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Abstract:

Aiming at the problem that automated guided vehicle (AGV) is difficult to locate accurately due to the influence of envi-
ronment and time drift when it works in the indoor intelligent storage system. In this paper, an extended kalman filtering
(EKF) framework is designed. In order to make full use of the original ranging values of ultra wideband (UWB) and inertial
measurement unit (IMU), the framework realizes the fusion positioning between UWB module and IMU module in a tight
coupling manner, so as to ensure that the system can still work when the available base station signal is inaccurate. Firstly,
for the problem that the traditional UWB positioning method is easily affected by the non-line of sight (NLOS) error in-
doors, the calculated positioning coordinate value is unstable. With the help of different NLOS probability distribution
curves of different obstacles, the weighted least square method is applied to the UWB positioning method to determine the
positioning coordinate value of UWB, which improves the sudden change of AGV positioning coordinate in the static
environment. Then the data fusion algorithm is optimized, and the error value of IMU and UWB coordinate is taken as the
observation value of EKF, which reduces the influence of cumulative error on IMU positioning results, provides the global
optimal estimation of the system optimal state, and improves the fusion positioning accuracy. Finally, the measured data
of UWB and IMU systems in indoor complex environment are simulated in MATLAB. The experimental results show that
when NLOS signal seriously affects the positioning effect, the UWB and IMU combined positioning system can provide
more reliable positioning results than the single IMU positioning system. It improves the positioning accuracy of AGV and
provides a new idea for indoor positioning mode.
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1. Introduction

In recent years, due to the rapid development of in-
telligent and unmanned manufacturing industry,
many logistics companies and manufacturing facto-
ries have introduced intelligent warehousing system
as a practical means to improve production effi-
ciency and reduce operating costs. The intelligent
storage system makes full use of various mechanical
and transportation equipment, computer systems, in-
tegrated operation coordination and other technical
means. Through the overall planning and application
of the logistics system, efficient access to goods can
be achieved. To achieve the purpose of saving effort,
being efficient, reasonable, fast, efficient, accurate
and reliable in logistics related operations and con-
tents (Sun et al., 2014). Intelligent storage system is
an intelligent system composed of three-dimen-
sional shelves, track roadway stacker, in and out
transportation system, information identification
system, automatic control system, computer moni-
toring system, computer management system and
other auxiliary equipment (Liu et al. 2021;
Michlowicz. 2021). Because intelligent storage has
the characteristics of high informatization and auto-
mation, control optimization algorithm has become
the soul of intelligent storage (Ding et al., 2018). At
present, the intelligent warehousing optimization al-
gorithm is mainly focused on AGV. Because of its
flexibility, intelligence, and other characteristics,
AGV has become an important part of workshop lo-
gistics and has been widely used (Ning et al. 2020).
As a key link to realize the automatic transportation
of materials and goods in an intelligent factory, the
autonomous positioning of AGV is very important,
because it is the premise to realize the functions of
path planning, autonomous obstacle avoidance and
so on (Ding et al. 2018; Uradzinski et al. 2017). The
research and development of accurate and reliable
AGYV positioning method can not only improve the
convenience and accuracy of target positioning, but
also have strong engineering value and practical sig-
nificance.

There are many kinds of navigation and positioning
methods for mobile robots, mainly including visual
navigation and positioning, electromagnetic naviga-
tion and positioning, GPS global positioning, light
reflection navigation and positioning (Jiang et al.
2012), etc. These positioning methods use different
sensors and cooperate with the robot motion, so that
the robot can achieve high-precision positioning and

navigation under the constraints of different envi-
ronments. Among them, laser rangefinders are more
convenient than other technologies to perceive the
characteristics of complex environments, and have
better accuracy and lower computational complex-
ity. Common indoor positioning technologies in-
clude Radio Frequency Identification (RFID), ultra
wideband (UWB), Wireless Fidelity(Wi-Fi),
ZigBee, radar, etc. Oulose et al. (2019) uses ZigBee
technology for indoor positioning. Although it has
strong penetration ability, the positioning environ-
ment is limited. This positioning method is easy to
be interrupted by the magnetic field generated in the
surrounding environment. In addition, the hardware
deployment is also very complex. The positioning
accuracy of this method is only about 1m. Wang et
al. (2019) studied the application of IMU in indoor
positioning, and proposed a method to suppress the
cumulative error of IMU in the positioning process
by using the complementary output data of magne-
tometer and gyroscope. The maximum estimation
error under rectangular trajectory is 2.6m, while the
error under linear trajectory is only 1.2m. Although
the result is improved compared with the traditional
method, the actual accuracy is still not ideal. Ai et
al. (2017) proposed a UWB location algorithm to en-
hance asymmetric bilateral bidirectional ranging for
indoor target location and tracking, with a location
accuracy of about 0.17m, but the experiment did not
consider the introduction of environmental interfer-
ence and other factors. This is an ideal positioning
environment, which cannot be directly applied in the
actual engineering environment. Although UWB
has high positioning accuracy and can provide cen-
timeter level ranging accuracy, there are complex
electromagnetic environment and indoor obstacles
(walls, partitions, equipment, etc.) in the indoor en-
vironment. Under NLOS conditions, whether these
obstacles weaken or absorb the UWB signal, the fi-
nal positioning will be affected (Zhou et al. 2021).
The existing methods to eliminate NLOS errors
mainly focus on two aspects. On the one hand, we
try to model the unknown NLOS and reconstruct the
measurements that are not affected by it. On the
other hand, measurement information from other
sensors or scene related prior map knowledge are in-
troduced to compensate for errors caused by NLOS
(Cao et al., 2022; Yin et al., 2021). IMU has strong
anti-interference capability, high updating rate of
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real-time navigation data, and strong stability. How-
ever, it is still very difficult to locate for a long time
due to the accumulated errors. Therefore, a single lo-
cation and navigation method can not meet the needs
of complex indoor scene applications. In the actual
complex working environment, how to combine the
advantages of various positioning methods to obtain
better positioning effect is a problem that needs to
be discussed in this paper. Aiming at the above prob-
lems, the proposed solution is to make full use of the
positioning advantages of UWB and IMU sensors to
obtain more accurate and robust positioning results.
The main contribution of this paper is that, in practi-
cal application scenarios, due to the uncertainty of
NLOS, the improved weighted least squares method
is used for UWB positioning to obtain static AGV
coordinate data. It improves the existing NLOS
model, which is difficult to adapt to various interfer-
ence situations. Then, use IMU to obtain real-time
AGYV coordinate information. The EKF framework is
used to fuse multi-sensor information, input the data
of each subsystem to the information fusion center,
and process multiple data. It ensures the full use of
information and the accuracy of AGV position infor-
mation output, and improves the reliability of system
measurement data.

2. Optimization of UWB Wireless ranging and
positioning method
2.1. Traditional ultra wideband wireless ranging
and positioning
There are usually many positioning algorithms
based on wireless signals, which can be divided into
ranging and non-ranging (Yang et al. 2021). The
ranging and positioning algorithm used in this paper
calculates and estimates the distance between nodes
by using the spatial connectivity and signal trans-
mission of nodes. The two-way ranging mode is the
commonly used ranging mode, and the ranging al-
gorithm is the trilateral positioning algorithm
(Zhang et al. 2021). The ranging model between the
mobile tag and the base station at time t can be ex-
pressed as:

D, (t) =L (t)+ L ios (1) +

n(t)

i=12,...,m,(m<3) (1)

In Formula 1, D,(t) represents the actual distance
measurement value, L, (t) represents the actual dis-

tance, L

i,NLOS

(t) represents the NLOS error term,

and n_. represents the Gaussian white noise gener-

ated in the measurement process.

After the relative distance of each point is obtained
by using equation (1), the specific location of the tar-
get is determined by using the three base station po-
sitioning method in Figure 1. Obviously, the loca-
tion of the target is located at the intersection of three
circles with the radius of the length from the three
base stations to the target. Therefore, theoretically,
as long as the three known base stations are not on
the same straight line, the result of distance location
of the three base stations is unique.

ri

Base station 2

Base station 1

Base station 3

Fig. 1. location mode of three base stations

Assume that the unknown label coordinates are
(X,Y) and the distance from it to each base station
(Xi, Yi) is Di. Where i should be less than the number
of base stations, so the difference between the meas-
ured distance and the actual distance can be repre-

sented by p, = D, — D, Then determine (X,Y) by the

n
value of least square X p?. That is, each distance
i=1

can determine an equation about the location of the
known reference base station and the unknown base
station, as shown in equation (2).
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D, = /(X = X,)* +(Y —Y,)?
D, = /(X = X,)? + (Y —Y,)?

D, = (X = X,)2 + (Y - Y,)? )

D, = (X =X, +(Y =Y’

After simplifying Di-Di.i in equation (2), the desired
target position value is obtained.

Xz_x1 Yz_Y1
X=X, Yo=Y, [X]
: oy ]
Xi—Xl Yz_Y1
2 2 2 2 2 2 (3)
xz _Yz _Dz_(x1 +Y1 _D1)
1 XE-¥E DI (XY -DY)
2 :
x|2 _le - Dl2 _(x12 +Y12 - D12)
Xz_X1 Yz_Y1
b xgjx1 \(37\(l @
X=X, Y,=Y,
X3 =Y7 =D; = (X{ +Y’~Df)
B:l X32_Y32_D32 _.(X12+Y12_D12) (5)

2 :
Xi2 _Yi2 - Di2 _(Xlz +Y12 - D12)

Then the target position coordinates in equation (3)
are shown in equation (6):

X =)
{Y}:(HTH) H'B (6)
2.2. UWB Positioning Method Based on
Weighted Least Squares
The least square method used in the above settle-
ment process is to calculate the coordinate position
without distinguishing the weights of all ranging
values and give the same weight value (Xu et al.
2018). However, in the actual production and appli-
cation process, there are different obstacles between

each base station and the tag, which also leads to the
different degree of NLOS error received by each
ranging value. The error size of the obstacles in the
distance between each base station and the tag
should be determined, and the ranging value with
small error should be given a relatively large weight,
and the ranging value with large error should be
given a relatively small weight. This paper proposes
a method to reduce the error impact of NLOS on
ranging by obtaining the NLOS probability distribu-
tion curve of different obstacles, giving different
weights to the error size caused by different posi-
tions between different base stations and obstacles,
and then using the least square method (Yu et al.
2019; Jiang et al. 2021).

NLOS error expression 7 based on bidirectional
ranging is as follows:

Ad = 10(@) k{ MaXyi<y (ai Tin)] @

att aép {793

nlos

Where &, and attnios respectively represent the di-
electric constant related to the obstacles encountered
by the signal in the propagation path and the attenu-
ation factor of the corresponding obstacles, L is the
number of current base stations, a;and t; represent
the maximum distance value and the time value re-
quired to pass through the i-th path.

According to equation (7), NLOS error changes cor-
respondingly with the change of the material of dif-
ferent obstacles. Using different signal channels to
sample and compare UWB can reduce the estimated
NLOS error, and compare different sampling values
with the actual values to obtain more accurate NLOS
error values. Specifically, in the sampling process,
the measured error value of each channel is subdi-
vided into w intervals. The frequency of the mid-
point on the i-th interval and the error value moni-
tored in this area are ax and bk respectively, which
are brought into the normal distribution curve for
linear fitting to obtain the error distribution curve
under each channel. Among them, it is assumed that
the NLOS error of each channel follows a normal
distribution, which is shown in equation (8) after
sampling and fitting m different channels:

min Zwl(fj(ak)—bk)z,j:1,2,...,m (®)

A;X).8) i=1

In equation (8), f(x) is specifically expressed as:
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(x’i)z
20} (9)

A .
\/27raj

There are many ways to solve nonlinear optimiza-
tion problems in numerical calculation, among
which the most effective is the quasi Newton method
(Jiang et al. 2017). The specific step is to calculate
the gradient value of the objective function at each
iteration, and obtain the probability distribution
curve of NLOS error under different channels by
solving the above formula.

Finally, bring the obtained NLOS error probability
value into equation 10, and the target position is:

f(x)=

X 1
{Y } =(H'pH) H'pB (10)
A 0 0
=0 B O (11)
0 0 A

3. IMU positioning mode

The inertial navigation system is based on the prin-
ciple of inertia. It does not need any external infor-
mation, nor does it radiate any information outward.

The inertial navigation system alone can inde-
pendently and covertly carry out continuous posi-
tioning and orientation in the world and in any me-
dium environment under all-weather conditions
(Liang et al. 2021). The inertial navigation system
has built-in three-axis accelerometer and three-axis
gyroscope, which are used to measure the angular
motion information and linear motion information of
the carrier respectively. The airborne computer cal-
culates the heading, attitude, speed and position of
the carrier based on these measures information.
The calculation process of inertial navigation in-
cludes attitude update, speed update and position up-
date, and its differential equation is (17).

-1
Q--Q®wy, (12)
V=Clf’— (20 +o)xV+g" (13)
|5’=V—u)2n><P (14)

Where Q is the quaternion of the carrier attitude.

n

o, is the projection of angular velocity in the car-

rier coordinate system, which can be obtained from
equation (14). @y is the output value of the inertial

Coriolis

compensation |

 Gravity
compensation |

Navigation o
calculation o
position
Initial value of sp_eed
position and Attitude
speed angle

\

Triaxial L
Specific force
accelerometer » calculation |
Ax Ay Az
A
Th:gi;zx'es Attitude
gy P calculation
WX Wy wz
A
Initial attitude
value

Fig. 2. Structure diagram of IMU attitude calculation algorithm
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navigation gyroscope. C;' is the state transfer mo-
ment from the carrier coordinate system to the navi-
gation coordinate system. «;, and o, are the po-
sition rate and rotation rate respectively, for the con-
version of the navigation coordinate system to the
earth coordinate system, see equation (16); f"isthe

specific force of acceleration on the carrier; g" is

the local gravitational acceleration; V and P is re-
spectively the speed and position of the carrier in the
navigation coordinates.

0’ =0 —C (o} + o) (15)
o) =[o,cosL 0 -asin LT (16)
Vv Y '
of = —¢ —n —¢ _tanL 17)
RytH R,+H R +H

4. Location algorithm of UWB and IMU infor-
mation fusion

4.1. EKF System Structure

Compared with Wi-Fi, Bluetooth, ZigBee and other
indoor wireless positioning technologies, although
UWB signal has the advantages of high resolution,
centimeter ranging accuracy and so on. However,
due to the high complexity of the indoor environ-
ment and many obstacles, the signal may encounter
non line of sight, multi-path and other problems in
the transmission process (Jiang et al. 2021). The
IMU positioning mode has the outputted track esti-

mation information, which has high positioning ac-
curacy in a short time and is not affected by the non-
line of sight environment. Based on the above con-
siderations, this paper designs a UWB and IMU fu-
sion positioning method based on EKF technology,
and uses the respective advantages and characteris-
tics of these two sensors to improve the accuracy of
the system in the output coordinates. Specifically,
when the indoor NLOS error is large, inertial navi-
gation is used to minimize the error caused by envi-
ronmental interference in UWB, and the advantage
of UWB high-precision ranging is used to suppress
the cumulative error in the process of inertial navi-
gation solution. There are two kinds of fusion loca-
tion methods: loose coupling and tight coupling, in
which loose coupling is relatively simple. The two
systems involved in the fusion positioning are inde-
pendent of each other in the positioning process.
Only the two sets of positioning results obtained are
simply fused. On the contrary, tight coupling is a rel-
atively advanced fusion method. In the process of
positioning solution, the information obtained by the
two systems is fused, and the two are fully used to
make it an integrated positioning method. In this pa-
per, the tight coupling fusion method is used to com-
bine UWB ranging data with inertial navigation data
to reduce the positioning error.

In this paper, EKF is applied to the tight coupling
combined positioning of IMU system and UWB.
The functional block diagram of UWB ranging and
IMU system tight coupling fusion positioning is
shown in Figure 3.

Improved
weighted Distance between
least —»{ moving target |- - 4
square and base station 1
method

Distance between
moving target
and base station n

v

Trilateral positioning
method

uwB ->’ DW1000 F»

UWB final
positioning
coordinates

EKF

Target

Acceleration

Tight

. location
coupling

’ IMU ’—->’ MPU6050

a

J Pose \

[ Pose

| solution |

| information

Angular
velocity

Fig. 3. Tight coupling combined positioning system of IMU and UWB



Qiu, J,, Zhang, Y., Tang, M., Ma, P., Ran, J.,
Archives of Transport, 64(4), 107-117, 2022

113

4.2. Determination of each state value in EKF al-
gorithm
In this paper, the AGV working condition only in-
volves plane motion, so only the changes of X and Y
axes are considered. Under the tight coupling
scheme, the error value of the position and speed of
the X and Y axes solved by the IMU subsystem is
taken as the space state vector value of the system,
That is, at time k, the state vector of the system is

X =[ov, ov, &p, 5py}T , the predictive state
equation of the system can be expressed as:

Ko = FX +W, (18)

Where Wk is the state noise of the system. Moreover,
W, ~N(0,Q, ) ,F is the state transition matrix of

the system, which can be expressed as:

1 000
0100

F= (19)
At 0O 10
0 At 0 1

Where At is the sampling period of the system.

In a tightly coupled system, the observed value is
different from the value of the state quantity. The
difference between the positioning value of the out-
put UWB and the positioning value of the IMU out-
put is taken as the measured value of the system, and
finally corrected in combination with the output of
the IMU subsystem.

The observed value at time k is:

(D) - (D)
CHORCHS

Z, = (20)

(DY~ (DY)

The distance between the subsystem IMU and the i-
th base station node at time k can be expressed as:

DI = (P —x) (1 - w.) D

The distance between the AGV mobile tag node and
the i-th base station node can be expressed as:

D™ = (P ~%) (P - vi) +e (22)

It can be obtained that the observation vector at time
kis Z, , which includes the true distance H (X, )

from the tag to the base station and the distance ob-
servation noise V, . then the observation equation of

the system can be obtained as follows:

Z, =H(X,)+V, (23)

Where H (X, ) represents the nonlinear observa-

tion function of the observation equation with re-
spect to the real distance, V, represents the obser-
vation noise of the system, and the observation noise
obeys V, ~N(O,R,), and R, is the observation
noise covariance matrix of the system. By first-order
Taylor expansion of the observed value and ignoring
the remainder above the quadratic term, the Jacobian
matrix H(K) at time k can be obtained as:

i D, (k) (k)]
0 A% wK)
0 o (k) D,k
H(9 = ox(k) - oy(k) | (24
aDn'(k) 9, (k
; 0 0 ax(k) aY(k),
oD, (k) B MU )
i) 2P ) 20P (25)
aaty)i((kk)) =2(p) - vi)-20p,,

5. Experimental results and analysis

5.1. UWB static experiment

In order to verify the performance of UWB system,
an indoor positioning scene is simulated, which is
assumed to be 6mx5m room, the lower left corner is
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the origin, and a rectangular row is set. There are
four base stations in total. Each vertex of the box is
equipped with a base station, and the center is
equipped with a base station. Its location coordinates
are shown in Table 1.

Table 1. Detailed list of base station coordinates
Base sta- Northbound

Easterly co- Vertical co-

tion serial coordinates ordinates ordinates
number (m) (m) (m)

1 0 0 1.5

2 0 6 1.5

3 5 0 1.5

4 5 6 1.5

Within the coverage range of the reference node,
place the labels on different points, and calculate the
coordinates of 10 times of UWB ranging infor-
mation through STM32. Assuming that the AGV
speed is 0.5m/s, the noise error follows N~(0,0.042),
the ranging error of the UWB positioning system un-
der LOS follows N~(0,0.0262), and the NLOS dis-
tribution is N~(0.114, 0.145), the AGV static coor-
dinates are calculated. The results are compared with
the traditional trilateral positioning method, as
shown in Table 2.

5.2. Fusion algorithm experiment

In order to further verify the positioning perfor-
mance of the positioning algorithm proposed in this
paper, a positioning system platform integrating

Fig. 4. Picture of AGV used in the experiment

Table 3. The system uses various parameters of the

Sensor

UWB-S1- ATK-MPU6050
SMA-TCXO

Power supply inter- USB-5V USB-5V

face

Output interface USB communi- USB communi-
cation cation

Detection distance ~ STM32F103 STM32F103

Main control chip ~ 80m /

Ranging accuracy ~ +5cm 0.01°

Table 4. Detailed list of base station coordinates

Base station Northbound Easterly co- Vertical co-

IMU and UWB is built independently. The parame- serial num- coordinates ordinates  ordinates
ters of each sensor are shown in Table 3. In the ex- ber (m) (m) (m)
periment, the two hardware are installed in the cen- 1 0 0 15
ter of AGV, and the system diagram is shown in Fig- 2 0 20 15
ure 4. The specific coordinates of each UWB base 3 40 0 15
station are shown in Table 4. Using the above sys- 4 40 20 15
tem, the experiment was conducted in 20mx40m
space.
Table 2. Comparison of positioning errors under NLOS error mean
Serial True coordi- Average coordinate/m RMSE/m Percentage
number  natevalue/m  Traditional trilat- Weighted least Trilateral Weighted po- ~ increase
eral positioning square location positioning sitioning error
method method error
1 (0.6,0.6) (0.805,0.431) (0.718,0.517) 0.2817 0.1471 47.76%
2 (0.6,0.27) (0.707,0.248) (0.661,0.281) 0.2592 0.1272 50.92%
3 (0.6,4.8) (0.653,4.392) (0.707,4.515) 0.4328 0.2885 33.34%
4 (1.8,4.8) (1.831,4.267) (1.848,4.550) 0.5458 0.2584 52.65%
5 (3.0,4.8) (3.262,4.269) (3.148,4.563) 0.6173 0.3057 50.47%
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The experimental scenario is as follows: when t=0,
take the location tag to be tested in the base station
coordinate system and take the coordinates (0, 0) as
the starting point, and the AGV trolley moves slowly
along the established uniform linear path from the
static state at the speed of 0.1m/s. After the UWB
location information and IMU location information
are calculated through the STM32 control board on
the AGV, the proposed tight coupling algorithm is
used for data fusion processing. Finally, the pro-
cessed data drawing is used for comparative analysis

by MATLAB 2014b software.
4HiMU N
351 EkE — . — o2l
2.35. Truth Oolz;__:_;__
% 1?5- 01
;: 1t 2253354 4'5""
0

1 2 3 4 5 6
X (meter)
Fig. 5. Comparison of short-time fusion positioning

trajectories

11
145
14

-
w
(Sl

Y (meter)
- =
P N
o NN oW

[EEY
[N

27 28 29 30 31 32 33
X (meter)
Fig. 6. Comparison of long-time fusion positioning
trajectories

It can be seen from Figure 5 that there is little differ-
ence between the trajectory of the tightly coupled
EKF method and the IMU at the beginning of oper-
ation. After a period of time, it can be clearly seen
that the IMU trajectory deviates from the real trajec-
tory, while the trajectory of the tightly coupled EKF
method is highly consistent with the real trajectory.

0.61 —a— Error of IMU
—o— Error of EKF
0.4+t
0.2f ﬁ 1 3
0 =
-0.2
-0.4

20 40 60 80 100 120 140
Fig. 7. short time positioning error curve

0.6t —a— Error of IMU
—e— Error of EKF

0.4

0.2t

100 120 140 160 180 200 220
Fig. 8. long time positioning error curve

After about 220 Monte Carlo experiments. It can be
seen from the comparison curve of IMU and EKF
positioning errors in Figure 8. At 20 times, due to
the influence of NLOS error of UWB, the RMSE of
the location method of closely coupled EKF is
0.039. Compared with IMU's RMSE of 0.043m, this
has little advantage. It can be seen from Figure 6 that
in 200 experiments, the RMSE of the EKF position-
ing method remains within the range of 0 to 0.2.
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However, the error of the IMU increases exponen-
tially. In 200 experiments, the RMSE of the EKF po-
sitioning method used in the experiment is 0.185
higher than that of the traditional IMU positioning
method, which is 56.92% higher than that of the sin-
gle use.

Table 5. RMSE comparison between dynamic meas-
urement and real value

Serial RMSE Percentage

number Error of Error of increase
IMU EKF

20 0.043 0.039 9.32%

100 0.093 0.087 8.42%

150 0.124 0.117 8.43%

200 0.325 0.134 56.92%

6. Conclusion

Positioning technology is one of the key technolo-
gies of AGV. In recent years, integrated positioning
technology has attracted much attention, and has
strong advantages in anti-interference and improv-
ing positioning accuracy.

According to the designed optimization method of
combined positioning, the values of single IMU and
this method are compared. In the static state, when
there is NLOS error interference in the room, the co-
ordinate value determined by the positioning system
proposed in this paper is 47.02% higher than before.
Under dynamic conditions, the root mean square er-
ror value of the combined structure and filtering
method adopted by the system in the 100th Monte
Carlo experiment is 0.087, 8.42% higher than that of
a single IMU, 0.139 in the 200th experiment,
56.92% higher than that of a single IMU.

The experimental results show that the system runs
stably and realizes the long-term continuous and re-
liable positioning.
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