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Tent-ASO-BP aided GNSS/INS integrated navigation algorithm during GNSS outages
LIU Xu's, WANG Jian', XIAO Xingxing', GUO Nan’
(1. School of Geomatics and Urban Spatial Informatics, Beijing University of Civil Engineering and
Architecture, Beijing 102616, China;
2. Beijing Beikong Beidou Technology Investment Co. Ltd, Beijing 101407, China)

Abstract: GNSS/INS integrated navigation is one of the most widely used vehicle navigation systems. However, the
positioning accuracy in shielded regions such as long tunnels and basements is significantly degraded due to the long-
term locking of satellite signals. To address this problem, we proposed a Tent-ASO-BP aided GNSS/INS integrated
navigation algorithm. Firstly, the weight and threshold of (back propagation, BP) neural network model were
optimized by combining chaotic tent map and atom search algorithm (ASO) to construct Tent-ASO-BP intelligent
prediction model. Then, the intelligent prediction model was trained by using GNSS/INS integrated algorithm data
collected on outdoor open areas. The well-trained Tent-ASO-BP model was used to predict the position parameters
in the GNSS outage regions. Finally, vehicle field tests were performed to verify the availability of the Tent-ASO-
BP model. Experimental results show that the overall accuracy of the Tent-ASO-BP prediction model is significantly
higher than that of the GNSS/INS model. The root mean square error of the Tent-ASO-BP prediction model in the
horizontal direction is 15.439 4 m while the GNSS/INS model is 20.429 2 m, and the horizontal accuracy is
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increased by 24.42%. The proposed model can effectively address the problem of continuous high-precision
positioning of GNSS/INS integrated navigation during GNSS outages.
Key words: global navigation satellite system (GNSS); GNSS outages navigation; chaotic tent map(Tent) ; atomic

search algorithm(ASQO) ; BP neural network
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JoT 5 A58 E 1 i1 AR AR R BE /N L R TE i 2 [
PR B AR . B N-300 (Lennard-Jones, LD 3R] LIRS ¢ B2 5 NEFAEH T A7 M EAE
WA F, (0 BBIERATERRA -

t—1\% &
(H=al{l——— T
J” «f1=) e (15)
lF’,,(r)z—;y(f)[2(h,,(z))”—<h,,(z))7]C

A O JE VA AR X R % o W ACE, T e RIEARREL. A BOEUE IR E T 3RE R I R BE
1 BETTHEUE

A r,j(t)<h
min ? (f(t) min
ry; (L) ry ()
hi(1)=<-2 v h o < s
Lij U(t) min = U([) \hnmx
ry ()
hmax’ G(I) >hmaxo

(16)
Koo R EREr AP EFEE 2B, SR B RS W s ) A AR T A
JE T B SRR FY (O R

Fi()y= >, r,Fi) . (a7

it ij
/EKI

hest

XK Fonih K T LA 8 A o B B BB I (K 0% M 9 4 o1 0
best 78 76 16 5 1 J5L 1~ P A Jo (2 bR BOE DB A9 A5 28, i[O 1T ]h BERLEEL AR SR BEDLALE s F§ () Rm &



. 28 - L AHBEKXFFROARFAFZ RO 2024 4% 6 7

o ERE R T 5T ZRIGER . WIke R @ iz A8 Gk
G =) (a0 —xf (), (18)
A O Pk B H e 20 (0 2! (O 5 50R d HE28 [0 F 2 e kUG W B AR R 00 & R LA A% 4y i
2t WS ¢ A7 0y B 2377 AR 28k L BE R 5 5T it B 3 0K, 51 748 DR, D |4 JRE DR /)N o R eRAR
TN BE B B BT A AT AR R R
Jm (t)—M

ZM ()

I- (O—F,; @)
—( ! ! best )
F () F @)

it

M, (1) =e
AP N MEEFEE m, (O NG ¢ WERJE R @ A5 H Y fE Fo (O RET @ xR H bz ok 50H
EFo OME, 750 % ek B fe o (E A i 22 18

worst

(19)

F, ()= min F, (),
{ best i€ {1.2,,N} i (20)
F, (t): max F, (t),
wor i€ (1,2, Ny
2 AR T A AR AR L R IR
y FiH+GY @)
aiy () =—"7F7"—"—", @D
ms ()

L5 BT BB 1 RGEANLER | R TE o 2SS ) A 67 B R RS ET SR O
v G+ =r% ) +a’ ),
{1t,d(z‘,+1)=1‘d(t)+‘vd(z‘+1)
ASO BEAE Jy i AR 52 10 o BUOL AL 58 i s HoA B iy A A PR e L B0 T 72 b B s B ARy BB e A
B RBORE ZEE R
2.2.2 Tent BN
ASO BIEAEHAT AR i b B b, 78 38 I BE R IS 55 ZE B AL 8 I 00 46 067 8 R0) 4 B L | T )
TR B FL AT BEATLE e DL AR TR RE 9 2 RE 0, NTTBEAIR T ASO Sk 9 SO0 AR . TR 3l e 5 7= A8 19 TR il ) 31 2L
A BEAILPE i P R (B ORI TR P A7) AT I R RE ) B A A5 0 A6 A S T BE 4 5 M Ay A T
(] P 3 AT A B PRAIE T SO0 55006 1 42 Jy 48 3R B ) i S B B B A Jm) PR e O . AT S8 T i 1T A9 Tent 53351 3%
KR

22)

VAREES (23)
1—2*
s u<Zi<1,

1—u

Kb 78 Rt Tent FIEEFBEECN K GERKRECH @ 77 IR T 51, w 1E7E 0, D N B AL BEHL
2.2.3 Tent-ASO-BP Tl & ik i #2

AR E TASO-ASO-BP B 3ki8 id TASO-ASO B ki f7 28 38 . (115 BP 2 W 25 35 B i 1
WIS R TASO-ASO-BP BRI HEAT 2 7 S ECHM . kiR T .

D Bl A 53— Ab 1, SR A B IF X AT 0 —fe A B, DURS PR 19 AR AL L O S S Ak B
PSSR R, 0GR Ak BP 2 W 4% 1 R R A

2) Tent-ASO ZEMALBH AL . A Tent-ASO S A BB, 15 5 5 F Rl E 199 16 S 5006 Bl
550 22 D0 AL B 320 L 2R A RN B B ) 0 1AL

3 JEFALE S HEYIGA . R Tent BRI 0G40 I 5 09 9 46 A7 & F0 3R, T Tent B35 B9 45 50 O/
EJR T BRI 0 46 43 A BT R 08 1 BE ALY L B2 S AL 80R .



Ml 2% . GNSS & 81T Tent-ASO-BP %fi B GNSS/INS ¥4 4 5 i . 1 e 29 .

4) e fEIE N TR . TR R A AT B AR A 3 AT 2 (19D S8 R T AR AR U A
T R BEAE R T RER K o

5) Wi sh S HE B . FH D) 75 T 00 0 L SR A B T B | R R A A B
6) fLfb 2 5L W S5 PG A s i . AR TS 19 0 Ak 2 o0 4 SR TEA T I . 0 SR A 1 1 P Ak A A L ) Bk
HAGFR  GE A TR 75 500, 3R [0 25 B8 4) , 4k 25 gEAT 3640 DL ek i (0 6

7 W AU AR (e (2) s v (2)) 5 T BP 22 25 48 1 25

3 Tent-ASO-BP ## B GNSS/INS A A& S B ERE

K 2 Tent-ASO-BP 4 B ) GNSS/INS
WA TR ERAE., OM GNSS 551 H
i, 3#E A Tent-ASO-BP # A I Sr i X, Il 2Rk
A B A BE A INS 22 7 2 4 HE AR 5T 00 8
TR LB DL R INS Sty b R L
B U RAE A 1 i B8 Sy 50 e 1 o L
FHUNGRAEA 1 i A5 B th 088 X Tent-ASO-

BP B AT %5, @ % GNSS f5 5 % B,

SRR B/
TR EEE)

SEE &

Tent-ASO-BP # 2 A # Yl 2, 3 A Tent- ¢ 1 2 W 5 43 O 4
ASO-BP F BTl A5 =0, g A K45 o4 INS 28 B2 Tent-ASO-BP A BB AR SME LR E
T gmHE S R B R B DL M INS K Fig. 2 Flow chart of Tent-ASO-BP aided

HOR IR B L A R . O A B Ry A integrated navigation algorithm

R REAHY Tent-ASO-BP BRI F0 S MU 4 1. OXF INS 5 A9 07 B L VB AT IR 2 B IE L 3R
([ MR VAR Y BN

4 EHSMEG D

4.1 HEXRE

FEE Tent-ASO-BP i Bl i) GNSS/INS #A4H & S AUEL AL 7E GNSS 28 5+ % 18 2% 81 i 5 it g J) , JF
53 BT 5 Wi 255 78 T DUDORS A R 2%, AR 9 O R M 2 S B . I A () S 2023 A 2 H 6 H iR g XK T
M REX A EEARKE . RS 1 BRI K H EF LA GNSS/INS 52 S 41
HE 3 (a)),1 4 LG69T AP AISH) GNSS WL, A 25 (real-time kinematic, RTK) ZR AN 2 0 H
RAR % B EH N & %28 ' 2 % i (continuously operating reference stations, CORS) % 5,1 & SPAN
KVHI1750 BI5 i AR YOELF INS @k INS 545 (B 3(b) BIEE B F R 100 Hz. E ALK i 0. 06 m(4k
B 60 s, AT VERILUES HH .,

Heo, A5 M6 A ERT
SCHAG634 & K B 514 I & F 5T (2 )
90 \LG69T AP #I%5 GNSS #z R . %+ :
STM32 it 1l | 4 7 & A AR
B Cortex AS. FhfE 2 ¥l % 1 7 Sl
TR FELH K EORE BEINS % 4 4 2 8 A

KA A T T 8 A L (a) GNSS/INSHAH & F AT A (b) SPAN KVH1750)64F & 4§ EINS
[S] ’ R AR n) ’

GNSS 2 2 e 15 /6 4 UG i 30 4 M3 XMEMLSREARBME NS

g R 12845 B 2 S50 A HL Fig. 3 Real-time positioning and navigation module

and high-precision inertial navigation system



- 30 - L AHBEKXFFROARFAFZ RO 2024 5% 6

KT B Tent-ASO-BP 4 B 19 # 1 GNSS/INSAEASMEMBALESHE
GNSS/INS #A4H & MBI TE GNSS {55 Table 1 Performance parameters of GNSS/INS
AU M) A b R R I Sk integrated navigation module
AT R0 4R K 14 138 mL B K 20 min, B YRS 5
e Ja Gad TR B 1(6 000 m) LK BEGE 1 R 2 R SR ggiggz
(Wr A B%IE .1 848 m. 2y 90 s)  JF iH BB 2 s . Kt o
(970 m) K BE I8 2T B% 3 .2 920 m. 2 RTK B F 415 mm
60 ) AT IE B% Bt 3(2 400 m), KB 1 e 5 Hz
K 2 Mgt 1AM REE, T E R EYE 2 me
4.2 HERHW 3 3 B AL 37 7 120 Hz

1) K EE 53 A MIEMS MU I 82 ff R 5°/h
JUEH] Tent-ASO-BP 4§ B i) GNSS/ 6 5 Bt HL R 0.4°/Vh

INS A4 & F MBI FE GNSS 15 5 K 8

] AT R % GNSS/INS A 4 ST A Tent-ASO-BP 4B GNSS/INS WA & S A7 e, T 2%
Bt#y 3 800 m, 83t 2 ANBEE A 2 A TE M 1 A EAE LB 196 s, B 4(a) i GNSS/INS #AZH A L Tent-ASO-
BP 4l B ) GNSS/INS #AL A M0 K b B INS “F B0k , Hovb = B INS e JE k(e . BT 4 () iR B AT
HE A A X F GNSS/INS #84H & ST , Tent - ASO-BP Tl -5 i 55 52 30 F L e .

<10* “ 60r  (b) —— GNSS/INSHA & i 2%
‘ 40t Tent-ASO-BPT il % 2
4455 [——GNSS/INSIAZL & E 2ot
RERIR SR ) o
440} Tent-ASO-BPHi il - N ===
E -40 : - ' '
B 435t 0 50 100 150 200
= IFE]/s
= 430t
2
4.25
420} 4.21 .
! N N 0.70 . 0.72 0. 7I-J 0.76 xll(]
40 , . . .
0.60 080  1.00 120 140 1.60 0 50 100 150 200
257 113 B /m x10 I /s

Ca) TR LU 5 (b) ZR 07 10 A% 1R 22 LG5 (o BT 10 A% 1R 22 L
4 GNSS/INS #H & \Tent-ASO-BP Fill & 2 F 5 #5 B INS T T £ FiR 2 Lb B (B B0 196 5)
Fig. 4 Comparison of plane trajectories and error of GNSS/INS integrated algorithm, Tent-ASO-BP

prediction algorithm and high-precision inertial navigation (the forecast time of 196 s)
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