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Abstract : Reliable localization in autonomous driving requires real-time, context-aware reweighting of heterogeneous
sensors. This paper proposes a hierarchical fusion architecture that treats the outputs and dynamic covariances of two
estimators"MSCKF-based VIO (OpenVINS) and EKF-based GNSS/INS (SBG Ellipse-D)—as observation models and fuses
them with an Interacting Multiple Model (IMM) filter. In the dynamics layer, the IMM runs Constant Acceleration and
Constant Turn models in parallel. In the observation layer, time-varying measurement covariance is injected into the
likelihood to adapt mode probabilities and sensor weights without fixed sensor-priority rules. We employ statistical gating
(Mabhalanobis), covariance capping/scaling, and a gradual weight handover during GNSS outages to increase robustness to
outliers and dropouts. In ROS-based road tests, the method consistently reduced Absolute and Relative Trajectory Errors
against VIO-only and GNSS/INS-only baselines. Beyond accuracy, we quantify transition behavior and internal reasoning
and yield improvements in Transition Stability Error, Re-convergence Time, and Model Probability Accuracy. Leveraging
the dynamic reliability of the constituent estimators without prior shadow maps or fixed priorities, the approach jointly
addresses maneuver and sensor uncertainties within a single Bayesian framework.

Key words : Vehicle localization(X5F %] 374), Interacting multiple model(A 328 T X dl), GNSS-inertial
navigation(GNSS-TH &), Visual-inertial odometry(A]Z-344] 97 2]=7]), Dynamic measurement covariance(-52]
=7 -ZEA4D), Real-time sensor reweighting(AA|ZHALA 715 27)

1. M2 z 378 kAL 9 g 9 =10 WE}HED}E%
AEF3 ko] TS TAE 2 U] oL o 2 F3) oF F-7FS- 71t GNSS/INS= B - & 3 5 ¢
7] SlelA, cherat e shAolA] Alsa gea 8 7HIAe] W T21014] DOP(Dilution of Precision) 7+
o3 27 710 Mo A g g ot STIHEEA 591 Fol Askal, fuW 94 A5
A A2 14 S A 9 - ey 0 ST @1 92 82 9o g
A3 S - S - 9IRS wAshs GNssaNssh 01 TP AE IOl S @ Dropoul(il e 4
Allet 547 FH o2 Qe gu) o5 g MUs gy DO WA T AT Yo GNSSINSE 4
Sk A1Zh- 7 a7 8]S4 (Visual - Inertial Odometry, 71 SR E oAl el AN el fdH W
VIO) 5 theFsh 324 7|wl So] ALgg T} o v~ Y178t VIo= @] Aol d144] Shh o
*Corresponding author, E-mail: jwyoo@kookmin.ac.kr
etmits nonsieied nom-commmertin vse. disiition, and reproduction i any medhum provided the oeimal work i properl cl o T eensesbyne 3.0 which

979


https://crossmark.crossref.org/dialog/?doi=10.7467/KSAE.2025.33.11.979&domain=http://journal.ksae.org/&uri_scheme=http:&cm_version=v1.5

}
)

o

S BolA|uk VIOE gl
o] GNSsell Hlal] 74 w1z FJ} 3L, ARkl
913 SR A 2=

7 ofste). o7

A FABN A= TR ol A E A 8
bl k7] ol & wm, A AE w0 373 2o

o] 7% Aol wheh AP A o BitAs) WEe
B9 aema 14 dAAG AR T elEe A
Agro 2= AA FoA aE= A 94 F
A& 1A4s)7) o,

H zFEo] Ay =4 wkale] B AAS =
&l Tightly coupled T-%=2] ¥ 1> 7|k &
= $A10R, GNSS9| eApAE] e} e W sk B VIO
9] IMU AF21 4 & (Preintegration)S 3t 2 dl=of| A 35
z]x%g]_o}oq xl—y] EE]_LEQJF 01}\]%4 R | ] A

N

f > d
J ok

1
[}

rzi

37l thSahe WEo R @77} ol HA T ek
45 FRUGES) F4& B9 74 F A4 A
KR

W3S 2ol o 7 Hhddlal, R AE H A 3o A9
& A2, Dynamic covariance scaling)ol] 2] As}e] o]/
A} 2 37 Watol Ule oS Fakehe <
FE A Fo|Tk

H 5= EKF 7|4 GNSS/INS €} MSCKF 7%k VIOZ}
2SS A FAA 9 A1V S A RS S

IZIEH

NE7 ALgst, A9 WAGIA Asae OF
(Interacting Multiple Model, IMM)Z §3%}3l= A%
£ AlQFetth IMM2 &S wHAd A 5715 E(CA)Q}~
-L**ﬁ(CT) S Y S-&sta, B dAlel A 2 Al
el 95 SAlsh giike s Ale

X

RE

(GNSS/INS, VIO)7} AFE3she Rr & 7|6t
o= 34%3 7§*J'§% S BA, T HS5 AEe *@E(%—l%ﬁ)
7F WO A QF WA 0 ' AASYGA T H =
=, A E =7} ‘;\}OW R7F AR Ade] 7ol = X}Ei
= Haeskan w2 R 7Y ZJr~ Ad o] vjF2 F7hete,
A2 el A Aol AL Q] T AfZul 7} o]
To}zh:]. T7}§ J,}_ﬁ_ %)&oﬂ As) - ~A| DS A

Al VS A7 o2 AR o]
5k ia‘% T AlE R o] Rl o

et e
34714 S steteleh

oo} e Fat A FH SJEekA % BE
NHEE A Rshe TEZA B2 Wes}7)F A

o}x% 7<4 o] Hx] ZXJ 0 7}%3].ﬂ]

980 FI2ASABEHE =2 A3A AuE, 2025

aHiein

21 T Jlgt oA CERY 23

2.1.1 ©-oFW e 7|8t Mef 24

W Bf(Kalman Filter, KF)= 2}A e} 4] &=

o ks 451 #oh el el Aol
T A A2 1A

a2 golAd - ALt agAdel F

M

where  xz,: state vector;
F,_,: state transition;
By, : control matriz;
u,_q : control input;
Wy_y: Process noise;

z,© measurement;
H, : measurement matriz;

v, 1 measurement noise
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2.1.3 Interacting Multiple Model (IMM)
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Fig. 1 IMM filter process
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2.2.2 Inertial Navigation System (INS)
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2. VIO: OpenVINS &arz]=ol i=ste] A i
21%] 71RF Odometry

422 HOJE] A2

* Ground truth A/3: B 7}2] 7]F0] %= Ground truth
A2 SBG A1) Y EKF £3 2 7|uke 2, 94 #|
T Ao Bge A S Ve o R T BAshe 47
HA& A A=Ak

o ARFE7|Eh AR g AEEoE YeE =
AA dlolE = J—TJJrJ IMU ERQIARISZE 7]E
& vkH AIZE FS sk 57)3) skl

o A AE 9 =22 E HA: ZF Odometry2] 3
3 A A& Ground truth®] Ao x|} AFA 7]
7] 918l A} ¥ E(Similitude transformation)S- %]-8-5}¢]
A4dsiqltt 53] vIoe] 45 #7124 = =Ev 4
Elo] 7] A5l v ]‘“ Qe viAlSkaL GPS AlS o
A A9 & sl 1531714930, Ground truthe}2] #

A
o

H T
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F9 04} ARE AATE 2] EHEE nAS Fa)
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4.3 A8 Hot

Al¥eh A53l7] 9130, v

e o tAel A5
T 22 A RE ARSS] W7k
¢ ATE(Absolute Trajectory Error):
449 944 p, 2 Ground truth p” 7ke] M=l
Aol & 2] (9)0.5 A o), Alzwle] AukHel
stz g 7ta,

4> to
_O‘L
2
o

1
ATE, =p,—pSy ATE= ]—VZ,ZV:lATEk ©)

where P, : estimated position;
p,fT: ground —truth position;
[-l, : Buclidean norm (m);

N: number of samples

¢ RPE(Relative Pose Error):
A A At =oto] At Al o]Eg 9z} A
3 E

(10)= ez, A

~
=
L

) = Bpes = 01) = (02— 2y (10)

Z; A RPE, (Ak)
where  Ak: sample stride for RPE

¢ TSE(Transition Stability Error):
GNSS A 27} S =AY B8k A7) 1t
A Uehs A 94 928 TR ol B
= A (DI 2ol Aojsto], A Ao ¢
A& Frlgieh

1 y N
T=A{r, -, 7)., TSE= —Z;‘il max”pt—ptm“Z
M ter,

an

where T: set of GNSS transient intervals;
T, the i, transient interval;

7

M: number of transient intervals
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¢ RCT(Re-convergence Time):
GNSS 2127} 5% 5, 34 #AlHe] 7]& A4l
3l 318 @aF e oek= thA] Rishs o A=
AR A (12)= g ofatH, Al=Fle] 35 ey

3} kg e B,

R={r,, - r.) (12)
£ (r) :min{k =:llp, —p5 ", <e )
RCT(e)= Z(t )—7)

7€R

where R: set of GNSS return indices;
L: number of returns;

e : re—convergence threshold

* MPA(Model Probability Accuracy):
AE o] Y- IMMo| 438 x}eke] 3 T El(CA,

CT)o| AA| 73 do] & dAah= 1 &S HAME
2 24} o) 4 (1302 AelHn, R o u)
A B LIS
_ _[CT Wyl > wy;

dy = arg e {négz(VT}u’ ke 9= {CA7 otherwise (3)

100
MPA = 7Zk_11[ —gk].
where  d,: IMM— selected mode at k;

g, ground—truthmode at k;
Hi o IMM mode —1 prob. at k;
P, o ground—truth yaw rate;
wy,  turn threshold,

1[-]: indicator;

N: number of evaluated samples
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Table 1 Localization accuracy comparison ATE/RPE (m)
across GNSS/INS, VIO, and proposed fusion

GNSS VIO Proposed

/INS fusion
ATE (m) 44.34 1.26 0.76
RPE (m) 9.76 0.33 0.19

Table 2. Robustness and recovery of the proposed IMM
fusion TSE (m), RCT (s), and MPA (%)

TSE (m) RCT (s) MPA (%)

Proposed 1.23 0.0025 81.3
fusion
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