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EELE, IR YRTHLES NFPIRES AR H b4, Bl
2 BRI 2 R T GV E . (ESCHR[13]7, Carrillo%F 4
T AR AR R A FR T 0 1 8O BR R E AL S A
FIHRRAT A (ECHR[14]7F, LaurifE 2t 7 — Ik F{jj
BB, R TR 3 U By R A R st AR (par-
tially observable Markov decision process, POMDP) [{]
R, EXmR[1]F, MHAHES ST EGESE, KH
IT /55 VRS (red/green/blue-depth, RGB-D) (& &as1E
H 0 22 BRI g AT RIS . ZESCHR[15]H, Bai
SR T MR T S AR AR R RS, FERI AL
R NIBEIFEAR TN AZ BAS S E3Cmk[16]H, HERER
i) Y IR N T TTRE S IR Dy A R X I )
ARENX IR o

A BRI J7 1 22 SR FH BB 55 A% I AR il — 4 A%
P . SRTIT, 4 B A D LAME R, AR
AN B & NI [17-19]. RGB-DAR A% B 242
B EARERE L, TR R =g S S B
T RGB-DA% B &5 11 7] 28 5 £ 5t I #4 7 (simultaneous
localization and mapping, SLAM) Rtk t]/& H Henry
ZE[20] M1 Engelhard &5 [2 1130 52 42 H 0. R BEAG RR4iE
FAR A WU A UL AL O F=, FFH A 41T 1 Citerative
closest point, ICP) B iLflii RGB-D SLAM &%t H 1]
MR, fESCHR[22]F, Klein%Eig i T IFTIREES
a2 P Fvd: (parallel tracking and mapping, PTAM)MEZY,
FAE XU IFAT LAt v S ER R AN 4 2 . Labbe®%[23]
PR T SR SO K577 (real-time appearance-based
mapping, RTABMAP), 7EiZ&H I T 81364 I
AR N A 7, AT DL S TR 4 1Y M P R
T[] EA A, P A S Ak R RIORE B R DA B B TR] £ 4
— .

A RGB-DAL K25 114837 (field of view, FoV) &
SR PRE[24]. SN T 3RS RVEEI A B S, 7] LLRII
i Z MRGB-DIL &3 . H B RGB-DAL & N A T H
MSLAMA[25], Fl 34T & e o 22 SR I A 3 P 4 2
FiRGB-DAZ Eas 5 P & . ¢  (inertial measurement
unit, IMU) Ffi&[26], HIT 2 A R TE H A5 N A ]
K. FECHR[27]F, Munaro®% 32 H 7 —/NRGB-DAL K
24, Hod 24> RGB-DAL B 8% 55 8 75 = N A58 i3k AT
MNAEERER . fECHR[28]F, Z2 NI AE B HIRGB-D%
TR AR FH R AT BRI AN ER B, AT F2 LR B 13D
SR E RIS 2EE R

FEHT B TAE A, FRATTIF K T 4 T RGB-DI) 7€ {7 F1

BERIE R T [24], 2B T 3T RGB-DIHRZR[17].
SRTM, BT RGB-DAL IR L BN, PRI R 10 S 4
PR Z BIBR G EXTTAEF, AT FESIHLEE A
fFH 7 RGB-DAE S . XURGB-DA% 3 &% 11 355 5 $2 4t
TR, Bk T . BdE RS AL T
FIHE AR . FIFH W RGB-DAL 888 1 720 Bl , ARk
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2.1. fr B A

Bzt 7 el e i idig. N TE=4E 0=
B, N R 3 O AT AL B X e R A AR H AL
RGB-Df& %25 FIRGBEME AR L EME . R B S AL B2
FEVIEUE UL R D EE . URGB-DAR 4% 2 A A 245 2
A1, AT LUE TS RGBS bR E i 5E -

o EEME BAC SRS B BASI S aTmid, Xt
5 EAFRGBEA. ok H WRGB-DIL &% HER BE 1815
AR HEE . B2 APLE AEIE RS (robot operating
system, OS) yHEILJET VLI A .

Ab B [F) 30 A% A B DA 2 2 A . AURGB-DE
AR £ A [B i 2H G il — N R IR B R 254, 14506
T A AR E, WTH AL E A A @R . ARGB
B R8s .E 4] (fast and rotated brief, ORB) #¥F
AIE RRURE B (IR AT o B AL o AHEZE o i) = 4ERFE 2
YRR A SE S, I SR MR R LR R R A
it 1FFIMRGB-DIAGHLZ (AL 2. ] i
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Mobile chassis Dual RGB-D sensors
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Synchronize real-time data

v v v

Wheel odometry RGB image Depth image
information information information

v

Extract ORB feature
points and generate
descriptors

Y Y } Y

Use pose increment
from wheel odometry

Generate bag of Generate 3D feature
R words points
as initial guess

I

YYY

Validate epipolar constraints
and estimate pose based on the
PnP RANSAC algorithm

v

Generate location point L, with
the mentioned information and
current timestamp ¢

B 1. A E e

Wheel odometry data
from the mobile chassis

Discarded data

RGB image data
from Kinect No.1

Depth image data
from Kinect No.1

RGB image data
from Kinect No.2

Depth image data
from Kinect No.2

Integrated
data frame k

B2, fe A A F 2

Integrated
data frame k+1

Integrated
data frame k+2

R RIEE, DRI RS — WURT 4 F i () 4 4 i)
HIGEHED .

FIFHULEC ) = 4ERe R i, FIAHEE T & Mnsi (per-
spective-n-point, PnP) B PIFENIFEA —E M (random
sample consensus, RANSAC) FyEAl v i la] 1245 .,
Wifk) A4S (bag of word, BoW) J& H14H M ) ORBHIR #F
AR, MRV @I R BoW G A 1Y, 1
ARAE PR B R e I 2R, BROARXFEHCEE S T 3 &

3

WRAES . I ERER IR E AL, IR 2HT
LRRIETE S TS 9 et M WA W e[ A = 0Pl 1] U B
BEBENO,

TR JBE 5% 72 FURFAE 2R C 1% 22 ] BEAFAE T R S ) 3R 455
o RERAERIED . G RIS . RGB-DIEAL
(IR AL W] B 2 X A2 BhMLAS N B S da shaz i 7 A AR
M. pbAh, BEAR BT, EWAE RRRE
SR, RGB-DJEALA BRI AT DL 3 /K £ U8B ds
A, DASEELE R E A

2.2, w2 iy A 2R Rl A

Hiy AL 2 5 R PR A I A I R AL 5 N A
TNETE R R, NI CRAUESE I PE S5F8 0 . FERPIR
& A4k &8 (tree-based network optimizer, TORO) HE
BRE[291H Xd 8 AL s B AR AP E AL B AT T Ak, BAER R
2 — .

SE A AR ACLBE e e Ho A7 i £ TAE N A7 (working
memory, WM) B{ 2K N 1F (long-term memory,
LTMD, &R, @A mifE A WMA A7 B i 15k
I B [l BRI, HoAth o7 B R ARG A ELTM A
HR e %) GAELTM A AU E R A I 1), /T RLRE e
ATTHR ] 31 WM ER AR B .

G, LB MR TS, AL AT A
(R B A MIE BoW T 1H5R, Wi (D Fios,
HA, Konaened 85 LA AL B 1 NAE LAHULEC 8]
. KMK I3 3 ALALXS B 8. LS LAR L
kARG . MAKTFBEeR, LIFANLA, 1iLInEE
WM,

Location point L,
from dual RGB-D sensors

Y
Y Calculate the pose of L,
Set L as a new vertex of update current point cloud
tTORo graph by graph optimization
Y Y

Detect loop closure and

Calculate similarity 2 and update memory

determine if L, should be
loaded into working
memory

Y

Update the global 3D
point cloud map
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AFFWMALTM A 1) 5E 7 5. FHICPEE IR 7L
WM E AN fZ (A AR e, IR S PR 2T 1 9128 14k
The WIRANE/NT4EBRME, WL R AT
AT A e, SEHRUAUE, BIEHALA B AR, fR
TERE N B AL 1 A R — B . BUE B/ 1T R
[B] 5K ) WM A P 8 7 fCH A FE RS BILTM, B e K
LTMA [ 78 47 5506 7 B RN B WM. 42 J5 3D i 2 L B
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P4 XU R GB-DAE B 38 1) =4 15 2= 43 EI R 4k [ A%
Mo IR IR TR S S AR R DB s
AT R RAWARIFERAE (3 KNI E 50.05 m), 1%+
—pidE, HEEAEEAN T R E. SRR/
10, THHEBREREE % drEditu s 2
Fi7R o

C= 2> - D)o - p) Ce R

C-vg=/lq -vg, de{1,2,3}, v e R¥" JgeR (2)

Vnormal = Un, Where /, = max{1y, /7, A3}

A, p R SR AER: pIUXT L R ) AR bR C
T s v A G ) D B IR REAE ) 2 AR AR
. B HURFEAR e K IS AE 1) B v AN B Y, R TR

F[30]. A ERAE ST LA E fl i s A IR gt
Tl MR AT — M B R BT R R A R Ay

EWRE, Egi NS, B0, A TREHNT—
S, SRS P B R SR ot AR T A .
SR oL B K T S BRI, U 2 A S i
B T, BRI A . R 2
WIS ERIAAT (x,y) M.

WL AT 2 23— AN 2> B 45 D
PR K, S B BRI [3 1150 0. 723 50
T, BEIHLEE AT LR R T R X
A5 T SURGB-Df B3 ¥ LASIAT T % 13545 1.
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3D point cloud map from
dual RGB-D sensors

Y
Voxelization and

downsampling

Point cloud segmentation

based on the range of
i height and angle between

normal vector and
vertical direction

Point cloud normal vector
estimation

2D grid map construction

B4, =2 2z A0 BRI 4R RS b F R g A

R B EF R R HE RN T T~ H
FRRLZEAE R, AT et [ 2t — D ER R A b

3.1. #F POMDP FAI I H EIHER
R 5 5 B A EFEIUE S, WL
AR RITFE R L POMDPH R (. S, U, Z, T,, O, R)
KeHiR .
c7={0,1, ...,
=

o S= XXM ={[X,, M,], [X,, M1, ...[ X, M,], ..} R
RS WPIRE 0], REBIVLE NIRE XX,
= [xp Vi O] H)FIHEEDIR A M XFIMESZ BT LK)
(AN 8K 45 58 132 3 L BN N b BLECKS 5E
A7 EHE N BIHLES N Er=AE iR 22, R R 5e
AR, T MO 4 D

c U={U,, U, ..., Uy, ..} (U= [vy, o) ERHIREHL 25
NIBENLI R FIATIEE) .

o ZRIZMM A [A]

o Ts = Ty X T RAVRESEEBR, RSB
BT HIT ZH A Ty XXUX X—~RHIR T AR
BEB TSN E AT S HLEE JOREXAE 3 U S
T MNIREX e Ty MXUX M—]0, 1], [0, 1]
FE TN WA M B AR AE AR M R YE [ T\ M ST
TU, REWENTAEZRNU, U U, TyM, U,
M) =T (M, Up M;1)o

e Q: ZX XX MXU—[0, 1M IR, 40 & 507
IRo ARYE AT BN 8% A L8R — ZEp s H ],
JH I A2 B A T AT B 2 BIRAS B AE

¢ R: BX XX MXU—RZFREIRE . MEMITH
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Rl ek K, A SRS E R . WO
2 B AR D e e B T 2K
He T YRS M EATHLES AR, A &R
M aitlds Nigsh 11 T4 50, A b 85 24911 H Fn iz
2. Jash i PR R BOEAT VAT, H AR AL AR B R SN
() A58 [ 41 R B KA . 723K T POMDPA Y R #R R i
P, R ek BT OV EAS B, il (3D By
e RGN HNASKL T IR S R 5E I PR HETC A T 18] 4 bR
Bl BT AENLATIRE (X )an HUELIRZS M, BIDEIIAR
B(Zeon N MMEIRES B (U HEAT I

18 P(Xnki1Be, Urs Znger)
Ry = lo ' :
¢ ;{ g( P (Xnje1|Be, Uk)
+/]\‘/IP(M”J<+1 |Bk7 Uk, Zn.k+17 Xn,k+1) (3)

1o <p(Mn,k+1Bk7 Uk7 Zn,k+lv Xn«,k+1)>:|

=]

p(Mn,k+1 ‘Blﬁ Uk)

TR (3 W —TUARINLE NIRES I EE
B . B RE SIS BEE — A1) LLEFHAT 4 2 18 3l
PP TE, FRAMEOR B INLEE NS B, = £ (X,,
Uy 3218 Me, iR (4) P, ZMBR®S
IR TR B e A — 5, IR RS B R
(X, o AEATUIEE . B, ML AR S 00
R EAS B RNO.

. 1 |- Z—’;sinek + %’; Sin(6y + wA)
Mm} = [W] + ﬂCOSOI(f%COS(()k‘I’Q)kAt) (4)

Ok O W k
COkAf

Extract the probability p
Unknown  of each grid in the sector :
environment gnd calculate the entropy E -

Ray—tracing\
model

_______

Grid map generated
from point cloud map

N particles

for simulation
H decision epoch for
exploration target Environment that

has been explored

E]5. 2T POMDPHLZ [ 72

5

eIl (4) HUER I M A A IR A 1 FUBIE B
Has, mb R ERES AR B S MM E R IR, 1%
RT3 o 3t T 6 47 I A R BT 3 AR FRD 0 A SR R R S
(1. WS IR YE BN [0, 1]: 03R7R 1% AU E AN AE R
TG, 1R R EAFAE BRI . — JURE LA 5 )6
E XAETTREIL (5) o

E(p) = —plog(p) — (1 — p)log(1 - p) (5)

FE T BRI S 2608 B O DA A A 5 T A R ) AR
AFEH . BERRRWN: & DB X (x,, y) AR
G BCORMTEE P24, WM O . JEEUE
TV 3 B8 BRI TR 7 o) AR (R A8, T B L PR 8 17
X TR R AT P A% CRIPIAS AE R FN IR, K (E
WAL,

3.2. R R S 4 R i S R

Bailds N EHR RIS HPOMDPRE AL A, H
FREAN DT R FRAL28 H Ry P8 1 P S AN 4 J=y i SR R
AHEE A B RSB 6 TR . HERA X, M bl i)
BRI R FH > I — RIS 1t P 5 L A A 28w st [T 4

Current 2D grid map M,
and mobile robot pose X

v

Goal pose Xg and its

reward Rg is generated by «—
partial map

simulation strategy

No Send goal pose to
motion control process

Yes i

Does the robot
arrive at goal
in time interval T?

Goal pose X is
generated by global
frontier search strategy

Yes

Does connected
frontier
point exist?

Suspend current process
and stop motion control

Y

Stop Conduct the next
the exploration process exploration process
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BT R R . TR 1, R TR
BT EAE B R, SRR IRRIREL. BT 5N,
FREECR {63 REAR TR0 REG. JeLRIB R
i EREH. R F e, AT Ty

FEFRFF 14y 7 B T POMDPAR TR () J= 0 1t B ) 7
it . B, BiEfEi=1, ..., IR/, Fn=1, ..,
NEBSR T. MRAE SRR, B R B G AT T
KR, B IFEFNUL, . FRIEYIE SRR 5 1
TG S RRE IR, GBI S A, K5 (=2)%
RIER AT, YIARREGHIBE AU, - RAEBBIE
B R Y L BB 5100 A0 U, 38 BB N IE 75 43
AT ZE MR TR B NS B A A A
B, EHCARTRL T HAIE . ML R B 7
WUTIAE, R4S AL, 7 A S8 A T £ 4
B REEEP} i Ri(4 = ai + D)EBIGLIEF 5, 2
LI T M % 75 SURL R AR — R AR K 0o 47 LMY B
ATHRG, SEHORLT RG34 08 B A R A s
AR AL, Rz, o RS 5 B AT VPR . 7
SRR, 48 R BRI SR B0 A RS 360 15 B AT
VRELI . VS B A R S 56 M S I R B2, LA
WU Lo 0045 S B ARR (R MR P L 417 I R 5y e s M
EREMHE R MR R, G, y> 18550
B B S 2 R . A R T R T4 B
VS IwP<ey WARTROZEHIE, WERILE R
ORI T BB 22 A P o MR KB K32 3h 7 91 sl
F s 2SI 2 £ [0 41 R A o

At A 15 60477 32 31 6 4% B PR 1) 76 PR A 07 2
SRR P, R S5 B 5 T LA 38 ) 0 I b 2 1 2L
PR & AR . BB ATERE N R 515 B
R A I e A O o N s =1 e S O
B, AT R, ACSCRI T ARl e R
W

P 3 T 1 P R S 1 2R B 1 4 R A 4 2R S
Rl X I (RIS PR 5 R &0 X I 2 1) (i
P, HEPREE B Y AT RS B ML A LA BT T I
343 55 SR A 8N PR B e R TR R S e =R
2 TV B R 300 A5 PR T P R N ER PR
TV 7 TR TR X . A R 3 S 2R S T LA S 4
A48 FF 224 T 0 26 PR £ 20 A A o R D D 40 b PR e i 5
W, A LK AR AR A S AT IR, AT (R 7E A A
FRINB B AR e SRAFHOAS B St g i 6. i@
ot J 0 PR 2 47 4 B bR o X, % G R R B

Procedure 1. The partial map simulation process
based on the POMDP model.

InplIt: XC7 MC> 17 N7 {d)i}l!:‘h Civ H» €N, V
Output: X, R

1: Xo «— X¢

2:fori=1, ..., Ido

3: forn=1,..., Ndo
4: ifi=1 then
5 UE)’?I)-I—IJ ~ G (Urange)
6: else

7 UE)?IL-],:‘ ~ Ci(UE)r:lI)J—Li—]v 2)
8: end if

o Xhi ‘—f(XOv U(()'?I)-I—l,i)
10: forj=1, ..., ¢;do
11: fork=0,..., H-1do

12: Lprior = 1 [zij]
13: z) ~ X[zk|5,(<”>}
14: lism = rand[l(p)]
15: lposterior - I[Z;;j,)] + llSM
16: Rf)'},){,u = E(’prior) - E(’posterior)
17: end for
18: end for
19w e w [T S R
20: end for
21: forn=1, ..., N do
: () "
22: Win — Z::1w§“>
23: end for
.o 1
24. lf W < 61\] then
25: resample particles,wf” —
26: end if
27: end for
28: N < argmaxy [w}”)]

20: Xg Hf[xoa UE,'?"},),“}

Rye HIR,> co T LURIEF] H bR OE 3§ ) ot 72
T, ARl FAL R 2 3 R EARA . M8
FNHL S N TEL T2 I 1 O B0 EBRBLERT, B2
Fah: Bk, WAL R IR, 4R R A
L AT

A BARCEORIRE TS0 IR B AR ok
IR AR, T FLRE T R S B a7 2L A
RCPE, AR AR T U G R . B ke
RUBL T 3T LU o 2 (5 L, (R B 5



D[PV & ST e i

4. RFEXI

4.1. X RGB-D £ E&A% 1] R G052

ASCIE EA LI N RGRIIE H E R R AT
BIRE R A R . % R 4t Yujin Kobuki® 2 i 4
S RGB-DAL 28 FIIHP Envy 15-j105tx# 5115 #0240
Fo 17 R AR IERIRTS A S e RN IR 405 . RGB
FR FE AR 10 23 8 5 oN640x4801% K, Hil % N30 Hz.
MR KF57°, TEHEHA3°, = WNIREE T R E L
H0.5~5m[33]. Yujin Kobukif%z/) i £ % F W56 22 3 0K
3, HAN0.46 m, B KISFELGHEHNTO cm s, MK
FER180(°)-s s HFEIHAIR = 50 Hzo FEBhit 5
JCHC %2 ¥4 CPU i7 4702MF18GB RAM. ROS Indigo-.
OpenNI RGB-D¥K 5 #2 [y the Point Cloud Library#ll
OpenCV L 22 ERE AN T & Lo

A B I S5 RGN RS IR FE R, R AL
BB 45 5 B ik b, e B S R A A B Ak
(complementary metal-oxide semiconductor, CMOS) Z[.
AME IR SR SRR S .. A2 MR E & [34]0),
BT . Syt Gl s 2 R ST,
KRG, Hhb 23 7 XK RGB-DAL LS, Wi
THR. HARN TR LSRR OO R, [x,
v, 2] [0, ¢, w12 R BEHEZL A X TR ShMLAR 17 # AN
ZYXBRFT o SRR RGB-DAL K 8% 58 shH LA 2 18] 1 4%
e 7R (6) 4.

X1, Y1, 21, 01, ¢y, ¥y]' = [-0.118, 0.0, 0.271,
0.0, 0.0, 0.0

4.2. 25 TAERAE

E 8~ A shHlAs N B EIR R M I AR

(1) Hu IR 2 ME Ar. AR XU R GB-DA% I 2%
A EFET R RIS EERGB-DIE &, RHRT-
ABMAPH I T EMEE. BZEES5RETY REBERK
2k #s (extended Kalman filter, EKF, & {EROS
robot_pose_ekffld1) [FIRGB-DE {7 Al B AE i+ A El &,
MR =R m B = 4E S AR R YA AT B
THREMizsh .

(2D Jey s b B HE 38 5 4 Ry 301 4 2R A 45 6 TR SRS
TE IE M7 BLEE Al b, R = 4 Al Hb B R0 2 i
B A AR ZE RE 1 H AR AL 28, ) R A s 1 7 350 40
{5 B AT 07 FUAR NS, ) AR 1 B 1) 4 Jmy 201 57 R idb AT
RN

(3) ETEEhARBIZAE HiaahiEhl. R\
N YR HIER X, Ve, 0.1~ 4ERI R Hb B M IR R 50

Mobile computing unit

Kinect RGB-D
sensor (No. 2)

Kinect RGB-D
sensor (No. 1)

Kobuki mobile chassis

6
T
[X27 Y2, 22, 627 ¢27 l//2] = [701]87 OO: 04817 o A
o T o= ) L M2
-90, 0.0, 0.0] B 7. BAHLE N5 .
[Goal poesl‘? Motion control command
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