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Study on improved sand cat swarm optimized SLAM algorithm for
gas pipeline inspection quadruped robot

Wu Yuhang' Wang Qiang® Xiao Yao®  Zhou Haiting® Wu Linlin>  Mao Wei’

(1. College of Metrology Measurement and Instrument, China Jiliang University, Hangzhou 310018, China;

2. College of Energy Environment and Safety Engineering, China Jiliang University, Hangzhou 310018, China;
3. Lanxi Xinao Gas Co. Ltd, Jinhua 321100, China)
Abstract: To solve the map construction problem of the quadruped robot for natural gas pipeline inspection, an ISCSO-FastSLAM
algorithm optimized by the improved sand cat swarm algorithm is proposed. Firstly, the Cauchy variation strategy is introduced to improve
the ability of the sand cat swarm algorithm to jump out of the local optimum and accelerate the convergence speed, and the adaptive
genetic parameters are added to improve the stability of the sand cat swarm algorithm. Then, the predicted particle set of the FastSLAM
algorithm is updated by improving the optimal solution of the position prediction output of the sand cat swarm algorithm to improve the
estimation accuracy. Meanwhile, the low weight particle optimization strategy is used to replace the original resampling step in particle
filtering to ensure the diversity of particles. Then, different simulation environments are constructed to compare the different algorithms,
and the simulation results show that the ISCSO-FastSLAM algorithm constructs the map more accurately than the WOA-FastSLAM
algorithm, and the estimation errors of the robot position and the environmental signposts are reduced by 17.1% and 23.3%,
respectively, under the simulation environment of 20 mx 20 m. Finally, the quadruped robot is used to conduct map construction
experiments in a residential area of 60 mx100 m, and the experimental results show that, compared with the FastSLLAM algorithm and
the WOA-FastSLAM algorithm, the ISCSO-FastSLAM algorithm is able to construct a more accurate map of the residential area
inspection, and the estimation errors of the key inspection locations such as valve wells and regulator boxes are reduced by 16.2% and
6. 0% , respectively.

Keywords : gas inspection; sand cat swarm optimization; map building; quadruped robot; FastSLAM algorithm

Wik H . 2024-05-12  Received Date: 2024-05-12
w FETH VLA CRE AU B & XCHRI (2022€03179) 1 H % Bh



5510 3]

AU TE R O R HLAS AR VDA R AL SLAM B0 5¢ 129 -

0 35l

il

BEA SRR P HR M) O R A=A I 4 PR 1
B TEATIR A W oy, JEH 2 R 1) I 28 T A 25 30 1 A
Gy BARAIR 51 K kR FR A i, 7 U A
RAAM =24 AR S B w J FE E i  K
FREVR L 2RI B i, A i N Tk e A
RETH 2 H R AL 2 I 175 B AHOC N B I 46 A1 T
V-6 (WHABL(UAV) 7 R0 4 R a2 ]
VA2 S IO R IO'G 1 (tunable diode laser absorption
spectroscopy , TDLAS ) 14 &5 F Jog SR A% JE 2 200K 108 =i
o DORALAS N B A P15 0 Pk o | B e ) 5 45 AR
AT I AP R PR FEEREE AT 24 A R
Ji BN RHR S TE 1 BRI T 13 28 HA S A o A 7 i e
IR — A AR A s

T, Ay e 38 T e R DX A S A ) e PR  Ae
PR A T R AL g8 A A A Y B ) B —
[\] 25 72 57 5 M 8 4 33 4 R ( simultaneous localization and
mapping , SLAM ) {5 2 Sy fiff ph 1 24 ] 50 7 4 418 1, 1) — o o
AR, 245 TR HE R /R 2 I8 LOAM  FastSLAM
S 2 Grisetti HTBAK FastSLAM 533k ] T-#4) 2t
M b 1 I 8 P B SR BLAS A, JE 4 B 1Y) Gmapping
B Gmapping B VEAE S /N5 b oA AT i R
ROR BAESE S R IXC 55 KR8 Gmapping 8% 1Y A
PHERLT I8 B A Bt I R) 9 HE RS 23 ) AR AL R R | iR
SRR FERE 2 i AUELIR Ak, (0 X 2 2Ok 1 2 e
BRAGTBEXT FastSLAM 716 1A [) AR, 2% 25 T8 T )
FHREAR AL S 48 7 FastSLAM (Al HAEG FE (0 O i, H:
A S IR RS (Lion swarm optimization, LSO) |
EE SR 9% (whale optimization algorithm, WOA ) 25 FE% fig
FEAAL FastSLAM w8 8 SR R AL AR 6 S e 2 T2
PRBSCRAT (R 0L 43 A AT DAk, DA T 2 il R BUAH IR
R RS AR A AR P 5 B AR R e, B
FEV RS R A 1 B AR S Y B H R
ﬁﬁi%*ﬁ%gfﬁ%(quamum particle swarm optimization,
QPSO) Ak FastSLAM Hf A B RAE LA, DTkt ki + 22
FEMEBS O R AR TR AL M BRCER A E " VDAl
BEAG AL (sand cat swarm optimization, SCSO ) 245
VDA B S ) B A AEAT S R 4 A — R R e AR Ak
R N £ R [ R VA o Rk Ry e B B
o BA BRI S RE, B AT BE A A R i B, B
FE 0T FastSLAM Hf (1R 7 1 i TG 06 AR B 119 £ 1 T
MRS RE

Sy R AL g ATE BRI T A A
T P 8 S ] R R o — b e Y R SR A

B SLAM Bk, 1%, 51 AT PG 8 S5 5 B R H 3 N 35t 1%
SR SCSO Bk HE AT i ik, SR 5 AR 4 e ik SCSo
(improved Sand cat swarm optimization, 1SCSO) i #) %
A% I EE FastSLAM Hh i Rl 4 | ook AUE IR 1
MG, I i P AR R St ke i) T R A 2D 3ROk
R AR PE SR . R B A 5 ER L T e Rk
SAEG R PERE . B e TR e R X AT T B 5
0, Sk A Bk A

1 MEEBANEE

1.1 HAEEREKE

SCSO Bkl 1 VDA 48 5 Wy Al A A Wy WA A 7
N, FE SCSO FEILE I, UK S R LA, 45 5
AR B AL, Ryt e HL Bk s R R B AL Y 68 77, >R FIART 7Y
75 S R R Ut SCSO B, A 7 A48 S R 5T 1 2k B
SO IR PG A3 e R B B TR SR A Y i
e WS AR IE 2 (1) AT 2R S AR X L A2 S
Y ERIOEAT Wi R a8 L DA R (=R 0 2/ % N

X,., =X, +X, xCauchy(0,1) (1)

Hrx, RESFETRAE, X, ARESFFA
N Cauchy(0,1) AR AR A VG 2
1.2 BENEESH

DI RF LA ST A48 FAE W AN B A Wy i T 2 3
T BENLA EEHE T RS FEAE B R R E T e
TEANCSGE R, Ik, 78 SCSO Fk gt b i A
ZHLS™ B S=n,n ANT U R RS N, HAEH
SEOR BRS¢ AN n DA B ES o+ 1 AURPHE 8L
250 n DA AT — AR T E— SRR AR R AR
SEVE, 275 SR 20 1A it — AR Lotk R, ASE B S {8
FAY 7 R | T R IR AR T 1 ) s 4t v B vk mg e Sk
i, FRIBAT

S=ceil[(N—1) -sin(;.;)} (2)

AN PR 0 AT ARG T o e KA

2 ISCSO-FastSALM

2.1 RFRILRRE

BEXT FastSLAM PR 5 SR A BORL - %% 2 1 R I 53 3k
PEBE B [R) L, 3 kT AL SR s

1) BB SOR T80 N, B S AT R T
AL N, Tk,

N,ﬂzl/g(w,.)2 (3)



- 130 - LSRR R e o

38 &

Hrp o, JEH— b5 RAUE,

2) Y N INTFBEEBIE N, BB R 7 HE
G, R B R TN M M /N N, B RSB
Bk PRI R AR T4 P AR R T
S R 7 (1 - viei W 1)< =1 YA 7 1
VA RE

P. =P, + a(P" -~ P)) (4)
Xha J2[0, 1] Z M BEHLEG P 2N P AL %
W) —AR T, UG R F AR s P Fn P
2.2 Bt IEEEEMRE FastSALM

FEXHESE FastSLAM 307 75 20 ks 5504 = kG B
DA FRAE B RE AT Z A R, 51 A 1SCSO Bk
BT AL 3R W, X 4% S8 FastSLAM 3 47 2l 0k, hy #ff 1
FastSLAM FATHKS B, 5 1A S5 i) XL {0 R 44 22 VD 48 1)
TN B PR R f, Rk R

1
frexpl= (2, = 2,)] (5)

Horb Z, g o B 20BN 2, o ¢ B 2008 %
BT, R kg He i M 0y 22

FT UL IL A FastSALM B350 5

IR 1) BEHLREE N AR T, I 58 BT 59 L il
Bz ;

AU 2) HEAT 1SCSO ik ;

IR 3) A 4E 1SCSO i th AR A P, TR T4
PN

IR A4) RN R T AE o,

HES) AR TFEN,, & N, DT IRE FE
N, BT 6, BNHEREIE 7)

PR 6) MR (4) 6 P AT

AT s B P T

o 1SCSO Ak 2558 .

1) Rk T4 P IR AR TS AR XY

A 2) X BT AT USSR X, MR UG (5) T
A/
A 3) WRFE YR B MR IE N BEAA £, RN
TAME X,

I A4) BRSO B, AR R — AL X, T
R FEALOL R X, R AR A0

AR S) XS DA AR X, TGS A £, 0
WA X, ARIER (1) B RS X
708 S5 Y O R A A E T A e AR X s

IR 6) FW A5 1K B R KRB T, 2535 21 W i
H X e > AR BB 3)

3 ISCSO-SLAM &Eix{5HE

3.1 {FEHE

H FastSALM | 5 T g 1 59 15 i ik 19 FastSLAM 553k
( WOA-FastSLAM ) | 3 T J5 b v 4t B 5 76 o ik i
FastSLAM %1 ( SCSO-FastSALM ) 5 3t T ol ik V0 4 e 5
BARALH FastSALM 533 (1SCSO-FastSALM ) #E 1715 B %t
L, 3356 54 MATLAB R2018a,

BRI JE ML A8 A FES R I 1 A 3 5t rp it A7
HEFEET 20 mx20 m 05 EAEL, 5 EASEanE 1
7~ B (a) MBS B, B 1(b) HEAERDE 42
EIREE . Horp BB R AR AR T ],
BIUARCAC TR R S5 A BT R

—— LR
10+ * AR
*
8 k
6 +
g 4t *
B~
2 L
0 N
2
10 5 0 5 10
X/m
(a) [RITE B& 42 ORI
(a) Circular path simulation environment
—o— FUSLHAR
10 * iR
* * *
8 *
* *
6 *
* * *
£ 4 *
>~ . * * * %
" * * *
* *
-2

-0 8 6 4 2 0 2 4 6 8 10
X/m
(b) e BT B0 H RS

(b) Non-circular path simulation environment

B 1 JiEIFEE

Fig. 1 Simulation environments

PSR &N WL A BB 0.5 m/s;
SREEIRIRE 0. 1 s; BOE T IR KRB FE 10 m; WL HE 25 52 22
0.5 m; WA IR 2E 5 rad s K508 20,

3.2 EREBEFERHE

eI T IRDY B AR O B T R D, O ELAS SR
B2 i, HE 2(a) AT, 58 FastSLAM 553k i F 2
LR 2% HLAR AU 5 A A0 Ak 1152 22 il 25 B 1) A 384



55 10 AU TE R O R HLAS AR VDA R AL SLAM B0 5¢ - 131 -

10f
8 F
] ool
.
g 4r %
N
Lox
. *
HSBE
| i
-2 7 G s
it
-10 -5 0 5 10
X/m
(a) # GiFastSLAMEL W 1 EL 45
(a) Simulation result of traditional FastSLAM algorithm
10
8
6
£
sS4
2
0
—o— A *
2 —WOA it B
ki
hitHs
-10 -5 0 5 10
X/m
(b) WOA-FastSLAMBL 41 L 45 51
(b) Simulation result of WOA-FastSLAM algorithm
10 -
g+
6"
g
=4
2 |5
0 P
ol i ne *
e
AGR R
-10 -5 0 5 10
X/m

(c) SCSO-FastSLAMBL :4li EL45 51
(¢) Simulation result of SCSO-FastSLAM algorithm

10+
8 !
6 !
g
= 4
2 1S
0 S
5l R0 e *
- s
S fhit
-10 =5 0 5 10

X/m

(d) ISCSO-FastSLAMEL g4 BT 45 B
(d) Simulation result of ISCSO FastSLAM algorithm

K2 BRI RS

Fig.2 Circular path simulation results

ik K, ZEF 2(b) FE 2(c) H, WOA-FastSLAM F
SCSO-FastSLAM H THE8 A8 5 1 i 9k SO0 R, X HL %
NI 5 PR BT B AR A A TR 22 5 A A RRA% T i
& 2(d) AT A1, ISCSO-FastSLAM - it 1 (1 Bl g A 300
5 H S AR T, FLAG T BEAR 5 S PR bR A A 3
A3, HF AE T 1SCSO-FastSLAM FJ ] 1SCSO 441514
BT WL T4  BEAT A = R A T RE TR TR
AR mE RIE Tk 2B

B 4 PP LR AL AL TR 22 5 IR BT B b i Ak
TRRZV T L, N 3 E 4 Fi, I3 5E 4 a5,
F LT FastSALM . WOA-FastSLAM £ SCSO-FastSALM &
122, 1SCSO-FastSALM B3k (X ALER A 1907 B Al 1% 25
XoF PR AR A R 22 R i/

ISCSO-FastSLAM
09r —=— FastSLAM
—— WOA-FastSLAM
0.8F ——&—— SCSO-FastSLAM

0 0 20 30 50 60
ER iR I 7]
K3 B RS B EAG TR 22

Fig. 3 Position estimation error in circular path simulation

09r
—O— FastSLAM
0.8+ —A— WOA-FastSLAM
—— SCSO-FastSLAM
0.7 —#— ISCSO-FastSLAM
g
45 0.6
%05
H
':‘é 0.4
2 03r
0.2F
0.1

0 2 4 6 8 10 12 14 16 18 20
MR 5
K4 RIE AR B bRl TR 2

Fig.4  Circular path simulation landmark estimation error

3.3 EEEEHE

FEAE B A2 0 B T 17405 1, 25 R il 5
No HIE S(a) W50, FastSLAM ZURAT & 4 FhE vk i e 25
B, ME 5(b) Ml (c) Al LLFE H, WOA-FastSLAM 5
SCSO-FastSLAM [ SLAM A SRR T FastSLAM, {H7E
15 (b) R (e) rfr B R B DX R B T A K s 22 o il D]
5(d) A LIFE Y, ISCSO-FastSLAM (R4 T-Hoft, 3 F



- 132 LSRR R e o %38 &

4 FPESEXT LA A B A TR 22 5 BT B AR A
N ke Y HHEIEIEAFAS e, W1 6 161 7 Bk, i1 6 T LI
i sk e . FastSLAM F % 22 fie K, K70 iR 2 4E 0.3 ~ 0.7 m,
o & o P T WOA-FastSLAM 5 SCSO-FastSLAM i &% B 8 T
S YL\ 2% * FastSLAM , K# MR ZEPAFEFE 0. 1~0. 3 m, {HFE 200~ 500
gl & e " (I BE N, R 25K B T 0.9 m A 47, 1SCSO-
o oW g FastSLAM F{15 2% 5t /N, A HR AR F57E 0.2 m O 2% 1
DL Fas_lSLAMfr‘iiH'H% N e
’ e P, IL7E 200~ 500 F ] B 352 25 76 0. 4 m A2, 1T Mk
o 8 - 4 - 5 3] -Fast IR 22 RE
10 -8 -6 4 2 Xt;m 2 4 6 8 10 B 7 F[E R LLE Y ISCSO-FastSLAM iR 25 2 4
() HeGiFastSLAMBE AR B/ N U] 1SCSO-FastSLAM 2515 ) 2% SR A
(a) Simulation result of traditional FastSLAM algorithm .
T HA 3 FpAE,
10+ 1.01
& 09} | SR——Cae)
6» * 0 8 ‘ ll ISCSO-FastSLAM
L 3 / Al
£ 4
& ) * p 0.7 | !
r e 0.67
0 * "
I SRR E 0 5
2 Fas}SLAMﬂ‘. it
?ﬁﬁ%ﬁ g 0.4r
0 8 6 4 92 0 2 4 6 8 10 03
X/m L
(b) WOA-FastSLAMS¥: 15 B 45 5 !

(b) Simulation result of WOA-FastSLAM algorithm

0.1

0 50 100 150 200 250 300 350 400 450 500
8 ER BRI (7]
6 e

Ko AERIE Rt 1AL B TRz
E4 Fig. 6 Position estimation error in non-circular path simulation
2,
o 107
ol Fast M ook LA
vy B ‘ T SGso LA

-0 -8 6 4 -2 0 2 4 6 8 10 0.8F

X/m
(¢) SCSO-FastSLAME H: 4 FL 45 3

<
=

(c) Simulation result of SCSO-FastSLAM algorithm £
1o & 0.6
* K % = o0s
8f &
* * K 045
6F %* = .
* * *
E4 * 03
>~ * O\ )F K K
2 0.2
* *
0 * 0.1
* & —o—numi
0 = ISCSO-FastSLAM(f it #
e 0
-0 -8 -6 4 -2 0 2 4 6 8 10
X/m N —
(d) ISCSO-FastSLAMSL 4 2 4 17 ARBIR B O ECBE bR A0

(d) Simulation result of ISCSO-FastSLAM algorithm

K5 ARREEAR 05 B2
Fig. 5 Non-circular path simulation results 3.4 EFxEEMHMNR
DG S A R A SR A, A A ) AT 23 A T
ik, FLAE BV BT e A8 AE KB R BB ORIR 22 il 20 Yot Sz 05 B2 30 IR B4, R FH 2 7 iR 2% (RMSE )
AR S AT AR R S DL A R — 2L TEN B i bR FRikh

Fig.7 Landmark estimation error in non-circular path simulation



%10 39

PR B VY L HLE AR et t v BRI SLAM Bk oY -133 -

1 < A2
NZ (x;, —x,) (6)
4 FhOE A ELSE IS (9 RMSE XF N 1 i, M3
1 AT %1, FastSALM B 9% (1 12 25 £ K, 2 kr + $40AH [R] B
WOA-FastSLAM Fl SCSO-FastSALM .32 i fili 1% 25 41 .
PIREFE0CH 10 B A1), FastSALM &5 3 i 457 B 1% b
FTHREZETE 0.6 ~0.7 m, WOA-FastSLAM FY {37 & Fl % bR Ak
FHREZELE 0. 35 m Zidq, SCSO-FastSALM 1 iy o7 & Fl %
FrftiTFR 2 7E 0. 29~0. 32 m, il ISCSO-FastSALM H i
WRETE 4 P /N IR ZETE 0.19~0.21 m, FERLT
B 100 1, ISCSO-FastSALM 5 FastSALM A8 Lt xF v &
HBS bR Ad 31 1R 22 088 T 53.2% F1 60.5%; 5 WOA-
FastSALM A [t Al 11352 22 43 5080 /N T 17. 1% F1 23. 3% ;
£j SCSO-FastSALM # Lt Al 115 22 43 5k /N T 7. 9% il
19. 6%, It 7k, ISCSO-FastSALM 5 f 10 /4> % 1 5t He
FastSALM ] 100 ™k F 14k iR 22 /N, Rl DL
HH ISCSO-FastSALM F3 1) o 1 14 5 oo M A 1 oAt 3

RMSE =

®1 LESHRMGITRE

Table 1 RMSE in location and landmark estimation

AR Bk {7 # RMSE/m 45 RMSE/m

FastSALM 0. 640 6 0.677 1
WOA-FastSLAM 0.349 1 0.341 1

10 SCSO-FastSALM 0.314 2 0.298 7
I1SCSO-FastSALM 0.208 8 0.192 1

FastSALM 0.479 1 0.538 7
WOA-FastSLAM 0.2319 0.2429

20 SCSO-FastSALM 0.2122 0.236 9
I1SCSO-FastSALM 0.1917 0.173 1

FastSALM 0.3773 0.427 6
WOA-FastSLAM 0.2127 0.220 5

100 SCSO-FastSALM 0.191 6 0.210 3
I1SCSO-FastSALM 0.176 4 0.169 1

4 KRG IRIE M E A SR

Y IE SRR B R AR A AL, T A
LS AT PR )l S, DR AL A A IAT 8 R
HER T #OLTH LS TDLAS (IR 4%, F H @3 T
Ubuntul8. 04 & &, it & T #l#% AN B AE R & ( robot
operating system, ROS)

WE 9 (a) s, 57 Mo & B R/NX A 18]
9(b) Fr7n iz DX S it H AR A I A 2k K], HLvh B el o
WIS VR AR TS, AR 1) 8 A 0
BN A #1 283 A2 AR #2 BRI T 43 /9 60 mx
100 m ELAHE (151 9 (a) HERAE R & X ) 158 52 5
X

53 5 R 1 FastSALM 55 % Fl WOA-FastSLAM 5

TDLAST 3 |

ESIIEEY /YN
Fig. 8 Quadruped robot

() FRXEEHE

(a) Satellite image of residential areas

paaz T
RERH 2

(b) IR L
(b) Buried gas pipeline diagram

&9 i
Fig.9 Test site

ISCSO-FastSLAM i 556 DX 35375 47 300 K B 155 1 [ 4 | &5
TN 10 Fis, 7E 10 (a) o, £ 58 FastSALM 34 4% ir
g 7 e PR 7 SR G ST 5 HE 1.2 PP B TR AR IR 8 DX
AT ESHG I B NE 5 FHRE 43 W E &
AT, EE 10(b) 1, WOA-FastSLAM 14 &
) 1t P P ) BT A 4 I W AR TR (ELTE TR 10 (b ) 2R
WIS JTHE 1 PO B X SR Sk 77 AE T B 5 45 M A LY
()8, ManEl 10(c) Frzs, FlH 1SCSO-FastSLAM 5% 4
A1 M T B R VAT , LR B AT AR A AL 1 R R AR
R4, 1% J& [ 1SCSO-FastSLAM 54 vk 1) F ok ik 1Y
PRBEEE AL T AL 58 FastSLAM 5505 vh 44 7 8 i B



- 134 - LSRR R e o

38 &

A A REAS B i B A T PO AL e A A SR B
TR B AR 10 BRI B AT, R T O R AL S S
FEAR I 5 F 3,

i) "EE@#]
s —
b 5
z g
1 - 7 Ly =2 "":I_AE#Z

f&IIH#3

~ Bk

(a) FastSLAMEL ¥ 8 [ 45 i
(a) FastSLAM algorithm mapping result

EERA—O )
ZEfA|

i
“

HRIIFH#3
N

(b) WOA-FastSLAMZ 32 2 45 51
(b) WOA-FastSLAM algorithm mapping result

mERS—O,

1«
SR | L

o

v N e o - . s Nt
|

BT ‘ . g{:&_@zﬁ@
- PP e
. BB 3R

Bkl

- P .

(c) ISCSO-FastSLAMEE ¥ 3t Il 45 3
(c) ISCSO-FastSLAM algorithm mapping result

10 RS PRI 1A S 45

Fig. 10 Inspection environment mapping experiment results

FE SB35 R R B B, RTK-GNSS {5 5 A
GyREE RS HE R BB AT AR, PRI RT DK AR A #1
AR EA#2 TN ] FH#3 3% 3 N7 1) RTK-GNSS & 7 $%
WAER EAE, DA ELE s/ A5 J5 5, B A Image) %K
PEARE 3 G F A e b 8] v A 7 A7 %) P L, i
THE 3 R IA TR 2 RO SR e R 2 T, gk 2
7R, FastSALM F3:%F 3 Ak i 1T 5 48 F 46 47 & i Al it
PRZETE1.0~1.6 m LN, WOA-FastSALM X 3 &b i€ 7]
SR RN BT IR2ZEE 1.0~ 1.3 m JL I,
ISCSO-FastSALM Fikxt 3 4b i 1] I 5 28 Fe A A & 19 4k
THRZETE 0.9~ 1.2 m W N, ISCSO-FastSALM 5% A
FET FastSALM 23 iR 2238/ T 16. 2% , M It T WOA-
FastSALM 5.3 iR 2Z0/N T 6. 0%,

F2 3IWEENTERH 2 MEIFS CEGITHRE
Table 2 Position estimation errors of the three algorithms

for regulator boxes #1, #2, and valve well #3

G FastSALM WOA-FastSALM ~ ISCSO-FastSALM
e % /m 2%/m 2 /m

R Af#1 1.05 1.01 0.92

5 A #2 1.31 1.23 1.17

[ 1343 1.58 1.24 1.18

X B T ML R S, AR AR PR R #2 AR HUR S
R, AR AL 11 BT ) b R R Y 2 AL AT T X
AR FERE#1 AR #2 RN 143 7 X ) 5 42 R K] 5
B3 K, I 78 A8 TR AT #2 BT I A5 vk R 540 ~
1 486 mg/m’ (AR , 30 0F T 1SCSO-FastSALM 55 3%
g e Pyt T 7 P T S LR A R D S5 A AR AR
PO AR H A A e

B

B
Fig. 11

Inspection map

5 & it

-l

SR SE PR A AE TE AR DU R AL N A A, B e
T BTG I A T M R A, A S H 3 R s
SRR P4 A5 S5 SR W i VA RO A AL 25 2 B SR i
SR BSOS E e e . A Sk v A R 5
ARAL FastSALM 503 v (g UKL T4 | - RHIRA 3ok 1
EATOR AR 20, DT 93 2 B 3 o A5 el L 1 A 1R 25
1 25 B F B 1SCSO-FastSALM 5512 RE A 20 /b b & 74y
BAYIRY 5 WOA-FastSALM AH L X 037 B 1 B& AR A 1%
ZW/NT 17.19%F1 23.3%, )i, 765 5 R IX (60 mx
100 m 3 ) AU L HLER AHEFT T 8037 d R s 8, 25 1
FHH 1SCSO-FastSALM 53 H Lt T 58 5515 1T o8 47 oA
RTINS Y IR L], FE3 T S T DR A 7R 0 1 i 1]
A A S AR A T ARG D R ML N A Y i
FF ISCSO-FastSALM Sk d K25 8, 45 6 e v 5 ik 42
FRIAFLA 3G U 2 AILAS A A8 B 1 S 30 IR T (S X
IR T, RS BT 1 RS SHT A £
A, PR BRI RABR S 2 4,



4510 1) JRA I OGO R WL N R VDR BE DAL SLAM B 8L B 135 -
B3k (107 0, XU, Sad, % ST A4 DU 4 36 5
(1] 8%, B, 2, % SR s 2 < 5 PF-SLAM J7 3 BF 58 [ 1. {04 0 3% 2 4, 2022,

(2]

(3]

[4]

(5]

[6]

(7]

[8]

[9]

IO A [ 1], P2 2R oE 4, 2023,
33(2) . 194-201.

WANG T H, ZHAT Y, LI Y, et al. Risk assessment of
vapor cloud explosion accident of urban gas pipe network
under leakage condition [ J ]. China Safety Science
Journal, 2023, 33(2) . 194-201.

B, B8, IR, S SRS 5O 2
RAFAES M BBARRE T PPAL [T]. W R4l (A
SRELERR) , 2023, 63(10) ; 1537-1547.

LI C, LU Y F, CHEN CH, et al. Analysis of emergency
rescue characteristics and evaluation of rescue capability for
accidents associated with urban gas pipeline network [ J].
Journal of Tsinghua ( Science and
Technology) , 2023, 63(10) ;. 1537-1547.

LU H, ISELEY T, BEHBAHANI S, et al.
detection techniques for oil and gas pipelines: State-of-
the-art [ J ].
Technology, 2020, 98 103249.

GOLSTON L, AUBUT N, FRISH M, et al. Natural gas

fugitive leak detection using an unmanned aerial vehicle

University

Leakage

Tunnelling and Underground Space

localization and quantification of emission rate [ J ].
Atmosphere, 2018, 9(9) . 333.

MARTINEZ B, MILLER T W, YALIN A P. Cavity
Ring-Down methane sensor for small unmanned aerial
systems[ J]. Sensors, 2020, 20(2) ; 454.

ZHENG K Y, YU L, ZHENG CH T, et al. Vehicle-
Deployed Off-Axis integrated cavity output spectroscopic
CH4/C2H6 sensor system for mobile inspection of natural
gas leakage [ J ]. ACS Sensors, 2022, 7 (6):
1685-1697.

TAHERI H, MOZAYANI N. A study on quadruped
mobile robots [ J ].
2023, 190. 105448.
RS, 2 ir. BRI LA AL IRAR RS e LT
L] IR SRR, 2023, 37(12) : 48-57.
DENG P, LUO J. Robot multi-sensor fusion localization

method in

Mechanism and Machine Theory,

Journal of

2023,

complex environment [ J ].

Electronic Measurement and Instrumentation,
37(12) . 48-57.

BN, PR, #2325, BlAMGE D 5 Gmapping
TR A ESMUOT NS ], RO, 2023,
40(10) . 452-457,518.

ZHENG CH CH, KE F Y, TANG Q Q. Autonomous
simulation based on

navigation improved D" and

Gmapping algorithm [ J ]. Computer Simulation, 2023,

40(10) ; 452-457,518.

(11]

[12]

[13]

[14]

[15]

[16]

[17]

43(3) . 258-266.

YUAN SH, LIU T J, WU J, et al, Research on adaptive
PF-SLAM method based on variational Bayesian [ J].
Chinese Journal of Scientific Instrument, 2022, 43(3) .
258-266.

JTW, EAB, whiE. HET RN FastSLAM
Bk [T dHE LN S A, 2020, 37 (7).
206-211.

ZHOU NY, HUANG Y R, HAN T. FastSLAM algorithm
based on lion swarm optimization [ J ].
Applications and Software, 2020, 37(7) : 206-211.
B, B, KA, S SRR AL A R R i
EWFFELT]. RIDE2:, 2021, 42(5) : 859-866.

WU F B, LIU Y, ZHU D X, et al.
algorithm based on whale swarm optimization[ J]. Journal
of Applied Optics, 2021, 42(5) : 859-866.

VI, REBR. —Fhk ik R4 BRI 1L 1Y RBPF-
SLAM M BIBF 5T [J]. W2 Bh =2, 2023, 48 (6):
112-118.

XU ZH, WU J Y. Research on RBPF-SLAM model

optimized by improved beetle swarm algorithm [ J].

Computer

Particle filter

Science of Surveying and Mapping, 2023, 48 (6):
112-118.

Ry, kT, Mbh, & 5054 Bk G kTR
PR SLAM B BETUI [ T]. il 5 oo, 2021,
36(1) ; 166-172.

CUL H Y, ZHANG Y, ZHOU K, et al.

prediction of SLAM algorithm based on bionic algorithm

Accuracy
to improve particle filter [ J]. Control and Decision,
2021, 36(1): 166-172.
Kk i, BRERAR, Frdiot.
RBPF-SLAM #3652 [ J].
13(5) : 829-835.

WU Y J, CHEN Y D, CHEN M Y. Research on RBPF-
SLAM algorithm based on quantum behaved particle

i O VAR Y X 1/ A D
BRE &R G A, 2018,

swarm optimization[ J]. CAAI Transactions on Intelligent
Systems, 2018, 13(5) . 829-835.

FITIE, P SO ROk T o B e e
H 32 i & 1) & sl Rz [J ], Bl 2023,
40(8) : 56-62.

JIANG K ZH, LYU L P.

optimization algorithm for engine fault diagnosis of

Improved sand cat swarm

stacked noise reduction automatic encoder[ J] Journal of
Machine Design, 2023, 40(8) : 56-62.
WU D, RAO H H, WEN CH SH, et al. Modified sand

cat swarm optimization algorithm for solving constrained



<136 - e R = I O 38 &
engineering optimization problems [ J ]. Mathematics, LIY, LI W G, ZHAO Y T, et al. Grey wolf algorithm
2022, 10(22) : 4350. base on levy flight and random walk strategy [ J].
[18] WANG W C, TIAN W C, CHAU K, et al. An improved Computer Science, 2020, 47(8) ; 291-296.
bald eagle search algorithm with cauchy mutation and 1EEZ/N
adaptive weight factor for engineering optimization [ J]. X M F AT, 2022 T ILVGH TR %3k 15
Cmes-Computer Modeling In Engineering & Sciences, H S oY VA iy e SN EC B = == L 1] 1 SO
2023, 136(2) : 1603-1642. o EEEOIOAR LA B AR
[19] WANG G G, DEB S, CUI ZH H. Monarch butterfly (\3}‘ E-mail ; $22020804063@ cjlu. edu. cn
optimization [ J ]. Neural Computing and Applications, \ Wu Yuhang received his B. Sc. degree
2019, 31: 1995-2014. from Jiangxi University of Science and
[20] Braksw, WA, &S, #F TR LIk F g Technology in 2022. Now he is a M. Sc. candidate in China
1€ SLAM R R HAFFE [ J]. R H2¥ 4R, 2023, Jiliang University. His main research interests include
35(6): 1351-1361. autonomous navigation technology for inspection robots.
CHEN ZH Q, CAO M L, ZHAO W B. Research on FIROGEEMF), 1998 4EF iR Tl
application of monarch butterfly algorithm optimized REFARAG H 2447, 2002 4E T g Kk
particle filter in SLAM [ J]. Journal of System T8+ 7, 2005 4E T Wi VL K2 R 15 1+
Simulation, 2023, 35(6) : 1351-1361. 207 R E R A S,
[20] R, WBUENE, BT, 4. T4 R EEI 018 R WA B
Rao-Blackwellized Hi & SLAM 53k J]. 5k A,
%, 2016, 31(12): 2299-2304. E-mail; qiangwang@ cjlu. edu. cn
ZHANG Y, ZHEN X F, LUO Y, et al. SLAM algorithm Wang Qiang ( Corresponding author) received his B. Sc.
with gaussian distributed resampling rao blackwellized degree from Central South University of Technology in 1998, M.
particle filter[ J]. Control and Decision, 2016, 31(12) : Sc. degree from Central South University in 2002 and Ph. D.
2299-2304. degree from Zhejiang University in 2005, respectively. Now he is
[22] Z=MH, Z=4EN], =¥, 4. 3T R4E AT MBEALIT a professor in China Jiliang University. His main research

SR ORI [T].
291-296.

HEPLELF, 2020, 47(8) :

interests include intelligent inspection technology and non-

destructive testing technology.



