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[ Abstract] Because of the limitations of single-robot Simultaneous Localization and Mapping (SLAM) technology in
practical applications, multi-robot collaborative SLAM technology has/received extensive attention from researchers
with its strong flexibility and robustness, and has great application prospects in agricultural production, environmental
monitoring, maritime search and rescue, and other fields. Multi-robot collaborative SLAM is the core of multi-robot
collaborative work, and it is the key to obtaining timely situational, awareness information in a large-scale complex
environment, which enables each robot to co-locate and build a workspace map when working together. Multi-robot
collaborative SLAM is mainly implemented based on single-robot SLAM algorithm, multi-robot system architecture,
map fusion and other technologies. Combined with the development history of multi-robot collaborative SLAM, this
study compares and analyzes the current mainstream multi-robot collaborative SLAM algorithms. From the sensor, the
multi-robot collaborative SLAM is divided into three categories: laser collaborative SLAM, vision collaborative SLAM
and laser vision fusion collaborative SLAM, and the architecture selection, multi-machine communication, relative pose,
map fusion and post-processing of multi-robot collaborative SLAM are discussed.Simultaneously, it is pointed out that
the collaborative SLAM of heterogeneous robots and semantic SLAM based on deep learning is the future development
trend of multi-robot collaborative SLAM.

[Key words] multi-robot system; collaborative Simultaneous Localization and Mapping (SLAM) ; relative pose; map
fusion;back-end optimization
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Table 1 Comparison of mainstream multi-robot collaborative SLAM algorithms
Rk PR L 5

EKF-SLAM B4 Il T 2 AL A B0 e, 240 0E 1 A I 0 i AR e o

PF-SLAM  PHERAS TN AR 4, n] 3R 4T 58 B FITELL P [A] SLAM
Graph SLAM  F 550 AH XS /N, AT 8 A3 2l 038 8 4740 7 5 8

ATSLAM #5280, 3l i T KA Al

AT B A BIR A5 23 0] i 355 B R A7 4

ARG T Y B AR TR T B, A7 75 Ry 1 FE R A
R R B 2, T HCHE Ak BERE ) FVECHE il R B TR R
A5 o ZEN A AN S B B Y ZRAE I

2 ZHLEAWHESLAM &3

H i, Z L8 AR SLAM 2 & 57 75 Z HLas A
RGN KL g NPT 2 AT 55 Rl .
R4 RALEF N B B TS R 0 A2 A AN R, 7T LUK 2
HLAF A Pr Rl SLAM F 223 R OGP [F] SLAM R o
PRl SLAM FLOG M v il & SLAM — K2

__________________________________________

Hlas AL

2.1 #xthE SLAM

AT, Z LA N BOE P R SLAM AE S8 32 2 3
FHL AR HOE SLAM HE 1T E BT 55, I OO BT A1)
Jry b ] B RS TE o it 2L AN RS A T E
15 H e B s P R AT G BE DC L, PRI PR RGN . Fe X 0B AT
Hh RGO X Rl A R G 4 R s E R T AL . 2L
PENROG R SLAM HEZR 4N & 1 i

---------------------------------------

EZ RN SN
SLAM g 3iitb #

1 S ANHCEHhE SLAMAEZS
Fig.1 Multi-robot laser collaborative SLAM framework

1 LA AN Ot SLAM H, 2D/3D 30 75 ik fE
h EFALIRES . N TR R, — i SRR
15 P I 5 B T (Inertial Measurement Unit, IMU) | |
TR 45 1% R AR T B O Ik HE AT 2 A% B e 0 il
G WEAERMBMENY = TR 2D BOEH BWE
ZRME SN R H 3D WO IR L A5 A IMU TR B
FECE BRI A B S B OR E AL ES A SLAM .

i1 BT TR O SLAML B2y Sy 45 4 DT
[N ER K R AN BN RIS S (28 S = T §UN
3 35 A 2P T =22 1] 19 5 2R AF B RLET — Wi B 25
AT Y A W7 25 T AL G B[R] P B 57 28 R b 5]
HHTE 0 35 48 D8 D 5305 A 3% AR AR O A (Tterative
Closest Point, ICP) | #H 3¢ % 99 4 IC Iid (Correlation
Scan Match, CSM) | IE 2% 43 i 4% 46t (Normal Distribute
Transformation, NDT) &2  J5 s 1 £k 3 2 2 i o
AN ] A Y R R 22 A, B AT DAL TR B 0 A8 1
FEE T AR AL 9 5 s A AR S50 32 A B A 0 2 Xof
U B 451 A DT IC B R AL R A RS T S DT > i
Qb A7 B SR A R B 2R U [R) A A7 DT R > i )
) b R AT 0k . B AT 32 2 A i et 2 (RS I i

5 B Z (RIAG I 1 5 T 2 ek T 4 T v

[ 1987 4= SMITH 45" 5| i SLAM #f £ Jf- % F
PR /R 2k O 3R 1 EKF-SLAM & LISk, 0k
SLAM 5k 1y TF 5% 1 9 8 o Bk 22 119 FF 5% N B T ¢
o 2016 4%, 2 M2 w48 H BT 9 JF U SLAM 53 ik
Cartographer'®, il & IMU | HL 2 31 % /4 Jd s Sl K
W S BT 00 Ak i s 1 DS AT A @ T 1R S i A
ZiIR N oI o I Rl S R A AN B2 o S S
2020 4, ffL B WL FE A4S B2 F] Y Cartographer 5. i
it b, 4% H 3 F OctoMap 19 £ L& A SLAM 5532 .
IS5 e AR A AL AR N TE 45 2 1 IR BE vh T A 1
F- 3 P 3 3 55 OctoMap 6 B¢ 5 1 X - &1 3 17 %k
T8 5 J A 1 P A DA B AS 00 5 8% i 3ok B b 1] v D
e AR A1 A B 2 118 728 4 R I 1 SR BB 2 N 2 (8] B 7
A, P4 R AR bR R SR B HLAR N IE i A
WA 2 HLg N4 R A R 8 B JR 2 T L-M &
3K i 42 Jm P Ak R B S5 AR L A5 B Hl L 2 A Y
¢ A 78 e 40 B, 18 1 OctoMap fill 5 B ¥k 0 4
o

H AT B2 0 BHLES O SLAM Bk ¥



4 Computer Engineering

R TR 202245 H 15 H

F ZAHLA Nk g Z ML AP A O SLAM [R]85
LR TT %R . 20194F , ZHANG %2 42 1 —
FRAL L T 3D B F AL RS 1) 2 Z Pr R SLAM 5
o B CME LAY A iF LOAM-SLAM" " 8 vk
B B Ry 3 i P 5 JH vk B U K T %) e TR E A
2 A R AE W P A LR N 28 0 19 A TR 37 5 R 4730
B 5 fe i DABIT B A A [R] 47 S5 DX S8 BT A ot X e 4
BUS =, MR SALEs AN g T A B AR e

______________________

CEINE LA BLEE AnSE
= SLAM i H SLAM
v (b A V(R miE

HEITS
L Comee )

| )

H R 1

| ()
)
 Comen )

i)
()

....................

B, ) a4y — Bk 1A
22 #MEHHE SLAM

AEXS F O TR Ik  AHHLLAIMA T ARDIFE AR
BE R SRS B U SLAM [l T AL RES 22—
H A, 5% P[] SLAM A9 =5 14 512 88 AE 22 7138 % P TR
SLAM KEUH [F], 3= 25 T B HLEF A5 SLAM L) J
ZHLEF N RGOk TE ML A e PRl SLAM., £ 4L
285 B[R] SLAM B HE 22 G0 1 2 Fir 7

—

L ZABA L sMB A

L FsmR | BESLAMERAE |
E L Cemesonr
i -

L ittt |

B2 ZHIAMREHESLAMIEZR
Fig.2 Multi<robot visual collaborative SLAM framework

FEHLHLEE AW 5E SLAM | #H ML AE O 3 2 A% Ik
v o AR AN [F] Y A BL AR i AT DK L SLAM 432
ALHE 2 — ALY B H SR SLAM #8522 > L
i 57 M BL 52 SLAM Al #5 2 7 B2 A AL /Y RGB-D
SLAM"" . AH X ' SLAM 1 35 , M5 SLAM X 3£
B2 1 4 2 5 A 20, TR AR BILAE Sy M — 0 % SRR 2 AT
2332 BN R PR EERI S R o0 T 3k B A A 1R S
BLROR BT RATHERL 58 SLAM Hh il & 17 IMU |
FLFR I AF A B AR A L P2 T B SLAM 7E 1H X A
F IR BT I

i 2 fr s, AR S SLAM 3 2 4 S A AT
Uity e i A Ak T [E] ARG I = R A o A T v o
O3 N B FIRRAE SR T AR ME DR B2 P
NI PR R @SR R R R, AR L L 48 A
MG SLAM H P50 Hif s — B B R AR 00, L B R
AIE Az 000 5 i B R I T JC AR [ JC A S A 3R A
FEAE 2 BUJ5 32 SR RO R 72 FRAE 72 4t (Scale-
Invariant Feature Transforms SIFT) | il 3 £ {8 4 1iF
(Speeded Up Robust Features, SURF) . ORB ( Oriented
FAST and Rotated BRIEF) £ fiF $2 B¢ >4 . 4R 4F DT i
2 FH K 38 37 A 2P ot =2 1] 4% A8 [7] 25 1] 88 6 R AIE 79 X6 7
K FR, — P Ao P S oL d5 3 2 48 K %2 (Fast Library
for Approximate Nearest Neighbors, FLANN) 8§ K £z
T 4B (K-Nearest Neighbors, KNN) &5 5 5k 47 VE T,
XoF 158 D JE i DT e 2R 0% R 50T DA 3 3o Bl AL b R
— % (Random Sample Consensus, RANSAC) %5 % iF
AT UERR o M (7] FC 7 380 3 K 408 T =2 [ 6T ol T 1)
TIE 53K W0 25 fff 2 AH A8 T A A X2 3l 8 R e R AR

% T 5 (Tterative Closest Point, ICP) 25y Xt i [6] 12 )
KR IEATR M

16 5 A AL J7 T, P8 SLAM — il 2 3k T g
U B R T R P AR O A R AT A b B, T
I [ 01 ot 5 A BT 84 00, A0 B R O 1 SRR 25 A
Bifi 22 10K OB 7S SLAM BB IR 2%, Tovk gy 4
JR 8= ML IR 1l B I T LA XY DT s R
Pz ) 57 I, 38 3 K Y i G B RN D3 s T A
PEAT HO#E  ARAIE T AE — 2 i 18] P9 7 S A T A1 RT 2 4
e o ) B 3t fif 45 2 HL g8 A B[R] SLAM
A T Ifs KRR b P B 358 e G 00 st ) 25 AR K, b i
A R RCR R RS R, AE 8] FRAG U X6 % AR SLAM
SR AR B R R B AT 2 B E T A T
TSR] B Bk B0 sk i Z L 2R N A B [
SLAM B KB,

2007 4 ,DAVISON Z5 42 i1t MonoSLAM 2% |
AR B H AL AR B R R = 08 Uk U1k 50k A 4
AL B ENR R T WS SLAM B ff D T % .
5O PR SLAM M [\, Z HL#8 AR 4 3 [/ SLAM
) B 9 22 B0 o R R AL 2 A2 SLAM B3k 19 40
J/é 4E i, 2019 4F , SCHMUCK %5/ 41 i} i CCM-
SLAM Z L 7% AP [a] SLAM HE 28 J& 3L T B L 2% A
Y #5 SLAM B ORB-SLAM fij S 31 1) B 5 5 7]
SLAM ik . Bk RGEHER H — ARG 2 A+
ML N F S R A, B ML A AR B AR A PR
FRIE, DAORUF R 6% 78 218 5% b il 57 8 [B1RD 8 A, SR AL AR
N AR 55 i =22 18] 38 3k J6 26 N 2% DR 4730 1 o 75 8 15 10
], FRLBIL S N i 00 506 T ST A b R B R % &



Fagt HS Xl %, E

BRI 2P AP SLAM £ AR 057 i 5

i 55 e i, FRAIL A N R ORAT B 3 1 NV AN S BT, e Ak
% A8 B BHLAR N T o 0 D s A S
[F) S, Al 55 #5 A 1) BR AL 25 N F v & 3% Hb (&5 8., DA
F oty 5 A B GA B — 7 B, b PR N T At g
b EE B — A e ] . K IR S AR
56 R X 7 B b TR 0T A R D RN 4 SR
b Az 4 JR — B R A T
23 HAMERBEIHE SLAM

H T, Z0L8s AR SLAM 22 5003 R F o
BRI . TR s E SLAM AFAE — 2 1 )R
FR M, dnifo't SLAM 7 XA CH KRR Hh sl s 548
KBB4 Ty e R, vt SLAM Xl i
PR P85 2 1y L 35T A Wi Ak % T 80 34 DXl T vk A T T
Y, IX 15 Z ML A SLAM 75 18 X R HEASE 3 25 94 5% et
S0 B AIR R A R e R BB 0 L A )
YO SLAM FIBEE M KR 3 BUE 5 5 B L
Bt SLAM FHER A, LASEEL S PR BRI Z L85 A P R] SLAM
SN P R TT

FE SR ML AR N S B 36 AL D il S SLAM Bk
H1:2006 4, NEWMAN 25 U] F SIFT 435 AF 52 31 ] 2R
e I, AR S5 fih e B T O I DL TRk S5 8 SLAM,
{HAZ R AR AE T A 55 1 B A 20054F , ZHANG

SRR T — AN RO 25 A i R AE 2R %
HE S8 1 S 38 o v LR A T A B SR IR B AE SR B
WOGTR BRI S =8, BRI AR TR R R
FE T A A AN 22 Ak R A 2 e o

5 — f OGS P A SLAM B AH L, £
Mlas ARl A Ph ] SLAM & 56 T 3L 2% A fil & SLAM
KLY . 2019 4F , CHEN 25 — A ZHL 8% A
il SLAM 3k o 12505 B Sk PO TR I8 1 3R
F4) T 5 Bl R 4 T T T 4 DG S, A R R R T
T Bl w6 PG Ak RN B 5 SR S R B BT AR B A
BHEAT A IR I I & 5 PRI A O R IR
T B X 12 A0 DA A R AT RAE OE DS
S50 18 BN B A U R A A 5 e e S s I i A 2 A L
T OBE 08 S PAL S B | B B A 7 25 1B 4 o ] —
A AR ZRS AN TR B N T 4 A7 25 el S 249 o6 42
2 R /NS T o AT AL (B AR ] T 2 LR
A B 4 Ry i

gE 4 ZHLgs NBOE PR SLAM  Z AL 25 RL e
[7] SLAM LA Je Z WL N BOE AL bE Bl A UpIR] SLAM 1) 5K
PR TR0 AL S 25 S, 3 R A T AN B 5 A3 IO
THR R R S A TR . 250 T 38
FAE R4S T Z A28 A PhiE] SLAM Bagde ) o E He 45 .

®2 3WMEFEFTESURANE SLAME ZRERELLER

Table 2 Performance comparison of multi-robot cooperative SLAM algorithms under three main sensors

L5 L

%%

F AR A wT R VR P RO RS R TR/ RO IR 2 T A RN PR, G = 0 SOE B AR SORE R Y B

WOt PrIF SLAM il

TG IR R ORI £ R

AR, AT 4 I SCAE B, 8 SO 3R i IR BT P BEAR G M4 TF O OK, SR PR O MRS R K TR I 2 A A R

5 B3 7] SLAM i
- IR G150

Hi ] T ik BT T AR ML

TOCHLBE LG BB IR] R A B — = A SR 19 Jmy B, 368 0 22 R 35E , % BRI 1 il

SLAM ARANEL, H E AR A

TR R B 2 B i A A

3 th[E SLAM B < € 8] /%

Z HL#F A Pp IR SLAM A1 X} Bl N SLAMA &
I R N v I (EN i T
— e APk . 7E ZHLEs A PrIE] SLAMHE, LALER
N ) e 3 s T %) [R) el 5 2 A i A T A ok
HiBh A O 2 R 5 JE TR Gl 1 2 WL AR
N ZR G0 22 1] 1) 38 A5 iF A7 508 DGR A D o 4 2 —
R A R ML B o BT VS R B4R R 3k B AT 55 4 e LA
XAV A R A FVECHEOC R b R mil A RS v pE Ak
AR Z ML AP [A] SLAM 1Y 5 i n] 751
3.1 ZRHMEFEMESZSE

XFF ZHLAF AU A g B, B o 7 B SARAT 5
HEAT T AR LR N B IR T BE  BERRE A AR
EHSHEZMB/ARG . 2P ARG ZE 24 AT
[ SLAM [y 3L hit , Z WL N R G T BAR Y IR B 4001
AT 55 R 2 PR 28 R 30k 5 [R) A 2R A4, AT B 4 e 52
PUAT 55 43 B AN P R AE Y o B A, AR 4 AS [ 6 32 il O
K, T DL Z LA N R G s

Sy AT-AE R 3 B, A0 3 T

)& 20, 38 5 SR BUIR 55 3 Fn & 7 o e =X, 1
THEA T 85 v 1) v g g ol o 4 0 Bl 55 oy, B HIL 2 A AFE
KB o BAILAS N b e i v 38 5 S B 5 A
Bl W HE AT 5 BHLES G B SRR A B B
o v o i st v g g o O 25 BRAIL AR N R A AT 55 R
ot 4o wb dafas i s T DUAR 41 28 4 b BT A BABL A
NI 2] ) PR B AR B 4 R s I B A BAT
45 #0 H H e 45 0 S Ak B R A L AP gE N T SE
H & SLAM [n] @ B o] | AN B8 A AR, $017 8008
[ R (£ 5 N ST NS AP o e 1 PVAS 3
1) B A% i, 4 v 20 SR B ML AR N A0 7E T e g
il it 1) 3 15 V0 Bl N T SR R BT 55 . W& =156
AR SRR K 8 v e g B PR G R TR 2
5 4 7 T 0 5G Z% 5k 2 S il A A 4R R R
A IE FEF 58

)M ZRE T RS N A S
Je 5 b P B RIS 38 TT DL R g8 b HA ML A Nk AT
WAF . 7R A o AR, BT O BRI LR A



6 Computer Engineering

R TR 202245 H 15 H

KA R G0 AR B g N A R T 1A, DA 2R i 2
Jey Mo P R AR R ST, BOR O A R S
R T A, N A2 3 A VI 1L A 20 (RS B i T A 22
PLES AP A SLAM i 5o 52 2% o 73 A sNZOR R 48
N EEAA AR T LR A B R 55, 31
SR B AN [ A 5 o 31 BRIL A% A TR] BTS2 I A £ S
NS 0 TR A3 A 3ER e T P BILAR ATR) Y
A5 B AN A R 3 il 2R o3 A 30 A 48 v 1938
417 98 e BELAE — >l T A

3) 3-SR 3, AT LK R G B bLgs N2E T 204
T2 53 21 PN 2R o3 A3 208 ) 05 3 QA 18R e 14, 2 ) 3
P e A PR AR R M AT o S T B £ Y LA
P b R D7 3, 258 A 3 ] e 4 0 23 A X
Pl 7 3, IS Z WL N R G IR EVE . A -
AR S £ PSP RIS, XRES T
—EHE . FEVF 2 A - R SRR o b A
BOR P 22 BT A8 28 1 i K i 4 5 L 2
OMAE 55 3 B 45 BB A Ak Ak B

(@R

(OF g

(O UiE

E3 sHHIARFEEN
Fig.3 Multi-robot system architecture

3.2 ZHLIE{EFAEHE LB

Z ML N ] B4 X 2 HLE8 A PrR SLAM & 256
L LA N Z ] AR T L o > i AT 55 Ak 2
B RS vl (0 85 15 T8 DR TS 22 A B o B — 2R
M5, 24 i i A 5 A7 55 V0 S R B X R 8 Y
WA R AR M . R, 2P A AT TE RN 7 25T
Bl T 2 M2 AP A SLAM 4 i o B8 i 32 4 dt
A DRI N SHLEE N (A 200 B A g4 i oy (4R
2 22 18] R R B A0 s R Sk BRI AR A R
AR RBU BE Y  (BFE ZBUE DU, 28 i A s
R AL AR AT R A R S b T Y o SR i T
B AR B BT A e 1 B0 et g A
Xof At i R A Y PR AT R K

H T, R IEAR () s 75 R )i, MOHANARAJAH
SRR AR LA N TR K 306 AR A9 S B ot R BT (1)
S BT S, GUPTA 258 8 o el b By U 8% Py
F 77 1 ok T SR AT 98 5 5K, MARCOTTE 45 36 48 1 i
T LA N PR 5 58 e Bt B4 1 Tb 12 ok B 745 b 3 N 24
R 9 B O o FE R SE B R BE T, ZHLER A B
] T AR ), AL AT g2 i Bl B | o oy L
1 0 P25 00, DT A 00 ) 4% g 43 o) 5 ) B, 7
Z LA N Z S8 SLAM BT 5 K 138 5 43R | I 25
ZE W B A TCEE D4 B A 2 A A In] B R
FEHE FORMBESE h it — 2% &

B T — B ST SLAM A4 G5 a) B, 7 £ L

#s NP IE SLAM oS B2 . ) i B s DG IR T 2
A 000 A A (040 R S A SR I , 0 L AR B A I, A
TR0 4 240 AR ) o bR SR [ A R — o DAL
fift T 1 28 e KAV AR AR T 4 2 o A A i
BRI LR AR I ST |, T R RUSR R CHR R 5, 0T
Bl g NRS A AW B . o) — P o s S 2
B SISk H 2B 0 07 v PR B I S 2 A%
Bl I8 I 2 A B o S AS o 78 2R
S PR AR i A A I S
33 ZHlI|ABRBEIALE

TEHALES A SLAM H, RHLES AR e B S50
— RYL AR DRI A B B SR 50 A A ORI Ry R
MR . Y raHLgR AR T B B, T R A R 2
FNIREE A 8 M S 18 W F BB A E . TEZHL
NP FE SLAM H , ZHL88 N RS0 A Bl de A4
H T AL IR S e - A7 504 Ot 2 HLas ARG h
BAVARANAEXS O % . BT AAR B —
BN 2 Ve N B ML AN R G AR 2 PR
N DRI R X 37 8 4 ff 2 A TR HE )

TE M Y Z2 HLAR A G 7 26 0] LAY Sl A LT
R

AR F AL N =Z 18] 1) B 4 A0 X 2 3, i
WAHLER N BB I 2 11 Z A1 19 3D i = B, gl & 18
SIS i S EAR I A E IR S Sk SR AR IR X
e WU 0 A UEAT AR T FEAT &5 5 HoAlh



Fagt HS Xl %, E

BRI 2P AP SLAM £ AR 057 i 7

1R NGB N 11K = N |5 O 1 DS A7
IF AN TR BT B AT B A AN Y . 2018 4R
TSOUKALAS %5 $ W 78 J6 A HL T o5 7% i — 4~
17 A4 /N T 20 % 9 22 T2 S AR I, i bR 12 AT LB TG
N HLE 5 38 B 905 1 S Br L), o i e B AL
T¥) 15 A T 7 A X 7 28 B A

2) MR AT AL N 22 T (8 10 2 A0 X 7 28 29 5, 24
Z A HLgs N5 B 6] — 375 50 23 T8 7] 3 24 BT
B AN, Bl DUTEAS [6] s (8] 2 A HLA A 2 8] ST R 20 R
AN TG EAL A N Z 8]0 B 2R AT i . 2018 4
CHEN 25038 o8 1 57 24 117 ¢ B i (1) 90 5 i), I 78
FH DBoW 2 #4) 8 4 A1 B2 i) 1A% rp 3K B 24 Aiy 6 e i
AEABL P A% 16 ot o X6 D P A g ) A 3k T 2E 4T Sim3
A4, RANSAC 5k 25 AT S AR DL AR 4, 0] B Az )
F1%) JELAEL R FH it (] C B, 0 ot A A 6 2
34 HERME

TEZ ML A8 A PhIE SLAM | BHL 2% A AE 45 2 1Y
AT 45 1 BBl PN 4 57 J 35 b 18], B[R] SLAM 75 220K if A
PAHL A N HE ST Y SR S b 1R Rl R Ok AR R 4 SR M I
H TR BRML AR N FE A R 3 b P B AR A RO
gt — , D IE AN RE X Ry 5 Hb el B 4 B B 0. XX
I*) 038 5 AT LA 7 S O

1) & %040 b AH XA 25 0705 100 - 1 4 AN 46 A
P F AT B Jry R M B 22 R AR O A (HAZ T R
T 25 23 bifi 2 I [R] R ;R A7 Sk il 158 25 R ] R I
JIN 38 IR T R R e O AR A | B A R T
AR W 7/ f

2) K HIPIAR AR R 07 25 0 B -l A AL g B
BILA N T 1) B 43 ARG (R 2 o, 1F 1T 45 1) Jr A= 1 Jm)
b P 2 ) (s S R Sy A TE BLHLER N T A
G P Jey 8 e T R R AT o AN, TR R e X, AT
BRI R, I BT e A R A
AT VTS, XF DT fE B R iE 1 47 0] SR 20 B, DA R T
Je s e 2 B B AR B e R
3.5 FEmwmftie

TEZ P8 NP R] SLAM | I s A0 Ak 2 b Hee 2
IR, EZARE Z WL A P [F] SLAM AR virg JIFAd) 2 1)
FHIC LY P B Z P25 A P IRl SLAMUAE) 427 1% 2% H br
PRAL . 3 A AL B X B AR BOR AL K
4 JRy iR 25 W B fe /N IR 4 R — B A

MR 5 e o AR Ak i B R A ], Z HL A8 A SLAM
Bk B N T R AR T R B . FE
I T uE P A OB L i, 2006 4F , ZHOU 457 3 F
IR 2 R U R HLAS 7 R bR A A AT R
$2& ) EKF-SLAM B 5 0 fiff o 2 ML 4% £ 18] ) 0,
P Z AT EANW U 20 (AR
BRI A5 B0 B IE Fb ) ok TR AL N 22 18] AH X037 1 Y
ANHEPE Y I R A2 AR EKF-SLAM 5.3 (1 11
R R R, 2005 4F , THRUN 2572 32 1y 5L T 7
BLRFIE 9P R 15 8 U8 I B9k SEIF-SLAM, % I 7T Jin
PEI A B R B 40 th Oy 22 56 B R BRAR Z L3R A

SLAM 9 i+ % & Z= £ . 2006 4 , HOWARD'™ 7£
THRUN 4§ Jf 5% & il [ $2 4 3 F Rao-Blackwellised
BT UE IR B9 Z HLES N SLAM B I E Pl as A
TE PATAT: 55 i5F 25 /0 R 38 — vk, A 38 A 0] a2 He A X6 7
P30 3 A BB R T S AL g N R 38 RS 0 08I £
I Az sh BOHE OF B 2 4 R /. H 3R TR R A
SLAM Bk T3 i R R AR 76 2 24 I 458 T X
Mlas At EmR AR S ER, ETHERMEADR
SLAM B35 LUATH A8 aE /N ORG o BE 5 55 00 o5 328 i g
KAFFEN LR X . 2016 4, DEUTSCH 257745
T ML AL SLAM B vk 4k R 3B 47 %2 14, i
I AR AT R AR A R A ) 2 ML AR N Db [
SLAMJE 4  iZHEZE v] LU 5 4 Ff SLAM 53k P Il T
YRR 4E , CAMPOS %5 708 S 22 850 5 AL 2% A B B
EHGTA G IR T B BT 2L AT KT
R AT 3D # K . 2020 4F , BONIN-FONT #5177
P 7E PR B T3S 0 R o 4 R R AL e NTE A ]
Yo N2 40000, 9% )5 18 14 HALOC [ BRAGm 50k
TEA R HLAS N 0300 AR 2 () SR AEIA LG L T )
4 JR B B 29 o), S TR R LB T £
LS AJK T B[Rl SLAM .

4 REHARRBE

UHT, X HLE A NE SLAM MM 35, B T & S I )
i, FL B 00 A R R S bl g8 A SLAM . fE £
ML A PrIR] SLAM Y SC 5 ) B3 1, B9 N B T &
HIWFSE A Z Ml gs A PFE SLAM 5 R 2644 T —E 1)
. S5 A ERTEISEIR , ZEH N ZH L4 A PR SLAM
W AE LUR 6 4 T TS0 — 25 9T SR &

DS P AR E AR T 2/ ik A 9f . 15
AN S 2R BR B v Bl b AR AR — BRI R AL B A
FEER AN R AT 55 e B o U ) e LX) M T A
Bk A7 RIS S PR 05 A A 38 2 A X RLRE 11, 258 b
AL EE A 5 TC AN HLAE 25 A, B 1A 0 B 858 1) il iR
SEMANG . ML AN Z R Z L AR R
oo X FANFSERGHLAER N, B AR B M & 2 80
ANISHA TR, A b A P F b R SCH A n
Al Fh 5 Z2 B AL a8 N 09 A% B2 B 45 N 22 il 2 A 1
A — B0 B 3 5 i R 2 HLER AP Rl SLAM
o A A R ) S A 1)

D) PR HmmifE AR, 2
BLEs AU SLAM H 28 55 PEATS S — > OG5 [n] B, ¢
SE H R 4F 38 15 O BE AR 0% A 208 = P R SLAM Y 4%
FEPE . BRI ZRE MR E T AR A B 2R
KR B 0 TR 25 0 AE S AR R AR
SR T A AT R L QAT 22 R B R R R A
RAF A5, DA R e BO0E 5 2R B 1% 00 S S R I
) 3 P X T 2 AL RS PR SLAM i 75 2 — T Pk ik o

3) KA Bl R 85 45 18 T () PR [R] SLAM B3
M, £ PRl SLAM B3k 7 A 1 4 e — EopE b &
38 B X 2L 5 B Y JR R e AT RS X SR T



8 Computer Engineering

TR

20224E5 15 H

FERFAE 2L sl B2k 1 PR BT rh S vk SR A 22 . fEHBIA]
A 0 3 7R v 2 R T A RS 1) ML ) sk — s s 1] Py E
AT — W Jmy 8 1 (&1 il A, A A A B A 0 PR BE T ilE AT
SLAM. Kl [l ¥ 85 b i 47 SLAM XJHL 4% A [8] /9 T
P E R RPN, L T2 A RS R
¥ B Ur A SLAM R H 37 5% i /N Bl g A 5% A8 o K
W B A B2 Z L4 ARl SLAM /Y & i ¥l
JE— RPEA

AR P N B R v AR e D R B R . B T
L L HLgs N IE SLAM Bk e i — 4 E s F
AT, FEHLAS 00 B0 2 2 1 18 2 4 19, X 14 B
[F] SLAM B3 T 4 AN [R] 94 58 15 25 4R R B 52 g 3% 1k
ROR AR . FIL, 2RI R] SLAM Sk B, 2% &
L ML AR N B0 TT DL PR B A Ak T 1
U, BE A P R B R R

SYREE %3] 518 L SLAM . Bl 5 18 BE 2= > At
SEHLAE ) e R, K A e DN 48 4R 3k iz HH AE AL
DN 2N W B S A S R TR 18 Rl e
SLAM 1454, (AL 2% AT FR 8% v i 9 1R b 24k
— 57 AT LA Bh LA AR A B L, 55— O i
CIRVSIIEE L RSN B2 A R /R U N N

6) 5t — 1) Z A48 AP [F] SLAM PEREPE Al £ A .
e Z AL A PR SLAM 15 B ok bk 2 BER /R & ¢
R BR , B SLAMAY it )7 et 78 A Wi K
PR L, A% 5 3 6 0 o7 PRIORS B e 0% 6 i 1 A
Z AR RE VM 16 A X AS T3] 508 1E A T UL

5 HFRIE

BEXT BAL A% O SLAM 75 55 B i FH 64 Jag BRAE
ARG A Z WL AP R SLAM ME & A 28 % J 3
AR WA Z Pl AP IR 2 28 i SLAM 1Y 32 % K Jig
LR IR IR N RV N 2 /R S UNCTPS i
[Fa) RS I 0 A 2R, S 4 22 B 2 A B3 [R] RIS SC SLAM
VRO T Bk R e, AN L RE 5 41 ' SLAM I H 1) =5
[F) 24 B2, T L L N A5 PR 05 2 ] Y R R A L i it
TR B Z P AP R EOR ) MR T
SLAM Gk, W H 350k 40 35 5 & W PR A 14T, X
TR — 28R X e HEAT IR AT ST

S % ik

SMITH R C,CHEESEMAN P.On the representation and
estimation of spatial “uncertainty [J]. The International
Journal of Robotics Research,1986,5(4):56-68.
SAEEDI S, TRENTINI M, SETO M, et al. Multiple-robot
simultaneous localization and mapping: a review [J].
Journal of Field Robotics,2016,33(1):3-46.

RIZK Y, AWAD M, TUNSTEL E W. Cooperative
heterogeneous multi-robot systems: a survey [J]. ACM
Computing Surveys,2020,52(2):29-31.

GRISETTI G, STACHNISS C,BURGARD W. Improved
techniques for grid mapping with Rao-Blackwellized
particle filters[ J]. IEEE Transactions on Robotics,2007,
23(1):34-46.

[5]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

KOHLBRECHER S, VON STRYK O,MEYER J,et al. A
flexible and scalable SLAM system with full 3D motion
estimation[ C ]//Proceedings of IEEE International Symposium
on Safety , Security , and Rescue Robotics. Washington D. C. ,
USA . IEEE Press,2011:155-160.

HESS W, KOHLER D, RAPP H, et al. Real-time loop
closure in 2D LIDAR SLAM [ C |//Proceedings of IEEE
International Conference on Robotics and Automation.
Washington D. C. ,USA:IEEE Press,2016:1271-1278.
FORSTER C,PIZZOLI M, SCARAMUZZA D. SVO ; fast
semi-direct monocular visual odometry[ C ]//Proceedings
of IEEE International Conference on Robotics and
Automation. Washington D. C. ,USA .IEEE Press,2014.
15-22.

MUR-ARTAL R,MONTIEL ] M M, TARDOS J D. ORB-
SLUAM ; a versatile and accurate monocular SLAM system
[J].IEEE Transactions on Robotics,2015,31(5):1147-
1163.

VALENTINI G, FERRANTE E, HAMANN H, et al.
Collective decision with 100 Kilobots ; speed versus accuracy.
in binary discrimination problems[ J]. Autonomous Agents
and Multi-Agent Systems,2016,30(3) :553-580.
SCHMIDT A. Multi-robot, EKF-based visual SLAM system
[M]. Berlin, Germany : Springer, 2014.

PIASCO N,MARZAT J,SANFOURCHE M: Collaborative
localization and formation flying using distributed stereo-
vision[ C ]//Proceedings of IEEE International Conference
on Robotics and Automation. Washington D. C. , USA .
IEEE Press,2016;1202-1207.

ZHOU Z,WANG D Q,XU B Y. A multi-innovation with
forgetting factor based EKF-SLAM method for mobile
robots[ J]. Assembly Automation,2021,41(1):71-78.
MONTEMERLO M, STENTZ A. FastSLAM : a factored
solution to the simultaneous localization and mapping
problem with unknown data association[ C ]//Proceedings
of AAAINational Conference on Artificial Intelligence
Edmonton Alberta. New York, USA: ACM Press, 2002
240-248.

TANG X L,LI L M, JIANG B J. Mobile robot SLAM
method based on multi-agent particle swarm optimized
particle filter[ J]. The Journal of China Universities of Posts
and Telecommunications,2014,21(6):78-86.

LIU W L. SLAM algorithm for multi-robot communication
in unknown environment based on particle filter[ J/OL].
Journal of Ambient Intelligence and Humanized Compting :
1-9[2021-07-18]. https://doi. org/10. 1007/s12652-021-
03020-3.

WEN W S,HSU L T,ZHANG G H. Performance analysis
of NDT-based graph SLAM for autonomous vehicle in
diverse typical driving scenarios of Hong Kong [J].
Sensors,2018,18(11):3928.

KIM B, KAESS M, FLETCHER L, et al. Multiple relative
pose graphs for robust cooperative mapping [C ]/
Proceedings of IEEE International Conference on Robotics
and Automation. Washington D. C. , USA . IEEE Press,
2010:3185-3192.

kg R, A ER, ERGE . ST BT AR Y
SLAM Fi%[7T]. FHEHL T ,2020,46(10):95-102.
ZHANG J F,SHI C X,WANG Y Q. SLAM method based
on visual features in dynamic scene [J]. Computer
Engineering,2020,46(10):95-102. (in Chinese)

AL, RIFEAE B 4EAk, 45 . N B DT G 5 TR A



Fagt HS X

#.E

BRI 2P AP SLAM £ AR 057 i 9

[27]

[28]

[29]

[30]

[31]

[32]

SJAHZE 4 1 RGB-D SLAM 3L [ T]. 8 HL T, 2021,
47(8):224-233.

YU D Y,LIU G H,ZENG W L, et al. RGB-D SLAM
algorithm combining adaptive window interval matching
and deep learning[ J ]. Computer Engineering ,2021,47(8) :
224-233. (in Chinese)

COSTANTE G,MANCINI M, VALIGI P, et al. Exploring
representation learning with CNNs for frame-to-frame ego-
motion estimation [J]. IEEE Robotics and Automation
Letters,2016,1(1):18-25.

GAO X,ZHANG T. Unsupervised learning to detect loops
using deep neural networks for visual SLAM system|[ ] ].
Autonomous Robots,2017,41(1):1-18.

MA L N,STUCKLER J,KERL C,et al. Multi-view deep
learning for consistent semantic mapping with RGB-D
cameras [ C]//Proceedings of IEEE/RSJ International
Conference on Intelligent Robots and Systems. Washington D. C. ,
USA IEEE Press,2017.598-605.

HIATE PR 8E, COLE, 55 = AR S HLAES N SLAM 55
BERR[T]. AL 2021,48(9) :223-234.

TIAN Y, CHEN H W, WANG F S, et al. Overview of
SLAM algorithms for mobile robots[ J]. Computer Science ,
2021,48(9):223-234. (in Chinese)

CHO H,KIM E K, KIM S. Indoor SLAM application using
geometric and ICP matching methods based on line features[ J].
Robotics and Autonomous Systems, 2018, 100;206=224.
REN R K,FU H, WU M P. Large-scale outdoor SLAM
based on 2D lidar[ J |. Electronics,2019,8(6):613.
SRINARA S,LEE C M, TSALS, et al. Performance analysis
of 3D NDT scan matching for autonomous vehicles using
INS/GNSS/3D LiDAR-SLAM/ integration scheme [ C ]/
Proceedings of IEEE International Symposium on Inertial
Sensors and Systems. Washington D. C. ,USA . IEEE Press,
2021 1-4.

SMITH R, SELF M, CHEESEMAN P. Estimating uncertain
spatial relationships in robotics[ C ]//Proceedings of 1987
IEEE International Conference on Robotics and
Automation. Washington D. C. ,USA IEEE Press, 1987.850.
LB L. BT =430t s = = W 2 L4 AN SLAM
FE[D . FRM IR M K2, 2020.

QIU C C. Research on indoor multi-robot SLAM based on
3D lidar point cloud[D]. Suzhou; Soochow University,
2020. (in Chinese)

ZHANG Y C,CHEN L, XUANYUAN Z, et al. Three-
dimensional cooperative mapping for<connected and
automated vehicles[J]. IEEE Transactions on Industrial
Electronics,2020,67(8) :6649-6658.

ZHANG J,SINGH S. LOAM: lidar odometry and mapping
in real-time[ J ]. Robotics ; Science and Systems,2014,2.9.
AT A5 42 E . 5 SLAM 28R [T ], FRER G
% ,2016,11(6):768-776:

QUAN M X, PIAO S H, LI G. An overview of visual
SLAM [J]. CAAI Transactions on Intelligent Systems,
2016,11(6):768-776. (in Chinese)

WEAREE , AR DG, N SC {45 . e HARML-IMU 482 H dhdn
S SRR ORG-S SLAMI Y . X8R4, 2019,
40(6):56-67.

PAN L H,TIAN F Q,YING W J, et al. VI-SLAM algorithm
with camera-IMU extrinsic automatic calibration and online
estimation[ J]. Chinese Journal of Scientific Instrument,
2019,40(6):56-67. (in Chinese)

BEREE NG SO0, S L BT RE 3t IMU AL H AL SE

(41]

[42]

[43]

[44]

[45]

[46]

[47]

BB AN T] B AR 1 2019,3(6) :39-45.
FAN J B,SUN J,FAN H H, et al. A method of autonomous
localization based on magnetometer, IMU, and monocular
vision[ J ]. Astronautical Systems Engineering Technology,
2019,3(6):39-45. (in Chinese)

CAO L K,LING J,XIAO X H. Study on the influence of
image noise on monocular feature-based visual SLAM
based on FFDNet[ J]. Sensors, 2020,20(17) :4922.
PUDCHUEN N, JITVIRIYA W. 3-D mapping and
localization using RGB-D camera[ C ]//Proceedings of the
1st International Symposium on Instrumentation , Control,
Artificial Intelligence, and Robotics. Washington D. C. ,
USAIEEE Press,2019:139-142.

DENG C G,LUO X N,ZHONG Y R. Improved closed-loop
detection and Octomap algorithm based on RGB-D SLAM
[€]//Proceedings of IEEE International Conference on
Artificial /Intelligence and Computer Applications.
Washington D. C. ,USA . IEEE Press,2020:73-76.

HU Z F,QI B L,LUO Y, et al. Mobile robot V-SLAM
based on improved closed-loop detection algorithm[ C |/
Proceedings of the 8th Joint International Information
Technology and Artificial Intelligence Conference.
Washington D. C. ,USA.IEEE Press,2019:1150-1154.
ZHANG Q S, XU G H, LI N. Improved SLAM closed-loop
detection algorithm based on DBoW2 [J]. Journal of
Physics; Conference Series,2019,1345(4).42094.
DAVISON A J, REID I D, MOLTON N D, et al.
MonoSLAM : real-time single camera SLAM [J]. IEEE
Transactions on-Pattern Analysis and Machine Intelligence ,
2007,29(6):1052-1067.

SCHMUCK P, CHLI M. CCM-SLAM : robust and efficient
centralized..collaborative ~ monocular  simultaneous
localization-and mapping for robotic teams[ J]. Journal of
Field'Roboties;2019,36(4).763-781.

NEWMAN P,COLE D,HO K. Outdoor SLAM using visual
appearance and laser ranging|[ C ]//Proceedings 2006 IEEE
International Conference on Robotics and Automation.
Washington D. C. ,USA . IEEE Press,2006:1180-1187.
ZHANG J,SINGH S. Visual-lidar odometry and mapping :
low-drift, robust, and fast [ C]//Proceedings of IEEE
International Conference on Robotics and Automation.
Washington D. C. ,USAIEEE Press,2015.:2174-2181.
CHEN H Y,HUANG H L,QIN Y, et al. Vision and laser
fused SLAM in indoor environments with multi-robot
system[ J]. Assembly Automation,2019,39(2).297-307.
SCHMUCK P, CHLI M. Multi-UAV collaborative
monocular SLAM[ C]//Proceedings of IEEE International
Conference on Robotics and Automation. Washington D. C. |
USA . IEEE Press,2017:3863-3870.

MA T Y,ZHANG T, LI S P. Multi-robot collaborative
SLAM and scene reconstruction based on RGB-D camera
[C]//Proceedings of Chinese Automation Congress.
Washington D. C. ,USA.IEEE Press, 2020 139-144.
SCHMUCK P, ZIEGLER T,KARRER M, et al. COVINS :
visual-inertial SLAM for centralized collaboration [ C ]//
Proceedings of 2021 IEEE International Symposium on
Mixed and Augmented Reality Adjunct. Washington D. C. ,
USA . IEEE Press,2021:1-12.

LAJOIE P Y,RAMTOULA B,CHANG Y, et al. DOOR-
SLAM . distributed , online , and outlier resilient SLAM for
robotic teams[ J . IEEE Robotics and Automation Letters,
2020,5(2):1656-1663.



10 Computer Engineering [ L T. 72 20224F5 A 15 H

[48] GAO L,BATTISTELLI G, CHISCI L. Random-finite-set- Systems. Washington D. C. ,USAIEEE Press,2018;3537-
based distributed multirobot SLAM [ J |. IEEE Transactions 3544,
on Robotics,2020,36(6):1758-1777. [63] LEE H. One-way observation-based cooperative robot

[49] WEN S H, CHEN J, LU X H, et al. Cooperative mapping [ C]//Proceedings of the 16th International
simultaneous localization and mapping algorithm based on Conference on Automation Science and Engineering.
distributed particle filter[ JJOL]. International Journal of Washington D. C. ,USA;IEEE Press,2020.900-905.
Advanced Robotic Systems : 1-7[ 2021-07-18 ]. https ; //doi. [64] JANG Y,OH C,LEE Y, et al. Multirobot collaborative
org/10. 1177/1729881418819950. monocular SLAM utilizing rendezvous [J]. IEEE

[50] CHEN X,LU H M, XIAO J H, et al. Distributed monocular Transactions on Robotics,2021,37(5):1469-1486.
multi-robot SLAM [ C ]//Proceedings of the 8th Annual [65] TSOUKALAS A,TZES A,KHORRAMI F. Relative pose
International Conference on CYBER Technology in estimation of unmanned aerial systems| C ]//Proceedings of
Automation , Control , and Intelligent Systems. Washington D. C. , the 26th Mediterranean Conference on Control and
USA . IEEE Press,2018.73-78. Automation. Washington D. C. ,USA . IEEE Press, 2018

[51] ZHANG H, CHEN X, LU H M, et al. Distributed and 155-160.
collaborative monocular simultaneous localization and [66] INDELMAN V ,NELSON E,MICHAEL N, et al. Multi-
mapping for multi-robot systems in large-scale robot pose graph localization and data association from
environments [ J/OL ]. International Journal of Advanced unknown initial relative poses via expectation maximization
Robotic Systems: 1-12 [2021-07-18]. https://doi. org/ [C]//Proceedings of IEEE International Conference on
10. 1177/1729881418780178. Robotics and Automation. Washington D. C. , USA:IEEE

[52] RIZK Y, AWAD M, TUNSTEL E W. Cooperative Press,2014:593-600.
heterogeneous multi-robot systems: a survey [J]. ACM [67] CHENBF,LIS Y,ZHAO H W et al. Map merging with
Computing Surveys,2019,52(2):1-29,31. suppositional box for multi-robot indoor mapping [J].

[53] FORSTER C,LYNEN S, KNEIP L, et al. Collaborative Electronics,2021,10(7):815.
monocular SLAM with multiple micro aerial vehicles[ C |/ [68] SAEEDI S, TRENTINI M, LI H. A hybrid approach for
Proceedings of IEEE/RSJ International Conference on multiple-robot SLAM  with particle filtering [C]/
Intelligent Robots and Systems. Washington D. C."; USA . Proceedings of IEEE/RSJ International Conference on
IEEE Press,2013:3962-3970. Intelligent Robots and/Systems. Washington D. C. ,USA .

[54] CAPPEL H F. A hierarchical multi-robot mapping IEEE Press,2015:3421-3426.
architecture subject to_communication constraints [D]. [69] LEE H,LEE S. Extended spectra-based grid map merging
Austin, USA ; University of Texas at Austin,2021. with unilateral observations for multi-robot SLAM [J].

[55] GIAMOU M,KHOSOUSSI' K ,;HOW J P. Talk resource- IEEE Access,2021,9:79651-79662.
efficiently to me: optimal communication planning for [70] BIRK A,CARPIN S. Merging occupancy grid maps from
distributed loop closure detection| C |//Proceedings of IEEE multiple robots[ J |. Proceedings of the IEEE ,2006,94(7) :
International Conference on Robotics and Automation. 1384-1397.

Washington D..C. ,USA . IEEE Press,2018:3841-3848. [71L] FERRAO V T, VINHAL C D N, DA CRUZ G. An

[56] MAHDOUI N, FREMONT V , NATALIZIO E. Communicating occupancy grid map merging algorithm invariant to scale,
multi-UAV  system for cooperative SLAM-based rotation and translation [ C]//Proceedings of Brazilian
exploration[J |. Journal of Intelligent & Robotic Systems, Conference on Intelligent Systems. Washington D. C. |
2020,98(2):325-343. USA . IEEE Press,2017.:246-251.

[57] MOHANARAJAH G,USENKO V,SINGH M, et al. Cloud- [72] ZHOU X S,ROUMELIOTIS S I. Multi-robot SLAM with
based collaborative 3D mapping in real-time with low-cost unknown initial correspondence ; the robot rendezvous case
robots| J]. IEEE Transactions on Automation Science and [ C]//Proceedings of IEEE/RSJ International Conference on
Engineering ,2015,12(2):423-431. Intelligent Robots and Systems. Washington D. C. ,USA .

[58] GUPTA L,JAIN R, VASZKUN G. Survey of important IEEE Press,2006:1785-1792.
issues in UAV communication networks [J]. IEEE [73] THRUN S, LIU Y F. Multi-robot SLAM with sparse
Communications Surveys & Tutorials,2016,18(2):1123- extended information filers[ M ]. Berlin, Germany ; Springer,
1152. 2005.

[59] MARCOTTE R J, WANG X~ P, MEHTA D, et al. [74] HOWARD A. Multi-robot simultaneous localization and
Optimizing multi-robot communication under bandwidth mapping using particle filters[J]. The International Journal
constraints| J |. Autonomous Robots,2020,44(1):43-55. of Robotics Research,2006,25(12):1243-1256.

[60] NIETO J,GUIVANT J,NEBOT E, et al. Real time data [75] DEUTSCH I, LIU M, SIEGWART R. A framework for
association for FastSLAM [C ]//Proceedings of IEEE multi-robot pose graph SLAM[ C ]//Proceedings of IEEE
International Conference on Robotics and Automation. International Conference on Real-time Computing and
Washington D. C. ,USAIEEE Press,2003:412-418. Robotics. Washington D. C. , USA IEEE Press, 2016.

[61] DOHERTY K, FOURIE D, LEONARD J. Multimodal 567-572.
semantic SLAM with probabilistic data association[ C]// [76] CAMPOS R,GRACIAS N,RIDAO P. Underwater multi-
Proceedings of International Conference on Robotics and vehicle trajectory alignment and mapping using acoustic
Automation. Washington D. C. ,USA . IEEE Press,2019. and optical constraints[ J|. Sensors,2016,16(3):387.
2419-2425. [77] BONIN-FONT F, BURGUERA A. Towards multi-robot

[62] WANG J K,ENGLOT B. Robust exploration with multiple visual graph-slam for autonomous marine vehicles [J].

hypothesis data association[ C ]//Proceedings of IEEE/RSJ
International Conference on Intelligent Robots and

Journal of Marine Science and Engineering ,2020,8(6) :437.
ke Rl



