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ANFIS-based Measurement Information Anomaly Detection Method for
Multi-AUV Cooperative Localization System

XU Bo' LI Sheng-Xin' WANG Lian-Zhao' WANG Quan-Da'

Abstract In this paper, a measurement anomaly detection method based on adaptive neuro-fuzzy inference system
(ANFIS) is proposed to address the problem that abnormal underwater acoustic ranging information has adverse ef-
fects on the multi autonomous underwater vehicles (AUV) cooperative localization system and the traditional fault
detection methods have low detection efficiency when the multi acoustic ranging information is alternately confused.
Firstly, the ANFIS model corresponding to each underwater acoustic ranging system is established. Secondly, the
characteristic information reflecting the measurement anomaly, which is based on adaptive cubature Kalman filter
(ACKF) and Mahalanobis distance, is used as the input of ANFIS. Then we established an initial hybrid database
of pre-defined abnormal measurement information to train ANFIS model to realize online real-time detection and
isolation of measurement anomalies. Finally, the lake test data are used to verify the AUV cooperative localization
simulation. The experimental results show that this method can accurately identify the abnormal situation of meas-
urement information, as the false positive rate (FPR) and the false negative rate (FNR) are reduced by more than
70% compared with the traditional fault detection method.
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Table 1  Parameters of sensors

RIS ek T Eizg 7
TEAF 5 8000 m
I R R R 4 ATM-885
i3 U 6.9 kbit/s
GPS OEMV-2RT-2 ki 1.8 m (RMS)
PHE ARG H/H HZ001 Wik 0.1% ~ 0.3%
DVL DS-99 PR P 0.2 kn

AN

2 BT ANFIS &I 5 4 er il Jt 22 1
Fig.2  Schematic diagram of measurement anomaly
detection based on ANFIS

|

B3 LS B A A

Fig.3 The survey vessel for lake experiment

1700 s, FEHEN B GPS 32, VIR R
LRI ZBEREN Py = diag{1, 1}2, Py FIH
BRAKYE GPS &Mk FE UL 256 0145 2 1 o
FEFI BRI 7S 7 2B 7 M BN Q,, = diag{1, 1}2

31.440 . . , , .
[l | — - B AUV-1 Zifehin
31.438F LR SRBEAE AUV JEHEHL
- R — - — SfE AUV-2 FEHERLIE
31.436 F .
31434+
~
X
% 31.432
31.430 |
31.428 |
31.426 : : .
120.135 120.145 120.155 120.165
2R /()

Bl 5 sEERARAATIE
Fig.5  Test ship sailing track

MR, = [31?, Q, F1 R, &4y A4 ik F ik s A 2300
Yl AN P S R R =

AT AUV _E R 7K VR i R 2% kA5 5 A
N 0.2 Hz, WS AUV & 5IEE AUV #H47
HE, B HRME 6 fion. ZEEMFREN j =1
LRI AUV-1 5ERBE AUV BHTHE(S, j=1/
ot 345 4 j=2 RRYN AUV-2 5FR[E



9 R4 BT ANFIS (12 AUV W[ E A 2 45 8 I 57 kil 77 v

2.0
18} < BBE AUV 5401 AUV-1 &=
| © fifE AUV 54 AUV-2 Bl
1.6 o TSl AUV 585 AUV 50
o L4}
¥ 1|
2 1.2
= 1.0
i 3
@08- 20 o o o o o o o o o
Bl X
0.4F (Jf oo oo ooo o0 oo o0 00 00 00 o
I -1
02 650 660 670 680 690 700
0 . .

0 200 400 600 800 1000 1200 1400 1600 1800
) /s

6 AU AUV 228 1E bR E 067

Fig.6  Flag bit of leader AUV alternate ranging

AUV #4785, j =2 BRI 348 4, j =0 FoR
BB ZITE K A B LS. AT AUV-1 FI85HT AUV-2 5
BREE AUV Z 18] B2 & 7K Al fE A B 7 fios.

300 T T T T T T T T
« BB AUV 54001 AUV-1 2 [8]7K 75 i #
o ik AUV 540 AUV-2 2 [a]7K 7 Il it

250 ¢

50 0 100 |

155 0
680 700 720 740 760 780
L

0 X ) 1560 1580 1600
0 200 400 600 800 1000 1200 1400 1600 1800
) /s

7 ERBE AUV 58401 AUV Z 87K 5 (S R
Fig.7 The underwater acoustic ranging information
between the follower AUV and each leader AUV

f 7 AT LR R, 7R SEBRK R i E E A R 4
e300 A ) BRI R T A R e s A BE AS
BB AR O, X A 4% A% S A LN TR] Y 0 R G E AL
i FE (PSSR AN K5 B2 o SR R A5 T () AN BE 3
FH 2T P8 % 2 A8 A A R 0 R AT, X
H FECRES A THRZE KL

BT IUE B, KR RS BB, N
G HH 4 3R A S i 0 S R 0 B ) 5 U
B EEREE AUV 548001 AUV-1/2 2 8] i B S2/K
D BE H 4 B ity D T A S B O ) R
HHiEid &% AUV | GPS B MIREE AUV 540
ft AUV-1/2 BEE AT LG, @l 8 A1 9 .

1959
250 i "150 N
£2 1 3*****,**
f % *ky
200§ % F % | el .
> 00 . .
: 1120 1160 1180
+
g 150 & : i
Z ( ; 2
+
Eﬁ ? i;“‘ g‘
= 100 131 — ;{i ;
1Bifp § o o oo o coo oo
128
50 - 100 120 140 160 |
«JRBE AUV 5450 AUV-1 Z K75
< BRBE AUV 54T AUV-1 2 [0 /K P BN R 19 2%
+JRBE AUV 5481 AUV-1 Z 8/ GPS fR g
0 T T T T T

800 1000 1200 1400 1600 1800
I /s

0 200 400 600

K8  EREE AUV 5481 AUV-1 Z [ FEES XL
Fig.8 Comparison of distance between
follower AUV and leader AUV-1

250 T T T

ﬁ
®

®

®

®

®

®

®

200 E
g |2 :
7 150 | 200 = ]
= 20 2
= 195 + ° oottt 5%
190 +4i0
+T 30
% 185 = —— :
1006 @ 920 940 960 980 i
®
L o BHE AUV 55U AUV-2 2 A EE
‘ o PRBG AUV 5450 AUV-2 2 18] 17K P 0 B0 53 3 i 22
+ BREE AUV 5481 AUV-2 Z ) GPS fRHE IS
50

800 1000 1200 1400 1600 1800
INf1E] /s

0 200 400 600

Ko EREE AUV 54T AUV-2 2 [AIEEE X EE

Fig.9 Comparison of distance between follower

AUV and leader AUV-2

TATIERRBE AUV 5800 AUV-1 Z [A] 7K
DEEH s Fasin 7 Rk s oL, — 4 RTE 100 ~
150 s B BRI 7 7K 7 WU R AN 5 38T 5 350 ) s U S
T A NTE 1100 ~ 1170 s BN 1 7K 5 i #E 22
ARG R 2. AEERIE AUV 541 AUV-2 2 Ja] 197K
FE B AN T Ab K R A B AN R R
fE 0L, FEB T RAF B IAE T, A OB _EiR R
oA 7R B 5% 22 PR R A T ) S A D B VR BRAIE

VIR, ASCHH T BRI /KFE G/
DB YR 3EAT 2 AUV B lA e AL BRI AR, K53
15 /0 B0 B5CH S 3 A Hh A 2 4 K R )
L AUV JEAT P 7] 8 AL S2 56045 3. 7ESLPrif £
AUV WrEgmBAH, i85 a5+ L8 L HEEREE AUV,



1960 H

¥R 49 %

FRBE AUV i 7K R 1 il g 28 B AT AUV &
KX B G A S B AT IE (B &R
b8 AUV 146 Bidik 5 38085 1 S LT Ao Tk
B, SERBE AUV B AL EEA BT BRI,
AL BRI L — I ERBE AUV G HEAT 1 [F] 52 A 5
VEIGAIE, (AR IE T ANFIS S 8 W 1§ 5] 5 fr
JIETTY N B AL 2 A EREE AUV (W R 2 A7
ARG,

ET ANFIS HIENZERMEXLIE

R ANFIS #3472 AUV P[5 & A7 20 =
BRI T PR A % v B e K 7 I PR R 2 AR
IR E S B DUERBE AUV 5401 AUV-1 Z [8] )
KRS oA, MR 2 52T CKF f1 ACKF
SEEH RS B ELan & 10 s,

4.2

100 T T T T T
E4E] ) [« GPs sEg kS 1 g% |
= M
%S0T iF 4]
RS 9
N7 b s & -
100 0 00 400 600 | 800 1000 11200 1400 1600 1800
£ o CKF-# 8
,EE 50 % L B
= 0 ST, B ‘
400 0 00 400 600 ; §00 1000! 11200 1400 1600 1800
B [« OKP-T RER B A4 R 5L |
Z
4 200 B
=
0
10 0 00 400 600 { 800 1000} 1:200 1400 100 1800
o o CKF-BHih % |
W 9
=
52 0 00 400 600 | 00 1000} 1;200 1400 1600 1800
g : b ° ACKF-i &
£ s § | |
'EUE M R S '3 b
= o S b
0 w i PO R
4 0 200 400 600 | 800 1000} 1;200 1400 1600 1800
Y 4 . [« ACKF- 1 R gk i 8 |
=Ll . /: T T
b o I & . ’ ‘L !.
= 8 . o " o 00, & ° ¥ S
0 b ;: \..cck“q s te el 4 o ° g bl
1 000 0 00 400 600 ! 800 1000} 1i200 1400 1600 1800
] . 4  ACKF- /5 By 77 2 |
gg  S00F 14 . T d
: : g
EN 0 o v ry !
0 200 400 600 800 1000 1200 1400 1600 1800
IS /s
K10 T CKF fl ACKF $2HUHIHFIEfS B Xt EL

Fig.10  Comparison of feature information
extracted from CKF and ACKF

ME 10 AT LLEF], B ACKF $R43 LS B
AT DB g b s 7K R 0 B R 2 B AR Ak FE T ANFIS
0B I) A7 2 0 S S 0 36 AE SE BRI 0 ~ 600 s
B E NIk ANFIS A “BEAR%EEHE”, 600 ~ 1700 s

HHE AR R0 T D S A DU SR B . BRBE AUV
4T AUV-1/2 Z [AI# 7 ) ANFIS-1/2 fifd ) H
SR T BE R 0oy i E e RE AR AT I GRS AR AL,
WK 11(a) A1 11(b) FioR.

YIRS L2 B 2

Lo UESEEIRIIEATE
. :

0.8}

0.6 |
0.4t
0.2}

1.0 0
(a) ANFIS-1 )@ ki %
a) The membership function o FIS-1
s bership fi f ANFIS

1.0

IR ) 55 o 5 R 4

/ \

PEENNE 2R

N
/ \

0.8F
0.6
04}

o Yo
(b) ANFIS-2 FJ& & ik %4
(b) The membership function of ANFIS-2

K11 IZRHT R B s L R o B

Fig.11 ~ Comparison of membership functions

0o 05

before and after training

MY )5 B ANFIS-1 Al ANFIS-2 58 i ok
A9 2K P W BE AR 22 5 SRR S B 2 18] B S 5%
Z, WA 12 Fow.

B 12 ) BN 17, “BEN 27 FTgaEN 37 4 il
S — AL B S 1 e D] (MU RIRLD = A4
fEEE. nTLUE W, IZRE R ANFIS A=A T —
AN IR, SR T =AM NRFIES B S0 R
ZE 27 A R AH LG 5% &R 3B 43 2 F) ANFIS R0,
B — AL NIRFAE A5 B B — N 7K R I R 25 (.

TEFEAT B S A U SR IR 2 A, T B
B I S RS B R D e O 2 R
R, = [3]?, B KW A % 2 So VRS L, s SOOK R
PERZE KT 9 m B, 0 K U BE &R 45 45 BR B
AUV 5%t AUV Z [a] i B 1R 22 88 H R 22 o vr
JE I, BN B, B X R R e S, FRATTAT LA
13 BN S FRAS R v, DL SR IGIE A SCRT iR 5
TR IR I 2 5 R R R I L A b B AR I B v
HEAT ER . ARFE T E LI 30 1E N ANFIS B 7 4
18 Z7 BRI A 2 o TS = 5.4851 F1 T8 =
7.9684. 600 ~ 1700 s B Bt P9 43 BIVEF S 9 AN 7K 75
PE R G 50 (1) ANFIS-1/2 By s, DL g



9 R4 BT ANFIS (12 AUV W[ E A 2 45 8 I 57 kil 77 v 1961

990 "

160 4"
H P
£ s\
% o
’ 72050
% Vi

-1 Z :f(o:o’“‘“

(a) ANFIS-1

(SEEKS
e AOKESSSN

0N
% :""\\‘\

RO
st
Y

)

(b) ANFIS-2

K12 WEERZE SRHIEE B2 850 R B =2 2k K

Fig.12

T ANFIS F &0 55 A I 5 20 S 328 v 5 Bl 43
AP 13 FE 14 fros. brEAL 0 R & IEH
FrEAL 1 R EI .

B 13 F1E 14 7T RLBGAIE, J&F ANFIS 1%
AUV WrIF] € £7 2 G0 50 e kN 3R AR 22 KR
FREAE EVRETEOUT, VR R A A Il 2w
i Z SIS BT N EIRE.

IR b sEIeE R BREE AUV 54001 AUV-
1S /M FEAEARZETE 600 ~ 1700 s I Bt 237
A (Bl =1 BIBE R 237 ), A e iRESHE
N1 =2 WEE RN 225 1, RHEIREHEN
6 1. ¢, 7E 600 ~ 1700 s BB, BRBE AUV 540
WL AUV A28 347 7K 75 U BE (PR A B 3 462 4,
AR S RS 3 57 AN, IERCIRESIL 405 4~ N

Three-dimensional plot of the relationship between ranging error and feature information

5EE 75 T A T AR ST e SRR WU B0 5 4 4 o e i
AR LCR B R, JEAT 0 NS A

1) EIE (True positive, TP): ¥ 7 # R A4
N HCIRES BREAA L

2) E A (True negative, TN): K IEH RAS KM
NIEFARA R AL

3) fIE (False positive, FP): ¥ IE % Rl
NFRHEIRD (RIR) BFIREAEANE

4) Rt (False negative, FN): ¥ 75 RS
MGIEFARE (Jefik) HIFEAAHL

ARSI IR, K H LT PR fR AR, fE N2
AUV [l Ar R 485 I 57 8 kPR B4R A5 a) K
A I R Les, BIERH 2 (Accuracy, ACC);
b) Al Dy S IR A FRRE A e SR B0 7K R 0 BECIR



1962 H B th &2 {4 49 &
200 T T T
*  ANFIS-1 #ith
150 | | —— R 00 A *
R
H
& 100 -
&1
i
50 |
X*
ow
0 200 400 600 800 1000 1200 1400 1600 1800
e /s
1.0 po—eamo—T—o T @D A a»—eo
1.02
I O ANFIS-1 %t 55 J 51
= 0.8 1.00 o EIIFHIRSE
-y
5 | 0.98 |
8 0s 700 720 740 760 780
= 1.02 1.02
o 04 .
= 1.00 Co@P00P00@@e0® 1.00F O @ @
=02t gos 0.98 .
1100 1120 1140 1160 1570 1580 1590 1600 1610
T — —
0 200 400 600 800 1000 1200 1400 1600 1800
WA /s
Bl 13 ANFIS-1 A5 B H AE A0 S i RS 40
Fig.13  The output value of ANFIS-1 model and the judgment of abnormal state of measurement
TP+ TN
50 : : : ACC = (36)
@40 :’ «  ANFIS-2 it | TP+TN+ FP+ FN
S ) ) A
230 : 1 p—_1r (37)
%%E 20 * TP+ FP
K » *
=10 TP
04 < R=ro 7N (38)
0 200 400 600 800 1000 1200 1400 1600 1800 TP+
) /s FP
! FPR= ————— (39)
1.0 © . . : : ;
o5 o ANFIS-2 i 5t 07 | TN+ EP
R o sl S IR A FN
H 06 1.02 FNR= —— 40
%04 1.00} @eeoee@ao TP+FN ( )
S04 L
ool %0 o0 o0 TE A% ST R 82 0 5 6 AR N 7 9 e 2 R
14 77\:4 77\44 =] 9 Du Jﬁn AR —a \El] N
00 200 400 600 800 1000 1200 1400 1600 1800 HE HA M AE A B S 9 Bk 53 50

I 1E] /s

Bl 14 ANFTS-2 5 R (e AN B 7 bR 25 )
Fig.14 The output value of ANFIS-2 model and
the judgment of abnormal state of measurement

AR E RS RIS, BIRS % (Precision, P);
c) P IR A F R S v Aol T A G Oy 20 S
RSB, BPH [F15 (Recall, R); d) T IEHFEA
o BT IR R A R EOIRAS I LL ], BRI (Fal-
se positive rate, FPR); e) FTfi i IRASFEAH ) #
RN A IE RS B ), BlRRL % (False neg-
ative rate, FNR). BARTHH AN

TP =47, TN =401, FP =4, FN =10. X} Hf£4;
B 25 R 7RI 5 SCHER [12] Frde i BP #2254
4 D7 A 0 £ X ] L 9249 281 1 00 S o ) 4
Rl 15 F15k 2 s

NPRIEASCRT IR 3E T ANFIS (15 5 A8 77 %
5 F ARSI 77 5 BU R B A P4, 36 2 v 3 A A S
R VA K 88 T 600 ~ 1700 s B B2 18] 1)
SRR, B 2 B a2 S A I TV N A
T2 AUV 22 B ST 3 [F] 5 A7 2 St 1 B e W A
M RE WA 16 B,

& 16 7T LLE 2, ASCHTIRFE T ANFIS 157
RS 5 V2 AR LT S R R O T T RS R



9 3 TRIAE: BT ANFIS (92 AUV PhIF E AL R G0 8 5 5 A0 7 vk 1963
Oy T TE—e
o B HEIRAS I UE
0.9 O 5% Kokl i
O XUBRME K
0.8 F B
1.02
0.7k 100T ee ¢ @ Ofp O O@O[] @ o@d O . |
0.98 1 1 1 1
0.6 L 1570 1580 1590 1600 1610 1620 1630 |
L 1.02
K
205 100 ee 00 so ek GeEo oo @esle e@e@® @ D O O O | 7
il
0.98 ! ! ! !
041 700 720 740 760 780 800 7
0.3F 1.02 4
1.00 e o 0 o [@[( @ [ @ @ @M@ @ O E
0.2 o
0'98 1 1 1 1 1 1
01 1100 1110 1120 1130 1140 1150 1160 1170 1180
0 200 400 600 800 1000 1200 1400 1600 1800
IFE] /s
Bl 15 3 ) TR g TS P 0 e a0 5 AR
Fig.15 Measurement anomaly detection results based on chi-square and dual thresholds respectively
#2  FEMNRWKN LN TP, TN, FP. FN it 9.0%, FEifiZIEK 60.3%, A FIZEEK 104.4%, %

Table 2  The quantity statistics of TP, TN, FP and FN
obtained by each measurement anomaly detection method
BRI TP He TN ¥ud  FP 3t PN %ud
i %8 g Rl 23 388 17 34
R R Rl 34 387 18 23
ANFIS K 47 401 4 10
1.0 — . .

- - LR E R R
0.91 -1 L= ORI A
osh i : —| C_JANFIS #:3
o
0.7 + 1l :
= B —
S 06¢ i : | i
Eosf i ] ||
= bl |l P
R Wl S| ol v | -
# 1] sl : :: | : |
R T | N | N il
b | 1 &l
02f 1y | | T
 { [l | ||
0.1F 0l |l T
I i ] r i
A R ARE REME RRE
Bl 16 =iy v i i e s b
Fig.16  Performance comparison of three

detection methods

AERAKERT, HiRRE SRR am T
B FLrh 5 4% Gt (R T e 56 05 A EE T AR R G

RPN 76.4%, AT R IL/ 70.6%, YLkt A

43 ) 3 T BRI T R = A S AT R
M2 AUV Wra g R an & 17 F11E 18 fros. H
17 FPE 18 T LAE B, 2T ANFIS J kil i)
PR A T, T UAE RGBSR ST,
WA EREE AUV G E. K18 55 24
FEINE 1 ATEITE 600 s LUGEE 55 & ME B
JaEREE AUV @R ZBCRE, 0 ~ 600 s 4 AN-
FIS #A I ZRid #2, 600 ~ 1 700 s Nifid ANFIS
PR AT S B 0SB, PR B 2. Kl 18
B2 ANFEACUEE GRS T ANFIS 7 A
DU B 1R) 5 AL 77 3 RO A T

[F B, BT RA A6 BB 2L (Cumulative distri-
bution function, CDF) 1] LA#iiA B AL A & (MR
Iy, AR R R AR Ay TEARFE A,
CDF 1E AP A FH A [F) S5 A I 7 v B9 0 [ 2 £or
PEREFR bR, CDF BUPRAZIT 1, R T 90 7 & A7
G0 R T RO . 19 BoR T A
[&] B[] %€ 7 J5 ¥ 1E 600 ~ 1700 s 2 [8] € i1 1% ZE )
CDF. HE 19 nfLLUE R, BT ANFIS 75 kI i
PrlA e A7 776 CDF RESE PRI 1, 78 2 A8 45
ML AUV XTERBE AUV 2 & S GG R, nTLAE
TR R D S I BARAL S 2 AUV B [H]



1964 H o o E R 49 &
31.440 T T T T T
31.4322
31.4320
31.438 BN .
<
31.4316
~
31436 314312 : ‘ T
\\120.1510 120.1525 120.1538
N
& 31434 | i
~
{LD(
S 3143t . .
ERBERE AUV 1 GPS $LiE
— — - Pl
31.430 [ | ——e-- CKF %Lk
"""" ACKF itk
TR AT B B
’ =7 BP RU5-RN R RS R L
ANFIS— 57 5 B HLU
31,426 1 1 1 1 1 1
120.130  120.135 120.140 120.145 120.150  120.155 120.160  120.165
28 /(%)
K17 BREEDNRER AUV Rl
Fig.17 Estimated trajectories of follower AUV that isolate measurement anomalies
120 1.0
s 09F /477 —«— CKF ]
100 G st S | ACKF
Y M — — - BRERTTH
j T ol I T
] S0t I ACKF 22 |7 —— ANFIS S Fil
~ &\‘ ——- ‘Eﬁ‘%/ﬂ“fm‘rﬁﬁﬁ% el 0.6 b
B o | — - — B E LR =
x® 60F . [ —— ANFIS-EH SRR | ] + 057 1
E ’\ : 7 }’}{‘;’»
EIES # b o 0.4 i
400 & £y t
I 4 { 0.3 1
*l. !./‘ ',r" )
20f * A 0.2 |
' 0.1 i
00" 200 400 600 800 1000 1200 1400 1600 1500 0010 20 30 40 50 60 70 80 90 100
INfTa] /s EAIRZE /m
z 19 Wl AFTTEAS R E LR Z K CDF
iﬂﬁ Fig.19 The CDF of localization errors obtained by
= ‘ different methods
W s ) R
600 800 1000 u ;I‘Q?OL} 1400 1600 1800 YIZRE5) ANFIS #U, T 600 s LUJS it ANFIS
NAL S N v N, —_— N Ay E._\_A
FHLIN o B 00 S A5 SN AT RS 0 - e
K18 BEEENREKN AUV KE iRz .
| M | 5 4ERIE
Fig.18 Positioning errors of follower AUV that isolate = A

measurement anomalies

TENL RS AT BRE 5H = 0 HOR i 2= R
71, 15 T RGN E AR TE S T S

AT FET ANFIS 80 5 5 K 77 32,
FIHHET 600 s FEHCFEARE S X ANFIS B 47

ARLUZ AUV B [FE AL R GE K IR
H IS KR U B A R SE BRI DA D ST i
fe i —F LT ANFIS F 8 5 % kil 77, seil
TR BN S RS A IR 2
A RACEE, I8 I _E S AR AT 1SR 1 B
UE. SEHG S5 R WY, ARSTHE A I 57 8 R I 5 v



9 IEEE: BT ANFIS 12 AUV Wh[E S AL 2 Go s 5 o w32 1965

S 4% GE A I VA B, RGP BE TR AR K
ek, ST AUV B[R] E 7 5 Ze & i 55 A
PLR S H S R Hh A AL R Gi ke seisqT, Ndk—F
WRZ AUV thAEMN RS 15 RS A e
RE~ PRI RS T SEVESRAIL T B AT AT R0 R .
ASCHTHRIE T ANFIS (155 5 A 7 9% ]
DATE IE 5 &5 5w EIE BIRE LT, A 80K
) S RS, (TR SEBR N FH AR ATI A7 TE 1 2 BR 1l
) A ARGk, Fldn, 1) ANFIS BN 75 3K e
B S R E DL AR B RTINS, FISGA T
53, WITCEAS B Re % RO BT A AR R0 57 5 RS AN-
FIS BEM, AT B R 2 5 RS R R, B2
S0P R E AL R G idE T E R 2) ANFIS il
B B R B 5 /Dy — e ik w0 4 1 Y 2 B0k 47 1
B OBIRT R (ER S PN R S s, IRT
REfS AN ANFIS FE2Y f die A0 RN 82 SR (1 TAE
F 3 BN IR A o) B R A AT, BT et
ANFIS F 5 #6751, B m/ IME A S 4 4F T 1 b
I 52 L 2 G0 = S A D A HERf M T T E
R EFAR B R T B LR ANFIS B S 84T %
DASRERE Y S 55011 4 o B A A

References

1 Xu Bo, Bai Jin-Lei, Hao Yan-Ling, Gao Wei, Liu Ya-Long. The
research status and progress of cooperative navigation for mul-
tiple AUVs. Acta Automatica Sinica, 2015, 41(3): 445-461
(BT, B8, MRS, wifh, XU, 2 AUV B [F S0 ) & it
FHRGHERE. B, 2015, 41(3): 445-461)

2 Huang Y L, Zhang Y G, Wu Z M, Li N, Chambers J. A novel
adaptive Kalman filter with inaccurate process and measure-
ment noise covariance matrices. IEEE Transactions on Auto-
matic Control, 2018, 63(2): 594-601

3 Kim J. Cooperative localization and unknown currents estima-
tion using multiple autonomous underwater vehicles. IEEE Ro-
botics and Automation Letters, 2020, 5(2): 2365—2371

4 Huang Y L, Zhang Y G, Xu B, Wu Z M, Chsmbers J A. A new
adaptive extended Kalman filter for cooperative localization.
IEEE Transactions on Aerospace and Electronic Systems, 2018,
54(1): 353-368

5 LiY C, Wang Y Y, Yu W B. Multiple autonomous underwater
vehicle cooperative localization in anchor-free environments.
IEEE Journal of Oceanic Engineering, 2019, 44(4): 895-911

6 Liu W X, Wang Y J, Yin B J. Thruster tault identification
based on fractal feature and multiresolution wavelet decomposi-
tion for autonomous underwater vehicle. Proceedings of the In-
stitution of Mechanical Engineers Part E Journal of Pro-
cess Mechanical Engineering, 2017, 231(13): 2528-2539

7 Zhang Hua-Qiang, Li Dong-Xing, Zhang Guo-Qiang. Applica-
tion of hybrid chi-square test method in fault detection of integ-
rated navigation system. Journal of Chinese Inertial Technology,
2016, 24(5): 696—700
(TRAE, 206, SRR, TR 2 BNETEA & R G A )
TR H. B R 24, 2016, 24(5): 696-700)

8 Xu B, Razzaqi A A, Liu Y L. Cooperative localisation of AUVs
based on huber-based robust algorithm and adaptive noise es-
timation. The Journal of Navigation, 2019, 72(4): 875—893

9

10

11

12

13

14

16

17

18

19

20

21

22

23

24

25

Guo R X, Gan Q, Zhang J W, Guo K, Dong J K. Huber cub-
ature particle filter and online state estimation. Proceedings of
the Institution of Mechanical Engineers, Part I: Journal of Sys-
tems and Control Engineering, 2017, 231(3): 158-167

Yu C Y, Xiang X B, Wilson P A, Zhang Q. Guidance-error-
based robust fuzzy adaptive control for bottom following of a
flight-style AUV with saturated actuator dynamics. IEEE
Transactions on Cybernetics, 2020, 50(5): 1887-1899

Huang Y L, Zhang Y G, Li N, Chambers J A. Robust student’s
t based nonlinear filter and smoother. IEEE Transactions on
Aerospace and FElectronic Systems, 2017, 52(2): 2586—2596

Liu X, Chen B D, Xu B, Wu Z Z, Honeine P. Maximum corren-
tropy unscented filter. International Journal of Systems Science,
2017, 48(8): 1607-1615

Li Q, Ben Y Y, Naqvi S M, Neasham J A, Chambers J A. Ro-
bust student’s t-based cooperative navigation for autonomous
underwater vehicles. IEEE Transactions on Instrumentation and
Measurement, 2018, 67(8): 1762-1777

Fan Y, Zhang Y G, Wang G Q, Li N. Maximum correntropy
based unscented particle filter for cooperative navigation with
heavy-tailed measurement noises. Sensors, 2018, 18(10): Article
No. 3183

Xiong K, Shi W, Wang S Y. Robust multikernel maximum cor-
rentropy filters. IEEE Transactions on Circuits and Systems II:
Express Briefs, 2020, 67(6): 1159-1163

Shi WL, LiY S, Wang Y Y. Noise-free maximum correntropy
criterion algorithm in non-Gaussian environment. IEEE Trans-
actions on Circuits and Systems II: Express Briefs, 2020, 67(10):
2224-2228

Shi Hong-Yang. The Research on Fault Detection and Fault
Tolerant Control in AUV Cooperative Localization [Ph.D. dis-
sertation|, Harbin Engineering University, China, 2015.

(BZEvE. AUV PIr) 2 7 A (R 512 W7 55 28 R 4 T 9T [ 1 2 A0r
W], MR TR RS, P, 2015.)

Xiong HL, Li Y J, Du Z F, Mai Z Z. Fault-tolerant GNSS/
SINS/DVL/CNS integrated navigation and positioning mechan-
ism based on adaptive information sharing factors. IEEE Sys-
tems Journal, 2020, 14(3): 3744-3754

Xu H W, Lian B W. Fault detection for multi-source integrated
navigation system using fully convolutional neural network. IET
Radar Sonar and Navigation, 2018, 12(7): 774782

Zhang Yu-Xian, Guo Jia-Qiang, Qian Xiao-Yi, Wang Jian-Hui.
An adaptive network-based fuzzy inference system with mixed
data inputs. Acta Automatica Sinica, 2019, 45(9): 17431755
(7KK, SREER, BN, FAME. AR & SR N 1 B I AR
eI RS AFMLAIR, 2019, 45(9): 1743-1755)

Zhao Xiu-Bin, Gao Chao, Pang Chun-Lei, Zhang Chuang, Wang
Yong. A double-threshold test method for soft faults assisted by
BP neural network. Control and Decision, 2020, 35(6):
1384-1390

(RER, weilt, DEAF T, 5K 1%, 55, BP A2 o) 44l W ) 22 A% e
R AEAL L. Pl 5 sk, 2020, 35(6): 1384-1390)

Sun R, Cheng Q, Wang G Y, Ochieng W Y. A novel online data-
driven algorithm for detecting UAV navigation sensor faults.
Sensors, 2017, 17(10): Article No. 2243

Xu B, Li S X, Razzaqi A A, Zhang J. Cooperative localization in
harsh underwater environment based on the MC-ANFIS. IEEE
Access, 2019, 7: 55407-55421

Wang W, Chen X Y. Application of improved 5th-cubature Kal-
man filter in initial strapdown inertial navigation system align-

ment for large misalignment angles. Sensors, 2018, 18(2): Art-
icle No. 518020659

Amin K M, Hassan A M, Alireza K, Navid V, Hassan K M,
Frede B, et al. Improved stabilization of nonlinear DC mi-


https://doi.org/10.1109/TAC.2017.2730480
https://doi.org/10.1109/TAC.2017.2730480
https://doi.org/10.1109/TAC.2017.2730480
https://doi.org/10.1109/LRA.2020.2972889
https://doi.org/10.1109/LRA.2020.2972889
https://doi.org/10.1109/LRA.2020.2972889
https://doi.org/10.1109/TAES.2017.2756763
https://doi.org/10.1109/JOE.2019.2935516
https://doi.org/10.1017/S0373463319000018
https://doi.org/10.1109/TCYB.2018.2890582
https://doi.org/10.1109/TCYB.2018.2890582
https://doi.org/10.1080/00207721.2016.1277407
https://doi.org/10.1109/TIM.2018.2809139
https://doi.org/10.1109/TIM.2018.2809139
https://doi.org/10.3390/s18103183
https://doi.org/10.1109/TCSII.2019.2931409
https://doi.org/10.1109/TCSII.2019.2931409
https://doi.org/10.1109/TCSII.2019.2914511
https://doi.org/10.1109/TCSII.2019.2914511
https://doi.org/10.1109/TCSII.2019.2914511
https://doi.org/10.1109/JSYST.2020.2981366
https://doi.org/10.1109/JSYST.2020.2981366
https://doi.org/10.1109/JSYST.2020.2981366
https://doi.org/10.1049/iet-rsn.2017.0424
https://doi.org/10.1049/iet-rsn.2017.0424
https://doi.org/10.3390/s17102243
https://doi.org/10.1109/ACCESS.2019.2913039
https://doi.org/10.1109/ACCESS.2019.2913039
https://doi.org/10.3390/s18020659

1966 H 3

(8

49 %

crogrids: Cubature Kalman filter approach. IEEE Transactions
on Industry Applications, 2018, 54(5): 5104-5112

26 Adarsh S, Ramachandran K I. Design of sensor data fusion al-
gorithm for mobile robot navigation using ANFIS and its ana-
lysis across the membership functions. Automatic Control and
Computer Sciences, 2018, 52(5): 382-391

27 Zhao Wen-Di, Chen De-Wang, Zhuo Yong-Qiang, Huang Yu-
Hu. Deep neural fuzzy system algorithm and its regression ap-
plication. Acta Automatica Sinica, 2020, 46(11): 2350-2358
(BA S, WRABIE, Ko, 85 FoF. URBEAR R R g o id S 3L Im]
AR HEhGEEIR, 2020, 46(11): 2350-2358)

28 Ramezanizadeh M, Ahmadi M H, Nazari M A, Sadeghzadeh M,
Chen L. G. A review on the utilized machine learning ap-
proaches for modeling the dynamic viscosity of nanofluids. Re-
newable and Sustainable Energy Reviews, 2019, 114: Article No.
109345

29  Xu Bo, Li Sheng-Xing, Wang Lian-Zhao, Duan Teng-Hui, Yao
He. A multi-AUV cooperative localization method based on ad-
aptive neuro-fuzzy inference system. Journal of Chinese Inertial
Technology, 2019, 27(4): 440-447
(1, R, X0, BB, ShBY. — e T [0 2 AR 41
PRGN Z AUV W@ 7k, E B R AR SR, 2019, 27(4):
440-447)

% B WBRELERFEGERYS
TR BE R Z4%. 2011 FEFRIFIA /R
TR R AR A3 UG I e 2 i
FEHEFTT ) Syt xt #E, 46 T,
[AGIESSi®

E-mail: xubocarter@sina.com

(XU Bo Associate professor at the
College of Intelligent Systems Science and Engineering,

Harbin Engineering University. He received his Ph.D.
degree from Harbin Engineering University in 2011.
His research interest covers transfer alignment, integ-
rated navigation, and cooperative navigation.)

TR MR LIRS BRI S
TRESEBE L AR, BT T 1A
NG R A AN E]E L. ASCEEE .
E-mail: lishengxin 1sx@163.com

(LI Sheng-Xin Ph.D. candidate at
' the College of Intelligent Systems

Engineering University. His research interest covers in-

Science and Engineering, Harbin

formation fusion and cooperative localization. Corres-
ponding author of this paper.)

FiES MRE LIRS RER S
TR L AR, R TT 1A
DS SR AR ] 5E .

E-mail: 18804623593@163.com
(WANG Lian-Zhao Ph.D. candid-
ate at the College of Intelligent Sys-
tems Science and Engineering, Har-
bin Engineering University. His research interest cov-
ers information fusion and cooperative localization.)

EFRE BRIELERE GRS
TR Bt AT 5T, 2016 FE3R1GIE
IR TRER 5 AL, FE T
) 7K R LS AW [ A

E-mail: wqd1114393780@163.com
(WANG Quan-Da Master student
at the College of Intelligent Sys-
tems Science and Engineering, Harbin Engineering
University. He received his bachelor degree from Har-
bin Engineering University in 2016. His main research
interest is cooperative navigation for underwater
vehicles.)


https://doi.org/10.1109/TIA.2018.2848959
https://doi.org/10.1109/TIA.2018.2848959
https://doi.org/10.3103/S0146411618050036
https://doi.org/10.3103/S0146411618050036
https://doi.org/10.1016/j.rser.2019.109345
https://doi.org/10.1016/j.rser.2019.109345

	1 多AUV协同定位系统描述
	1.1 协同定位系统模型
	1.2 容积卡尔曼滤波

	2 自适应神经模糊推理系统
	3 协同定位系统量测异常检测方法
	3.1 提取ANFIS的输入\输出信息
	3.2 量测异常的在线实时检测与隔离方案

	4 观测数据异常检测与容错方案实验验证
	4.1 实验情况概述
	4.2 基于ANFIS的量测异常检测算法验证

	5 结束语
	参考文献

