N

N

Motion-Constrained GNSS/INS Integrated Navigation
Method Based on BP Neural Network
Ying Xu, Kun Wang, Changhui Jiang, Zeyu Li, Cheng Yang, Dun Liu,
Haiping Zhang

» To cite this version:

Ying Xu, Kun Wang, Changhui Jiang, Zeyu Li, Cheng Yang, et al.. Motion-Constrained GNSS/INS
Integrated Navigation Method Based on BP Neural Network. Remote Sensing, 2023, 15 (1), pp.154.
10.3390/rs15010154 . hal-04500557

HAL Id: hal-04500557
https://hal.science/hal-04500557

Submitted on 14 Mar 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04500557
https://hal.archives-ouvertes.fr

remote sensing

Article

Motion-Constrained GNSS/INS Integrated Navigation Method
Based on BP Neural Network

Ying Xu "2, Kun Wang 1, Changhui Jiang 3, Zeyu Li 1'*{, Cheng Yang *(¥, Dun Liu ° and Haiping Zhang °

check for
updates

Citation: Xu, Y.; Wang, K,; Jiang, C.;
Li, Z.; Yang, C.; Liu, D.; Zhang, H.
Motion-Constrained GNSS/INS
Integrated Navigation Method Based
on BP Neural Network. Remote Sens.
2023, 15, 154. https://doi.org/
10.3390/rs15010154

Academic Editor: Yunbin Yuan

Received: 7 November 2022
Revised: 22 December 2022
Accepted: 23 December 2022
Published: 27 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Geodesy and Geomatics, Shandong University of Science and Technology, Qingdao 266590, China
Qingdao Key Laboratory of Beidou Navigation and Intelligent Spatial Information Technology Application,
Qingdao 266590, China

3  GEOLOC Laboratory, Université Gustave Eiffel, 77454 Paris, France

Department of Land Surveying and Geoinformatics, China University of Geosciences, Beijing 100083, China
Department of GNSS High Precision Positioning and Ionosphere Correction, No. 22nd Research Institute,
CETC, Qingdao 266108, China

Shandong Provincial Institute of Land Surveying and Mapping, Jinan 250013, China

*  Correspondence: lizeyu@sdust.edu.cn

Abstract: The global navigation satellite system (GNSS) and inertial navigation system (INS) in-
tegrated navigation system have been widely used in Intelligent Transportation Systems (ITSs).
However, the positioning error of integrated navigation systems is rapidly divergent when GNSS
outages occur. Motion constraint and back propagation (BP) neural networks can provide additional
knowledge to solve this issue. However, the predictions of a neural network have outliers and
motion constraint is difficult to adapt according to the motion states of vehicles and boats. Therefore,
this paper fused a BP neural network with motion constraints, and proposed a motion-constrained
GNSS/INS integrated navigation method based on a BP neural network (MC-BP method). The
pseudo-measurement of the GNSS was predicted using a fitting model trained by the BP neural
network. At the same time, the prediction outliers were detected and corrected using motion con-
straint. To assess the performance of the proposed method, simulated and real data experiments were
conducted with a vehicle on land and a boat offshore. A classical GNSS/INS integration algorithm,
a motion-constrained GNSS/INS algorithm, and the proposed method were compared through
data processing. Compared with the classical GNSS/INS integration algorithm and the motion-
constrained GNSS/INS algorithm, the positioning accuracies of the proposed method were improved
by 90% and 64%, respectively, in the vehicle land experiment. Similar performances were found in
the offshore boat experiment. Using the proposed MC-BP method, improved meter-level-positioning
results can be achieved with the GNSS/INS integration algorithm when GNSS outages occur.

Keywords: motion constraint; BP neural network; integrated navigation system; INS; GNSS outages

1. Introduction

Intelligent transportation systems (ITSs) including unmanned driving vehicles, un-
manned boats, intelligent logistics, and shared travel put forward high requirements for
the accuracy and reliability of vehicle and boat navigation [1]. In order to obtain more
precise navigation and positioning results, two (or more) types of integrated navigation
and positioning technologies are generally adopted [2]. The fusion of the global navigation
satellite system (GNSS) and an inertial navigation system (INS) is a common method [3].
An INS has the advantages of full autonomy, a fast sampling rate, and high accuracy within
integration times. Using an INS, 3D positioning and velocity data can be achieved in all
types of weather [4]. However, INS positioning errors cumulatively increase over time [5].
In most cases, users can obtain high-precision 3D positioning and velocity data using a
GNSS [6]. However, GNSS signals are vulnerable to interference and their sampling rates
are low [6]. GNSSs and INSs have complementary functions. Integrated GNSS and INS
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navigation systems have been widely used in the fields of air, land, and sea navigation [7].
However, GNSS signals are often blocked by trees, buildings, and viaducts in urban settings
and are blocked by large oil-drilling platforms and cross-sea bridges in marine settings,
resulting in less visibility for satellites and serious multipath issues. Reliable position
information cannot be obtained, the measurement updates anomalies, and then the posi-
tioning solutions of integrated navigation systems rapidly become divergent [8]. Therefore,
how to keep the GNSS/INS integrated navigation system working normally when GNSS
outages occur is an urgent problem [9-11]. Three methods are usually used to overcome
the above problems.

One category is the use of external auxiliary sensors including barometers, odometers
(ODs), and vision cameras [12]. Godha [13] first obtained a vehicle’s forward velocity by
incorporating an OD into an integrated navigation system. Yan [14] added ODs to the
GNSS/INS integrated navigation system and decimeter-level positioning was achieved. Li
and Zhai [5,15] combined vision cameras with a GNSS/INS integrated navigation system,
which effectively improved the positioning accuracy in complex urban environments.
These methods can effectively improve the positioning accuracy during GNSS outages.
However, the methods of using extra sensors increase the cost, and data processing is
more complicated.

Another category is the use of motion constraints to overcome divergence errors in
positioning. Common motion constraints include elevation constraints, velocity constraints,
and attitude constraints. Motion constraint algorithms are derived from a vehicle’s inherent
motion characteristics. During GNSS outages, the constraint values of the motion constraint
algorithm can be introduced to a filter as pseudo measurements to replace missing GNSS
measurements [14]. Godha [13] proposed an elevation constraint based on the small change
of vehicle elevation over a short time, which effectively reduced the elevation error, but the
improvement in the horizontal positioning accuracy was not obvious. Dissanayake [16]
proposed the idea of nonholonomic constraint (NHC), and pointed out that it was better to
set the lateral velocity and vertical velocity of the vehicle to zero when no jump or sideslip
phenomenon occurred. In view of an urban environment, Klein, et al. [17] proposed an
attitude angular velocity constraint, and the initial value of the horizontal attitude angle
was set to 0. Niu et al. [18] proposed a heading angular velocity constraint that could
improve the positioning accuracy of low dynamic vehicles. The above motion constraint
information is established by a vehicle in an ideal motion state, which generally yields
a constant constraint. However, the actual motion of a vehicle or boat is very complex,
which reduces the effectiveness of a constant motion constraint algorithm, especially for the
velocity constraint [19]. In order to an achieve an adaptive velocity constraint according to a
vehicle’s motion, Liu et al. [19] analyzed the relationship between NHC and vehicle’s state
of motion, and connected vehicle lateral velocity with both forward velocity and heading
angular velocity. However, in subsequent vehicle lateral velocity constraint modeling, only
a relatively simple linear multiplication adaptive adjustment formula was used.

Using an artificial neural network (ANN) algorithm is an applicable method to im-
prove the positioning accuracy during GNSS outages. An ANN algorithm is suitable
for predicting good results for nonlinear systems. Many researchers have built a variety
of neural networks to aid INSs when GNSS outages occur [20-23]. The main idea of an
ANN-aided GNSS/INS integrated system algorithm is to mimic the mathematical rela-
tionship between the navigation information and the vehicle’s dynamical data to maintain
high navigation accuracy when GNSS outages occur [21]. Rashad et al. [22] first used a
basis function (RBF) neural network to predict the positioning error between an INS and a
GNSS. ElI-Sheimy et al. [23] used a multi-layer feed-forward network to fit the relationships
between time, velocity, yaw and position error, and velocity. Fang et al. [21] used LSTM to
predict GNSS position increments during GNSS outages, and also pointed out that an ANN
algorithm had the disadvantage of the predicted value inevitably containing outliers. In
addition to predicting error correction values (INS errors) or pseudo-measurement (GNSS
velocity and position result or increments), an ANN can also be used to solve the adaptive
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problem of motion constraint parameters. Zhang et al. [24] used an RBF to predict vehicle
lateral and vertical velocity directly. Brossard et al. [25] used the convolutional neural
network (CNN) to achieve the optimal estimation of the observed variance in an NHC
when processing moving vehicles.

In short, a motion constraint algorithm is very stable when GNSS outages occur.
However, the constraint value cannot be adapted according to a vehicle’s motion state.
The GNSS pseudo-measurement predictions gained by using a neural network algorithm
inevitably have outliers. In view of the above problems, this paper proposes a motion-
constrained GNSS/INS integrated navigation method based on a BP neural network
(MC-BP). In this method, a BP neural network is continuously trained to obtain a fitting
model between GNSS positioning increments and integrated navigation system positioning
increments when GNSS signals are available. During GNSS outages, the trained fitting
model can predict the GNSS positioning increments. At the same time, the outliers of the
predicted values are detected and corrected using motion constraint. Then, the pseudo
measurement values of the GNSS are obtained. These pseudo measurements can allow the
extended Kalman filter (EKF) of the integrated navigation system to work normally.

The remaining sections of this paper are organized as follows: Section 2 introduces
the principles of the BP neural network algorithm and motion constraint algorithm, and
proposes the MC-BP method. Section 3 assesses the performance of the algorithm proposed
in this paper through two sets of experiments: one on land and the other on sea. The
conclusions are drawn in Section 4.

2. Methodology
2.1. Classical GNSS/INS Loosely Coupled Integrated Procedure

A classical GNSS/INS loosely coupled integrated procedure can be expressed as
follows [8]:
X = f(xe-1) + 1k ey

zr = h(xg) + v (2)

where x is the error state vector, f is the system nonlinear state function, # is a noise
distribution matrix whose variance matrix is Qy, Z is the observation vector, & is a system
nonlinear state function of the observation equation, and v is the noise distribution matrix
whose variance matrix is Rx. The state vector x of the loosely coupled model in the
navigation coordinate system is a 15-dimensional vector:

x = [0@E d¢N Sy 0vE dvN dvy OpE OpN Opy €x €y €2 Vi Vy V2 |T (©)]

where d@r d@n @y are the attitude errors, dvg dvy dvy; are the velocity errors, Sprdpn dpu
are the position errors, ¢ is the three-axis gyro bias, and V is the three-axis accelerometer
bias [8]. The Jacobian matrix is obtained by expanding f(xx_1) and h(xy) at x;_1 and xy,
respectively, using the Taylor expansion [21]:

%)
Feq = %I(x:xk,l) 4
oh
Hy = g'(x:xk) ®)

where k — 1 and k represent the state labels, respectively, and F;_1 and Hy are the Jacobian
matrix. If the 15-dimensional state vector is rewritten in discrete time, the process of the
EKF is given as follows [25]:

Xkk—1 = f(Xk-1) (6)
Per1=F 1P 1F 4+ Qe ()

-1
Ki = Py Hf (HyPex—1Hf + Ry) (8)
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Xk = Xp—1 + Kie(zie — h(xgp—1)) )

P = (I — KiHy) P (10)

where P is the covariance matrix of the state, K is the gain matrix, and [ is the unit matrix.

2.2. Motion-Constrained GNSS/INS Integrated Navigation Method Based on BP Neural Network
2.2.1. Pseudo Measurement Prediction Model Based on BP Neural Network

In practical applications, GNSS measurements can be lost or abnormal due to the
occurrence of GNSS outages. As a consequence, Equation (9) cannot proceed normally.
ANN-aided navigation systems have shown impressive performances in the pseudo mea-
surement prediction [20-23].

Brossard et al. [25] pointed out that training a neural network is quite difficult and
slow. Setting an adapter with a recurrent architecture makes the training even more
difficult. Simple CNN-like shallow neural network architecture can effectively overcome
the above problems. However, a CNN is generally used for deep learning. Both BP and RBF
belong to the category of feed-forward neural networks and have their own advantages.
The generalization ability of RBF is better than that of the BP network in many aspects.
However, the structure of a BP network is simpler than that of an RBF network when
solving problems with the same accuracy requirements. Therefore, a BP neural network
was selected for use in this paper. Neural networks can avoid overfitting by using a
relatively small number of parameters. The BP neural network is one of the most widely
used neural networks, which is usually called artificial neural network that is based on
an error back-propagation algorithm. The structure of a BP neural network is as shown
in Figure 1. There are three layers in a classical BP neural network structure including an
input layer, a hidden layer, and an output layer [26].

Reverse propagation

1. - HJ )
Input Hidden Output

Forward propagation

Figure 1. Topology structure and error propagation process of a three-layer BP neural network.

The input layer vector is x = (xq,x,... xn)T, the hidden layer vector is
H = (Hy, Hy,...Hy)", and the output layer vector is y = (y1,2,...y;)". BP neural
networks include signal-forward propagation and error-backward propagation. When
calculating the error output, it is carried out in the direction from input to output, and the
adjustment of weights is carried out in the direction from output to input [26].

In an ANN-aided navigation systems algorithm, the selection of the input layer and
output layer of a neural network is very important. Research shows that O;ys — APgnss
mapping models have good performances [21]. In this model, APgyss is the increment
of the GNSS position, and Ojys contains the specific force, angular velocity, velocity, and
heading angle. The parameters in Ojys are also the main factors that affect the values of
the increments of INS position APjys. In addition, the position increment accuracy of a
GNSS/INS integration algorithm is better than that of INS individually when GNSS signals
are available. To reduce the number of input parameters and increase the training speed,
only the increments of the integrated navigation system position AP;yT were used as input,
and APgnss was the output of the pseudo-measurement prediction model based on the BP
neural network. The factors of the input layer and output layer are expressed as follows:
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xj = [APN], . APIH APl (11)

yi= [APZXI]SS" . Apgiflss'APgNss] (12)

where x; is the position increment result of the GNSS/INS integrated navigation system
in a training window period, y; is the position increment result of the GNSS integrated
navigation system in a training window period, and j is the epoch of a training window
period. In this paper, the position increments of the integrated navigation system and the
position increments of GNSS in three directions were trained separately, by subtracting
the actual position increment output by the neural network directly and the actual GNSS
position increment that was output by the GNSS:

¢j = APyp — APlyss (13)

where, if the error ¢; was greater than the expected value, back-propagation of the error
was performed, and the weights were adjusted until the ¢; was within the ideal range. In
addition, the hidden layer of the neural network is set to 3, the maximum iteration times
for training were 300, the initial learning rate was 0.01, and the training method was the
gradient descent method.

2.2.2. Vehicle Motion Constraints Algorithms

The pseudo-measurement predicted by the BP network-trained model could have
outliers. To detect and correct the outliers, motion constraints including elevation constraint,
velocity constraint, and attitude constraint were adopted in this paper.

e Elevation Constraint Algorithm

When a vehicle moves on a relatively flat area, its elevation does not change greatly in
a short time [17]. The elevation of a vehicle in a navigation coordinate system is shown in
Figure 2.

Figure 2. Vehicle elevation in navigation coordinate system.

In the construction of constraint equations for elevation, a constant can be used.
However, the observation value of elevation is not constant in an actual observation.
Therefore, this paper used the elevation of the last sampling epoch to constrain the elevation
of the current epoch. The elevation constraint equation is as follows [17]:

hz :hz71+0'h,E(0'h) =0 (14)
where  is the elevation,o, is the elevation measurement error of the vehicle in the naviga-
tion coordinate system, and E is the expectation value.

o  Velocity Constraint Algorithm

There are two nonholonomic constraints when a wheeled vehicle moves on the ground.
If the vehicle does not slide or jump off the ground, the vertical velocity and lateral velocity
of the vehicle should be 0 [16] (Equation (15)). Vertical velocity and lateral velocity in the
body coordinate system are shown in Figure 3.
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Figure 3. Lateral and vertical velocity in body coordinate system.

00 =0,07 =0 (15)

Although many models can be used to determine whether a vehicle slides or jumps
when it is moving, the vehicle state of motion and the tire and ground characteristics
should be known prior to using these models. As a consequence, the modeling is very
complex [16]. To overcome this issue, this paper took the lateral velocity noise and vertical
velocity noise of a vehicle GNSS sensor in the body coordinate system as constraints [17].
The constraint equations are as follows:

ot =0+ E (afg) =0 (16)
DZ=0+U£,E<U£> =0 (17)
where 02, v? are the lateral velocity and vertical velocity of a vehicle in the body coordinate

system, respectively, and o2, ¢? are the lateral velocity error and vertical velocity errors

of the vehicle, respectively. Since the velocity parameters were directly measurable, the
modified velocity was used to recalculate the position of the vehicle [27].

o  Attitude Constraint Algorithm

When a vehicle moves on a relatively flat area, its pitch angle and roll angle change
little, and the variation in horizontal attitude angle (pitch angle and roll angle) is about
0 [17]. This paper used the horizontal attitude of the last epoch to constrain the horizontal
attitude of the current epoch. The attitude constraint equations are as follows [18]:

%) = Oe(k—1) T @x + rott, E(ron) = 0 (18)

Gg(k) = 9;‘(,(_1) + wy + Npiten, E (Upitch) =0 (19)

where 67, 0; are the vehicle roll angle and pitch angles, respectively, wx, wy are the zero
biases of the gyroscope, and 77,11, pitcn are the random walk noises of the gyroscope. Since
the attitude parameters were directly measurable, the modified attitude was used to correct
the position of the vehicle [27].

It should be mentioned that all of the motion constraint settings above were based
on vehicle inherent motion characteristics. The available motion constraints for boats are
tested in the simulated and real data experiments in Section 3.

o  Qutlier Detection and Correction based on Motion Constraints

As mentioned above, implementing motion constraints in both the system state and
measurement models can enhance the EKF filter performance without the use of other
sensors. Motion constraints can also be used to obtain vehicle position increments through
single filtered calculation. Figure 4 shows the relationship between a space’s virtual
observation (green ellipse) and real observation (red triangle), as well as measurement
updates from motion constraints. As shown in Figure 4a, if the virtual observation space
is too small, the motion constraint error ellipse cannot contain the real motion constraint
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observation value [24]. In order to overcome this issue, enlarging the observation variance
of the virtual observation is necessary, as shown in Figure 4b.

A real observation value

. C
'z ‘ - priori state

= > virtual observation range

it s > measurement update
A ’\ A
\ b
& \ ‘., . state estimation
4 : L
' ' state variance
L e
(@) (b)

Figure 4. Relationship between a space’s virtual observation (green ellipse) and real observation
(red triangle), as well as measurement updates from motion constraints; (a) little constraint value;
(b) large constraint value.

A constraint value that is too large or too little will affect the performance of the
algorithm proposed in this paper. After experimental verification, the tripling motion
constraint standard deviation is regarded as a reasonable value. As a consequence, triple
motion constraint standard deviation was used to calculate the position increments in
this paper. These position increments were used to detect and correct the outliers of the
predictions of the BP neural network-trained model. The relative equations are as follows:

Appre = APpre—GNSSr Appre—GNSS < APmc(?ar) (20)

APpre = APmC(T)r APpre—GNss > APmC(3T) @

where T is the standard deviation of the motion constraints including the lateral velocity
constraint, the vertical velocity constraint, the elevation constraint, and the horizontal atti-
tude constraint. APy, Gnss is smaller than APye(30) and the prediction value APy, Gnss
is reasonable [28], which can be brought into the EKF for measurement updating as the
APpre. Otherwise, the prediction value AP, cnss is recognized as an outlier, and the
position is directly calculated by the AP, ().

2.2.3. Steps of the Proposed MC-BP Method

The algorithm flowchart proposed in this paper is shown in Figure 5, where, A, [, h are
the points of latitude, longitude, and height output by the integrated navigation system,
respectively. The system principle is shown in Figure 5.

By combining the advantages of a BP neural network and motion constraints, a new
GNSS/INS integrated navigation method (MC-BP method) was proposed. The flowchart of
the algorithm proposed in this paper is shown in Figure 5. There were two system working
states in this method. The green dotted box shows the data processing flowchart when the
GNSS signals are available, while the red dotted box shows the data processing flowchart
when GNSS outages occur.
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Figure 5. Flowchart of the proposed method.
(1) GNSS signals are available:

N
e  The position increments AP;NT = (APIlNTf APIZNT' ... AP%NT) gained from the inte-
grated navigation system are used as the input for the BP neural network;

e The position increments APgngss = (APLygs APANss: - - - AP]GNSS)T from the GNSS
are used as output for the BP neural network;

e  The training process is continued between the input layer and the output layer of the
BP neural network, and a fitting model is obtained. At the same time, the position
increments AP,,.(3.) of the vehicle for the next epoch are obtained by using the motion
constraint algorithm.

(2) GNSS outages:
e Assuming a GNSS outage occurs at the epoch of m + 1, and the GNSS cannot be

obtained. At this time, the position increments AP/ = (AN, Agitd, AhTI\J]rSl)T
output by the INS are brought into the trained model to obtain the predicted values
of the position increments AP;:::}GNSS = (A)L;fi GNSS” A‘P?rj—lGNSS' Ah’;]rjEGNSS)T for
the GNSS;

e  The position outliers are detected and corrected using Equations (20) and (21), and the
APpye is obtained.

e  The pseudo-measurement is introduced, which is obtained by APy, using the EKF
and the final GNSS/INS integration navigation results are obtained.

3. Experiments and Analysis

Since boats are affected by various kinds of environmental factors in the ocean such as
waves, wind, and biology, they present axial movements along the x, y, and z directions.
In actual sea conditions, waves also affect the lateral velocity of boats. In addition, boats
also have a sliding phenomenon when turning. Niu et al. [29] proposed that vehicles in
the form of bicycles swing during cycling, so an NHC would no longer be applicable in
this situation. Theoretically, an NHC is no longer applicable to boats moving in complex
offshore conditions [30]. In order to assess the availability of motion constraints for boats
and to choose applicable constraints for boats, this paper first designed a set of simulation
experiments. To evaluate the performance of the proposed MC-BP method, real data
experiments were conducted on land and offshore with vehicles and boats, respectively.

3.1. Boat Motion Constraint Simulation Experiment

In this simulation experiment, the boat first moved with a constant velocity of 1 m/s for
60 s, made a uniformly accelerated turn with an acceleration of 0.1 m/ s2 for 60's, and finally
performed a uniform linear motion for 60 s. The starting point of the simulation experiments
was 36.0264° N, 120.3045° E. The motion trajectory of the simulation experiment for the
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boat is shown in Figure 6a. The pitch angles and roll angles are shown in Figure 6b. The
navigation information in Figure 6a was used as a reference result for the simulation
experiments. The simulated GNSS measurement data were generated by adding a pseudo-
random error to the simulated reference value of the trajectory. The average value of the
pseudo-random error was approximately +0.05 m, which was the positioning accuracy of
the GNSS sensor used in the real test.

*  Start point| |
— Trajectory

— Pitch
Roll

i

Pitch and roll/( °)
N O A SR

20 40 60 80 100 120 140 160 180
Time/s

<

0

10

20

30

40 50 60 70 80
East/m

(@) (b)
Figure 6. (a) Motion trajectory of the simulation experiment boat; (b) pitch and roll.

In order to reduce the abnormal filtering results of the positioning caused by noise
constraints that are too loose or tight, three constraint schemes were designed in this
simulation experiment. The velocity constraint, attitude constraint, and elevation constraint
were adopted using Equations (14) and (17)—(19). Considering that the sea level changes
little in a short time, the elevation constraints of the three schemes were uniform. The
constraint values of the constraints for scheme 1 were the same as the positioning accuracy
of the sensor used in the simulation experiment [13]. The inertial navigation equipment
inertial+ was produced by OXTS. The constraint values of schemes 2 and 3 were larger than
that of scheme 1. The velocity and attitude constraints of the three schemes are shown
in Table 1. To simulate a GNSS outage occurrence, only the inertial navigation solution
was used. The positioning errors using pure INS and INS with the three motion constraint
schemes of the simulated experiments are shown in Figure 7.

Table 1. Motion constraint schemes.

Constraints Scheme 1 Scheme 2 Scheme 3
vertical velocity 0.01m/s 0.05m/s 0.1m/s
pitch 0.2° 0.5° 1°
roll 0.2° 0.5° 1°
heave 0.1m 0.1m

It can be seen from Figure 7 that the errors diverged quickly when the pure INS mode
was used, and the maximum positioning errors in the north, east, and up directions were
402 m, 471 m, and 15.9 m, respectively. When the constraint schemes were introduced, the
positioning error reduced significantly. Compared with schemes 1 and 3, the performance of
scheme 2 was better. Using scheme 2, the maximum positioning errors in the north, east, and
up directions were 23.2 m, 19.5 m, and 1.3 m, respectively. In short, the motion constraints
were able to be used for boats, and the positioning performance was affected by motion
constraints that were too loose or too tight. The usage of an appropriate constraint value
was necessary, and motion constraint scheme 2 was used in the real offshore experiments
described in the following section.
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Figure 7. Positioning errors using different motion constraint schemes: (a) north direction; (b) east
direction; (c) up direction.

3.2. Real Data Experiments
3.2.1. Experimental Data and Data Processing Strategy

In this paper, the real data experiments were divided into two experimental scenes:
land and offshore. The land experiment was conducted in the new west coast area of
Qingdao on 28 June 2021, from 07:46:00 to 08:00:00 (GPST). The offshore experiment was
conducted in Houchawan, Qingdao, on 2 August 2021, from 08:20:00 to 08:35:00 (GPST). In
order to assess the performance of the motion-constrained GNSS/INS integrated navigation
method during GNSS outages, the GNSS signal was interrupted artificially. The real data for
both land and offshore were interrupted five times, and the interruption last 60 s each time.
As shown in Figure 8, the interruption sequence and corresponding trajectory are labeled
as M~@®), respectively. The motion states of the vehicle and boat during the interruptions
included acceleration, deceleration, turning, and traveling straight.

Figure 8. Trajectories of the experiments: (a) on land; (b) offshore.

The same experimental equipment was used for the land and offshore experiments.
The inertial navigation system used was inertial+ MEMS inertial navigation equipment
produced by OXTS. The sampling frequency of the INS was 100 Hz and the sampling



Remote Sens. 2023, 15, 154

11 0f 16

frequency of the GNSS was 1 Hz. The sensors’ main performance specifications are shown
in Table 2, and the carriers are shown in Figure 9. Figure 9a depicts the vehicle used in
the land experiment and Figure 9b shows the boat used in the sea experiment. The GNSS
positioning method was real-time kinematic (RTK).

Table 2. Navigation and positioning sensor parameters.

Sensor Type Error Term Value
gyroscope zero bias 2°/vh
random walk 0.2°/vh
zero bias 5 mm-s 2
accelerometer random walk 20 mg
horizontal positioning accuracy 0.02 m(RTK)
GNSS vertical positioning accuracy 0.05 m(RTK)
velocity measurement accuracy 0.05 m/s(RTK)
X 0.014 m
lever arm error y 0.342 m
z 0.568 m

(b)

Figure 9. Experimental instrument and carriers: (a) vehicle; (b) boat.

In order to assess the performance of the method proposed in this paper, a classical
GNSS/INS integration algorithm, a motion-constrained GNSS/INS algorithm, and the
proposed MC-BP method were used in the data processing. The tight combined positioning
results post-processed by the GNSS RTK/INS were used as the reference. The motion
constraint schemes of the experiments on land and offshore are shown in Table 3. The
values of the constraints for the land experiment were the same as the positioning accuracy
of the sensor used in this paper. The offshore experiment used constraint scheme 2 of the
simulation experiment. The pitch and roll angle constraints of the land experiment were
smaller than those of the offshore experiment.

Table 3. Motion constraint schemes.

Constraint Content Land Constraint Scheme Offshore Constraint Scheme

vertical velocity 0.05m/s 0.05m/s
lateral velocity 0.05m/s \
pitch 0.2° 0.5°
roll 0.2° 0.5°
heave 0.1m 0.1m

3.2.2. Analysis Results of the Vehicle Land Experiment

The positioning errors of the classical GNSS/INS integration algorithm without con-
straints are shown in Figure 10. Figure 11 shows the positioning errors of the motion-
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constrained GNSS/INS algorithm and the proposed MC-BP method. From Figure 10, we
can find that the positioning errors for the classical GNSS/INS integration algorithm in all
three directions diverge rapidly when GNSS outages occur. The maximum positioning er-
rors in the north, east, and up directions were 296.21 m, 336.70 m, and 24.61 m, respectively.
Compared with the classical GNSS/INS integration algorithm, the constrained GNSS/INS
algorithm can effectively reduce the positioning errors of the integrated navigation system
when GNSS outages occur. However, the maximum position errors could still reach tens of
meters (Figure 11). The north and east positioning errors could be reduced to less than 5 m
and that of the up direction can be reduced to less than 1 m by using the MC-BP algorithm
proposed in this paper. In detail, the maximum positioning errors in the north, east, and up
directions were 4.94 m, 4.68 m, and 0.30 m, respectively, for the MC-BP algorithm.
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Figure 10. Positioning errors of classical GNSS/INS integration algorithm during GNSS outages in

land experiment.
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Figure 11. Vehicle land experiment’s positioning errors of motion constraint algorithm (Motion
Constraint) and MC-BP algorithm: (a) north direction; (b) east direction; (c) up direction.
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The RMS values of the positioning errors for the vehicle land experiment during the
period when GNSS was interrupted are displayed in Table 4. It can be seen from Table 4
that the RMS values of the classical GNSS/INS integration algorithm were the largest.
When the motion-constrained GNSS/INS algorithm was added, the positioning accuracy
was improved by 73%, 64%, and 67% in north, east, and up directions, respectively. When
the proposed MC-BP algorithm was added, the positioning accuracy improved by 97%,
96%, and 93%, respectively.

Table 4. RMS values of positioning errors for vehicle land experiment (m).

Experimental Algorithm

Direction 3 . . .
Classical GNSS/INS Integration Motion Constraint MC-BP
North 42.750 11.305 0.955
East 48.362 17.457 1.554
Up 3.580 1.173 0.220

3.2.3. Analysis Results for the Marine Boat Experiment

The positioning errors of the classical GNSS/INS integration algorithm without con-
straints for the offshore experiment are shown in Figure 12. It indicates that the maximum
positioning errors for the east and north direction were 179.52 m and 226.64 m, respectively.
Similar to the vehicle land experiment, the maximum error occurred when the carrier
was turned. Figure 13 shows the positioning errors of the motion-constrained GNSS/INS
algorithm and the proposed MC-BP method. The maximum positioning errors using the
motion-constrained GNSS/INS algorithm in the north, east, and up directions were 8.32 m,
27.64 m, and 0.91 m, respectively. It can be seen that the proposed method has the best
performance. The maximum positioning errors of this method in the north, east, and up
directions were 1.82 m, 7.64 m, and 0.21 m, respectively.
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Figure 12. Positioning errors of classical GNSS/INS integration algorithm during GNSS outages in
offshore experiment.

The statistical results of the positioning errors for the offshore boat experiment during
the period when the GNSS signals were interrupted are displayed in Table 5. It can be
seen from Table 5 that the RMS values for the classical GNSS/INS integration are 26.443 m,
21.935 m, and 1.170 m in the north, east, and up directions, respectively. When the motion-
constrained GNSS/INS algorithm was introduced, the positioning accuracy for these three
directions could be improved by 64%, 26%, and 49% in the three directions, respectively.
When the proposed MC-BP algorithm is added, the positioning accuracy can be improved
by 96%, 91%, and 53%, respectively.
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Figure 13. Marine boat experiment’s positioning errors of motion constraint algorithm (Motion
Constraint) and MC-BP algorithm: (a) north direction; (b) east direction; (c) up direction.

Table 5. RMS values of positioning errors for offshore boat experiment (m).

Experimental Algorithm

Direction 3 . . .
Classical GNSS/INS Integration Motion Constraint MC-BP
North 26.443 9.485 0.954
East 21.935 16.090 1.979
Up 1.170 0.593 0.545

4. Conclusions

During GNSS outages, the motion constraints for GNSS/INS integration algorithms
have adaptability problems due to the complex state of vehicle motion. At the same time,
GNSS pseudo-measurement predictions from neural network algorithms inevitably have
outliers. With the aiming of solving these problems, a motion-constrained GNSS/INS
integrated navigation method based on a BP neural network was proposed in this paper. In
order to evaluate the performance of this method, simulated and real data experiments were
conducted on land and offshore. The positioning errors of the integrated navigation system
using the three solution strategies of a classical GNSS/INS integration algorithm, a motion-
constrained GNSS/INS algorithm, and the proposed MC-BP method were compared. The
experimental results show the following:

1.  Motion constraints were not only applicable for vehicles on land, but also for boats
when based on an appropriate constraint value.

2. For the vehicle land experiment, compared with the classical GNSS/INS integration
algorithm, the positioning accuracy values using the MC-BP method were improved
by over 90% in the north, east, and up directions. The improvement percentages were
larger than 64% compared with the motion-constrained GNSS/INS algorithm. Similar
performances were achieved by the offshore boat experiments.
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3. The RMS of the positioning errors with the MC-BP method in north, east, and up
directions are 0.955 m, 1.554 m, and 0.220 m when GNSS outages occur, and were
0.954 m, 1.979 m, and 0.545 m for the offshore boat experiment. By using the proposed
MC-BP method, meter-level-positioning results could be provided by the GNSS/INS
integration algorithm during GNSS outages.

In this paper, the velocity prediction was ignored, and a related model was not
established using the BP neural network to consider the vehicle state of motion. In the
future, a BP neural network based on a GNSS/INS adaptive integrated navigation method
considering velocity predictions should be studied further.
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