automation Letters, accepted 2026-10-11

[ef 2aBt7l At eto) FA92 el )\f S Ho2{® &0| 2 7HX| YOLOF BhCt.
#O| MM glo] 7t 2t Y ot Fo2 3Kt QXS Tot= Al2H.
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3 HIF 7| ZHEY 0|~

Motivation — ZUE 20| Ao} HME} 22X (2/5)

CONCEPT 9|

o Z 30| A (Pick-and-Place, PNP): X2 &0 Fall Xl Xt2|0ff 5= =
HEL 22 (delta robot): PNP Off A0|= 1% HEH 22 (parallel robot)

ziH[ojof 9| sitEo| LEF 2R PNP oM = MM & At(loading box) & At

=

KT ALZO| 81E FSILE D, St £, = PNP — SE} 20| W27 B sic
[BE] ArE = ,
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=

Motivation — ZH|0[ 0] CH XX} &X} (3/5)

7|&: ol

- — (%)

— > 3 z2 0=

P}

[Z18] 7|E PNP (HSE: BB 7

Fa: BES HH0|0 —» =0[& LOF HIFE2 (x,y) T 7L
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3 HIF 7| ZHEY 0|~

Motivation — Z1H|0[ 0] CH XX} X} (4/5)

7| & 24800 M Xt
- = (%y,2)

zZ 2
2
Z3

@ |
2 0 P

(K12 ARE 017 HZH2 - 55 90| S Toai® 2 Mx| 8o} st
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3 HIF 7| ZHEY 0|~

Motivation — Z 0]

A%

o Z#o] =™ (5/5)

CONCEPT 9|

£hot Z10] 3= (monocular depth estimation): @& ¢+ & — TAOCH Z10|

QAH|C|E H E (embedded board): HX|0| E= A% HAFEH, ALt Xp0| o
RGB-D 7tH|2} . 2tO|CH(LIDAR) RGB 7ozt + THRF Zio] =7
Z0|E A &% Gak ot ZofA HOIE F=F
o o 2

o 000
o0
r=
oM
U

_go g AYE 43 + 20| MA g8 10| o g2
_ B L&Y M WEY . 6RW | | - TR 323 Yot Ba
— 72 MRl Hof — MFY S X S (atency)

[ [ 2E] et 20| FFLoZ nix|of 2471 YHICIE EEOA X|H2 Lotelt ]
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3 HIF 7| ZHEY 0|~

=

=X A3 — st Ato| 22| A7t (1/2)

CONCEPT 9|

3D ?IX| =™ (3D localization): 0N ZHO| (x,y,2) E Tote IH

Tcycle
= =Xt
| // EX A tmotion |
thar &% 3) | tseq (8%
<~ Xd t3p ALzt
S5 3y MR EY S AR 2R R AHE AL
t3p = tpar + Lseqs Tcycle = tmotion 1 lseq
(K2 220 SF0|= S0 9| HS AT  AO|22 S2ls UL 1., 2O|T
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21 A8 — X W HYE trade-off (2/2)

CONCEPT 9|

X|H-H L trade-off(latency-accuracy trade-off): o1& 2%} 9+ X|A X| S

min t3p(6) st esp(d) < em

0: 2 FHO: MBY SEE), esp: A FE KL e, D2 HYO| Yots HE A

2t e3p (mm) pa FFEA)
=% 2/ ~10 oo ol EX| 5
(suction gripper) S & (suction cup)

BEH(FY) 0 _
_____________________ (tolerance window)

Wmmy & ¥ . +10 70| gxoz 54

o = (= A)

[ [El2H 7tB{2 Zlo| 2 & w2 X| gk THX|H (gripping point) 27t 2 — 7|1EL ey. ]
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i TjoH

3 H[H 7|

M2 — M AR (1/2)

L Y ES

é Main System

Automation Logic

=

RsS232

g]

Robot Interface

gl

e Pick & Place System

Delta Robot

2]

Suction Gripper

2]

+ Robot Status (<)

+ End-Effector Control
+ Gripper Control (—)

1/0 Port

+ Compressor Air (—)

+ Gripping

+ Robot Control (—)

Perception Interface E

e Perception system

GPIO Interface

g]

P34
<_| Photo Sensors ‘
P33 E

+ Gripping Result (<) TTL + Sensor Outputs (<)

+ Ungripping Ready + Stopper Control (—)

+ Stopper Control (—)

+ Target Position (—) 3D Localization ] Solenoid Valve =]

T Tcpap +2D RGB Image (<) + Compressor Air (<)
+ Target Position (—) + Stopper Control

© Main: X33 22X MY, WEt 20| 5 BY(RS-232)
@ Pick-and-Place: HEt 2% + & 2|1, 22 HEHE 10 ms OICH 220

ZH
(=]

e Perception: 2| 2| &

+ Jetson Orin NX 16GB(YH|CIE £ E), 3D X FH




3 HIF 7| ZHEY 0|~

MAE — Main 2| XIF2 2% (2/2)

Perception System

1 jom
_)

PNP System

Motion
Protocol

28 X +4 - S5 BY: T X2,
x|, = 9Kz 23

=7 & $X7t of 2O|H oy =S|

A FY 2y
IH| MIfE 57|18 AL @ =

Eo|7t EHEH 51 @ 2

Move to
(ungripping Pos.

Perception System
Localization
z start
Stopper | |
Control

D=0
D=
P=1

0o o0 ©

PNP System A3

MEIH = Main O] Bhe Mz, AICHE|E = Bl A=
e

Ungripping

(X2 @ OlAM A FFO| 22 SHI BHCE — toar 2, g A2




CONCEPT 9|

ZHH| ZE (object detection): @A &Xt(bounding box) — (x,y), YOLOv8s

Eroh 20| =F: 22 SdoM TAOiTt 20| — z AdaBins

Inference Post-Processing
o I
r 2l r 2l
A <
s [ 6’0‘ n ) Step 1 )) Step 2 >> Step 3 >
Estimation : Sa® Tl Object Positioning Target Selection Coordinate Mapping

2D RGB Image

Object
Detection

-

+ Bounding-box center
+ RO depth averaging
— Set 0; = (zi,yi, 21)

+ Rank objects by z; + Get robot coordinate

+ Select top-N objects | | + Coordinate alignment

— Settargets Ti.y — Set Tyy = (%0, 5ir )

FHNE|: Step 1 X K| — Step2 FE MY - Step 3 22 IEE 04Y

[ [ZI2H] Z0] M (L515 - D435i)= 7H

=13
=

EHA O MR 21,

4

Mkl =

e

El
=]

AlAE = gict ]
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3 HIF 7| ZHEY 0|~

2 M — A

—

CONCEPT 9|
NS

=1

Oj M=

KITTI
200 |

= pre trammg

M (fine-tuning):

g}

st OJMI= (1/3)

) 270 olE Moz B Stat

r
o
o

BEs P2 MM 22 H2 HO[H 2 CHA| St&

DIODE NYU Depth V2 o
HEZR Y - HQ ALY 0|
22| Ay
ClojE =2
= Pascal VOC Open Images cOoCco N oM =X
== 20 HF 600 HFE Atot ez =st
[ [Zl2] 37 Agzhez HA U1, 22| S M2 Ho|HE O|M=H ]
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CONCEPT 9|

AN B Z (physical touch) B2} &

z2 zte

#O| 9% - HE 5T €2 =Ue

7s AdaBins DPT-Hybrid

B} = ||| -

Signed z error (mm)
g

W7EX| Le = z o] RAE 53

=
=
2 OJMIZ (fine-tuning)

+5 mm band
+10 mm band
& Mean (bias)

%%%%g@

a1 T ||E

FastDepth  GuideDepth-S | AdaBins

(deployed)

DPT-Hybrid

PixelFormer  NeWCRFs IEBins iDisc L515

MiDas
BEIT-B-384 (baseline)

e ] o = W 2Kt (bias).

(bl

#0| 9%

CIOIE M X & (HE TN B2 &9 22 72 271 - IXFHAM HEY 8.

S 10 mm [ 212 S (BT HF2).

53



3 H[H 7|

L]

BF goHEg ol &

-y
B MY — 70| 972 S 87t (3/3)
ClOJE4 x| & A HE HIHOX)
oy atatol g 511 AbsRel | RMSE || X|® |MAE bias =45 mm £10 mm
[M] [m] [ms] |[mm] [mm] ot ot
FastDepth 3.9 [0.9666 0.0869 0.1750 | 15.7 |48.1 +45.3 6% 9%
GuideDepth-S| 5.7 |0.9748 0.0434 0.1363 | 20.9 [30.3 +30.3 0% 0%
AdaBins 78 09746 0.0368 0.1330 | 239.4 | 10.8 +8.2 44% 64%
DPT-Hybrid 123 |0.9741 0.0409 0.1387 | 393.9 | 125 —9.1 16% 46%
MiDaS-BEIT 111 |0.9744 0.0407 0.1371 | 407.4 | 151 +12.0 11% 39%
PixelFormer 271 [0.9621 0.0470 0.1480 | 6059 |29.2 +29.2 1% 5%
NeWCRFs 270 |0.9455 0.0630 0.2336 | 608.9 | 20.4 +29.4 0% 2%
IEBins 272 |0.9593 0.0505 0.1627 | 861.2 | 29.6 +29.6 1% 2%
iDisc 207 [0.9705 0.0420 0.1387 |1,890.3|24.1 +24.1 0% 2%
L515 - - - - - 71 459 51% 74%

ks

XM . L515

0|: ] Qo] & & AdaBins 7} B2 11(239.4 ms) MAE & %|2(10.8 mm).
ZE . WH2o x3t Ba)0| 5F T 7HE &2 YOLOVS8s(0.942, 23.3 ms).

20| MA . bias = QA WF - MAE = HCiZ )

= AL O
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ZHE 0|~

3 H[H 7|4t
2H2| — SH fIXIoN 22 ZHENX] (1/3)

H} oY

@ =Hl /Il

{0} #lo]&
WP (s} ozt

0O; = (X,-, Yis Zi) =
B 40| — z

2 G (region of interest, ROI)

(22 2 47 Y — (x,y), 2 9
ROI = S =2, 7tH2tol 7172 At e8] 2 74 2fCt
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3 HIE 7|5 HohE 0|2
ZHE — =M XM 22X ==X (2/3)

o =M X @ =E 43

{0} #lo]&
WP (s} ozt

129 2&¥
S* 12|H
(xiyiyz) = Ty =
[BIE] 2z 2 8 71 =2 AREH A NHE S Ty S2EREUM N=2).
2291 12917} 0[] 5 ¥ AT SEY 1) 20t
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3 H[H 7|4k gl Ezo| &
sxa| — BN YKIM 22 HEMK| (3/3)
@ =M *IA @ =8 413 ® Zt=E g

{0} Hol2 7
' () 7Hon}

=4 12|y ‘ % % % % %

(XHyHZI) = Ty = -_rlzN = (X,, Yis Zl)
[ZI2H ZtE B2t Op = 07 .5P o ZH2 1=
9T 22 5tof 23t 7t 2t| eye-to-hand ZE|E0|M o2 7ot 1 HE}
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3 HIF 7| ZHEY 0|~

21t — mix| 438 (1/2)

I}X| ‘dSE (gripping success rate). SH

SHY 43 HE Az 12 HE
7|&H (baseline): 22 A|AHIOAM 2 GB-D 7tM2t(L515) 2 &N =X
H|Qt: Thok Zlo| =7 7|&=M: L515(RGB-D)
95.05 % 95.96 %
1,958 / 2,060 SH 2,020 / 2,105 =1
AHO[(XI 2t — Z[&=4M) 2] 95 % A & ZH(confidence interval), pp = HHMEZQIE
' 0: XHO| Gls
—2.2 —0.9 . +0.4
r : T @ l : T T 1
-3 -2 -1 0 1 2 3
[EE] ME77H0] 0 2 =T — 2/ Xt0| QS (Fisher V=t HY

o—- oo, p= 0.156).
RGB-D 2| £¢|= %00} 2.2 pp.
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3 HIF 7| ZHEY 0|~

=1

Zap — ot ALO[ 22| AlZH (2/2)

Timing Diagram Next Cycle ——»
Teycie = 2591

I ‘ I ‘ | I Total PNP Cycle Duration ‘

tsp = 413.7
l toar I — I

29.5
| ‘ | ‘ | | Robot Motion Ungrip |

184.2

0ms 2164 ms 2394 ms 2591 ms

tap = tpar + Lseq = 229.5 + 184.2 = 413.7 ms
Tcycle = tmotion T Lseq = 2,407 4+ 184.2 = 2,591 ms

RGB-D 7|&M9| t3p = 107.3 ms, Xt0| 306.4 ms = Z!0| F2(240.1 ms)1t & 25 H=2.

[E8] QA 58E 0|H 43E2 =3t - 1 Fl= XHo| XHa|Fe 52
A MdEfo] @A B ZAE2 oM 2 &R & Aluatehs =A0| SHEIC
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A =2 HEojCjo] X2

A8 K HA A g% a2 . of2] 9 WY . 20|
Y =& ZEO|CIO] Xt (HI - WA= T Ze)

=
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