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Abstract

Pedestrian inertial positioning is an effective means when satellites fail.
Heading accuracy determines the performance of pedestrian inertial posi-
tioning. To realize an accurate positioning, a heading drift correction method
was proposed. An in-situ active rotation is performed before autonomous po-
sitioning, and the error compensation coefficient of biaxial geomagnetic
measurement is obtained by using the ellipse fitting correction method to
achieve effective suppression of external environmental geomagnetic interfe-
rence. The corrected biaxial geomagnetic measurement information is used to
directly calculate the heading information and combine it with the peak stride
detection method and linear step estimation model to achieve autonomous
positioning of pedestrians. To verify the effectiveness and stability of the al-
gorithm, several sets of experiments on the autonomous positioning of pede-
strians are carried out in an outdoor environment. The experimental results
show that the average deviation between the starting point and the endpoint
of the proposed algorithm’s positioning trajectory accounts for 0.95% of the
total travel in the 150 m positioning experiments.

Keywords
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Active Rotation, Geomagnetic Correction

1. Introduction

With the mature development of global satellite navigation technology, satellite

navigation systems can provide continuous, stable, and reliable position services

to users worldwide [1]. However, satellite navigation signals are susceptible to

interference and obscuration, and the need for navigation and positioning in
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underground, underwater and other obscured spaces is becoming increasingly
urgent [2]. Among these, autonomous positioning of pedestrians based on Mi-
cro-Electro-Mechanical System (MEMS) inertial/geomagnetic sensors has re-
ceived a lot of attention due to their small size, lightweight, and low cost. The
MEMS inertial/geomagnetic based pedestrian autonomous positioning consists
of two main architectures, a Strapdown Inertial Navigation System (SINS) + Ze-
ro Velocity Updating (ZUPT) system and a Pedestrian Dead Reckoning (PDR)
system. Although PDR has no special requirements for the installation position
of the sensor, the lack of effective observation of position, velocity, attitude, and
other information leads to large positioning errors in PDR, which makes it dif-
ficult to meet the actual application requirements [3].

The error sources of PDR mainly include step counting error, step length er-
ror and heading error, among which the continuous accumulation of heading
error will lead to rapid dispersion of positioning error. The current heading er-
ror correction methods can be divided into three categories, namely heuristic
correction method, zero-angle speed update correction method and geomagnetic
assisted correction method. Among them, the heuristic correction method is to
construct the heading angle error observation based on the linear motion pattern
of pedestrians, to estimate and correct the heading error in combination with the
Kalman filter method, as in the literature [4]. The zero angular velocity update
correction method is mainly based on the time period when the human body is
stationary or the foot is on the ground, and the correction of the heading angle is
achieved by constructing the heading angle error and the angular rate measure-
ment error since the heading angle is constant and the three-axis angular rate
output is zero, as in the literature [5]. The geomagnetic-assisted correction me-
thod achieves an accurate estimate of the pedestrian heading angle by fusing
geomagnetic and gyroscopic measurements, as in the literature [6], and the
well-known Mahony algorithm [7] and Madgwick algorithm [8].

In addition to the three methods mentioned above alone for heading error
correction, the combination correction scheme of multiple methods is increa-
singly favored by researchers. Xu Yulong et a/ [9] incorporated a zero-angle ve-
locity correction method based on the heuristic correction method, and the po-
sitioning error could be within 2%. Yu Pei et al [10] used heuristic correction
when the pedestrian moved in a straight line and geomagnetic-assisted correc-
tion when the pedestrian moved in a curve based on zero angular velocity cor-
rection, with an optimal positioning error of up to 0.3%. Li Dongyang et al [11]
also used a combination of zero-angle velocity correction and geomagnetic as-
sisted correction, and added geomagnetic interference detection on top of this,
with a positioning error of up to 0.8%.

After a comprehensive analysis, this paper proposes a two-axis geomagnetic
heading error spin correction method for autonomous pedestrian positioning,
which first calibrates the geomagnetic measurement error, then uses only the ca-
librated two-axis geomagnetic measurement information to solve the pedestrian

heading information, and finally combines motion period division and step es-
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timation to achieve autonomous pedestrian positioning. Unlike the existing
geomagnetic ellipsoid calibration algorithm [12], this paper constructs a pede-
strian spin geomagnetic calibration mechanism that enables the correction of
biaxial geomagnetic measurement errors at any time, at any place and in any en-

vironment.

2. Conventional Pedestrian Dead Reckoning Framework

The traditional pedestrian heading projection mainly uses the body-worn gy-
roscope and accelerometer to collect the angular and linear motion information
of the human body. After three steps of stride detection, heading solution and
step estimation, the human body position at the current moment is obtained re-

cursively based on the position at the previous moment, as shown in Figure 1.

2.1. Stride Detection

Due to the periodic nature of human movement, such as walking and running,
the model values of tri-axial acceleration will also show periodic characteristics,
so that stride detection can be achieved by counting the period of tri-axial acce-
leration modal values, the main detection methods are over-zero method, peak

method, and correlation method.

2.2. Heading Solutions

The heading solution can be divided into inertial and geomagnetic solution al-
gorithms. The inertial solution algorithm mainly uses the angular velocity in-
formation measured by the gyroscope to realize the real-time update of heading
information by approximating the quaternion differential equation or equivalent
rotation vector differential equation. The process of attitude update using the
equivalent rotation vector method is divided into three main steps: 1) solving the
equivalent rotation vector using the angular increment; 2) solving the change
quaternion using the equivalent rotation vector; 3) updating the attitude quater-
nion using the change quaternion to achieve attitude update.

The equivalent rotation vector of the form “single subsample + previous pe-
riod subsample” is given by:

1
CI)(T):Aa1+EAaO><Aa1 (1)
where, CD(T) denotes the rotation vector, Aq, denotes the angular increment

at the current sampling moment, Ae, denotes the angular increment of the

previous sampling moment.

3-axis Acc [P Strl(;le » Step-length
detction estimaton
Dead
Reckoning
3-axis Gyro Attitude updating

Figure 1. Conventional pedestrian dead reckoning framework.
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The attitude change quaternion solution formula is

Q(T)ICOS%-F%S"]% (2)

Attitude quaternion update:
Q(T)=Q(T ~1)°a(T) (3)

The solution of the heading angle can be achieved by converting the attitude
quaternion to an Eulerian angle.
Based on the geomagnetic sensor mounting axes shown in Figure 1, the fol-

lowing equation can be used to directly solve for heading angle information.

m,

w =arctan| —- (4)
mZ

where, i denotes the heading angle, m? denotes the geomagnetic measure-

ments in the y-axis in the carrier coordinate system, m’ denotes the geomag-

netic measurements in the z-axis in the carrier coordinate system.

2.3. Step-Length Estimation

The step length information of pedestrian movement is mainly estimated using
acceleration. Commonly used step length estimation models are constant value
method, linear model method, non-linear model method and neural network
method. In this paper, the linear model method will be used for the estimation of

pedestrian step length, as shown in the following equation:
L=k-(Jal™ ~Ja™) (5)

where, L denotes the step length, |a||max is the maximum value of the modulus

of acceleration in the three axes, ||a||mln is the minimum value of the modal

value of the triaxial acceleration, & is empirical constant, obtained by pre-fitting.

3. Two-Axis Geomagnetic Heading Error Correction
Algorithm

Due to the cumulative errors in the inertial attitude solution method, the
long-time attitude accuracy is low; the geomagnetic attitude solution method is
easily disturbed by the external environment and the stability is poor. In order to
achieve reliable long-time pedestrian heading information acquisition, this paper
proposes a two-axis geomagnetic heading error spin correction method, which
can significantly improve the accuracy and stability of geomagnetic attitude so-
lution by compensating external geomagnetic interference through the active
rotation of the human body.

According to the literature [12], the geomagnetic sensor output is modeled as:

h =CyCyo (C5|hr +Dby, )+bM Tén (6)

where, h, is the actual output of an uncalibrated geomagnetic sensor, h, is

r

the true magnetic field vector, C,, is a scaling factor, C,, is the non-orthogonal

DOI: 10.4236/jst.2023.132003

27 Journal of Sensor Technology


https://doi.org/10.4236/jst.2023.132003

Y. Zhang et al.

error matrix, Cg is soft magnetic interference, by, is hard magnetic interfe-
rence, b, iszero bias error, &, israndom noise.

Expanding the geomagnetic sensor output model above as:

h =K,h +b, +&, (7)
Ky =CuCioCy (8)
k_)m :CMCNObHI +bM ©)

Random noise can be eliminated by averaging multiple measurement, thus the

simplified geomagnetic sensor output model is:
h =K, h +b, (10)

The error compensation model for the geomagnetic sensor can be obtained

from the above equation as:
ht:Kr;l(hr_Em> (11)

The ellipse is fitted using the collected two-axis geomagnetic data, and the
general form of the ellipse is:
F(éo)=¢ETo
=ay® +bz® + 2cyz +2dy + 2ez + f (12)
=0
E=[a b c d e f ]T

T (13)
c:r:[y2 7° 2y1 2y 2z 1}

Once the elliptic parameter vector is obtained after the above equation, the el-
liptic equation can be obtained according to Equation (13). The elliptic equation

can be rewritten in the following form:

(X =X,) A(X = X,)=1 (14)
a c d
A= X, =—A" 15
< oma(l] a
By comparing Equations (12) and (14), it follows that

1\ 1

(KK
| (1e)

XO = Bm

4. Autonomous Pedestrian Positioning Method with
Self-Correction of Heading Errors

Based on the above sections, this paper uses a two-axis geomagnetic sensor and a
three-axis acceleration sensor mounted on the human chest or waist for auto-
nomous pedestrian positioning, and proposes an autonomous pedestrian posi-
tioning method with self-correction of heading error, the overall structure of

which is shown in Figure 2.
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3-axis Acc que > Step-lquth
Detction estimation
Dead
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2-axis Mag Mag error > H.eadn'lg
correction estimation

Figure 2. Architecture for autonomous pedestrian positioning methods with self-correction
of heading errors.

The steps of the pedestrian autonomous positioning method proposed in this
paper are as follows:

1) Adopt a two-axis geomagnetic heading error spin correction algorithm for
the compensation of geomagnetic error, Ze. the positioner needs to spin in place
for 3 to 5 revolutions, and use the collected two-axis geomagnetic sensor data to
fit the elliptical error compensation coefficient for the compensation of geo-
magnetic measurement error.

2) Filter and noise reduction and mode-taking processing of the three-axis
acceleration data collected from the human body. The collected tri-axial accele-
ration data is filtered and noise-reduced, mode-taking processed, and the step
detection is performed using the peak method, and the step length information
is estimated using a linear model.

3) The compensated dual-axis geomagnetic data is used to calculate the pede-
strian heading information.

4) The pedestrian position information at the current moment is derived from
the pedestrian position information at the previous moment, combined with the

pedestrian heading information and the step length information.

5. Experiment

To verify the effectiveness of the algorithm proposed in this paper, several sets of
experiments on autonomous pedestrian positioning were conducted using the
inertial/geomagnetic measurement system Ellipse-N developed by the French
company SBG. The index parameters of the Ellipse-N inertial/geomagnetic
measurement system are shown in Table 1, and the human wearing method is
shown in Figure 3.

The tester wore the inertial/geomagnetic measurement system on the chest in
the manner of Figure 3 and walked the route indicated in Figure 4 for a total
distance of 150 meters. In this case, the tester rotates in situ 3 times before the
movement, which is used to correct for geomagnetic interference errors.

During the experiment, the inertial/geomagnetic measurement system was
used to collect real-time three-axis acceleration, three-axis angular velocity and
three-axis geomagnetic field strength information of human motion with a sam-
pling frequency of 100 Hz. The acceleration, angular velocity, and geomagnetic
field strength data of one set of pedestrian autonomous positioning experiments

are shown in Figures 5-7.
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Figure 3. Inertial/geomagnetic measurement system human body wearing method.
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Figure 4. Pedestrian autonomous positioning experimental movement route.
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Figure 5. Three-axis motion acceleration data.

Table 1. Ellipse-N inertial/geomagnetic measurement system index parameters.

Index Accelerometer Gyroscope Magnetometer
Range +8g +1000°/s +6 Gauss
Non-linearity 1500 ppm 50 ppm <0.1% FS
Random noise +5mg 7°/h 3 m Gauss
DOI: 10.4236/jst.2023.132003 30 Journal of Sensor Technology
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Figure 6. Tri-axis motion angular velocity data.
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Figure 7. Tri-axis geomagnetic field strength data.

First, according to the collected tri-axial acceleration information for person-
nel stride detection and step estimation, this paper uses the peak method for
stride detection, Ze., detecting the local extreme values of tri-axial acceleration
mode values, in order to eliminate the influence of high frequency noise, a
low-pass filter with a cut-off frequency of 5 Hz is used to filter the tri-axial acce-
leration data, and the results of stride detection for some time periods are shown
in Figure 8.

From Figure 8, there are more anomalies in the peak method stride detection.
In order to filter out these anomalies, two constraints are set in this paper: 1) the
peak must be greater than 11 m/s% 2) the time interval between adjacent peak
points must be greater than 0.4 s.

After completing the cross-step detection, a linear step model was used to es-
timate the person step based on the extreme value of the accelerometer modulus,
and the coefficient K of the linear model obtained from the pre-fitting was 0.052.

Based on the collected acceleration, angular velocity and geomagnetic field

strength information, the motion heading angle is calculated using the algorithm
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Figure 8. Results of peak points detection.

proposed in this paper, the rotation vector algorithm, the heuristic heading algo-
rithm, the geomagnetic heading solution algorithm, the Madgwick algorithm
and the Mahony algorithm, where the rotation vector algorithm adopts the “sin-
gle subsample + previous period subsample”. The Madgwick algorithm has a
parameter a of 0.005 and the Mahony algorithm has a parameter S of 0.03.

The algorithm proposed in this paper requires the tester to actively rotate
prior to movement for geomagnetic measurement error compensation. The bi-
axial geomagnetic data during active rotation and the rotation-corrected biaxial
geomagnetic data are shown in Figure 9.

It is clear that the spin correction has suppressed the effect of hard magnetic
interference on the accuracy of the magnetic field measurement. In addition, the
flatness of the ellipse indicates the interference of soft magnetic errors, however,
the flatness of the biaxial geomagnetic fitted ellipse does not change significantly
before and after the correction, indicating that the geomagnetic measurement
errors exist currently are mainly hard magnetic errors. Therefore, the spin cor-
rection algorithm in this paper can better suppress the influence of external er-
rors on the accuracy of geomagnetic measurement, to obtain accurate personnel
heading information.

The heading information obtained by using the algorithm proposed in this
paper, the rotation vector binary-like algorithm, the heuristic heading algorithm,
the geomagnetic heading solution algorithm, the Madgwick algorithm and the
Mahony algorithm are shown in Figure 10.

Due to the lack of absolute heading reference information, it is impossible to
quantitatively evaluate the heading solution accuracy of various algorithms. In
the following, the heading information obtained by the algorithms in this paper
is used as a reference to calculate the average error of heading angle of the other
five types of algorithms relative to the algorithms in this paper, as shown in Ta-
ble 2, to achieve a quantitative assessment of the relative accuracy of each type of

algorithm.
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Figure 9. Results of dual-axis magnetometer correction.
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Figure 10. Six algorithmic heading solution results.

Table 2. The evaluation of relative accuracy for heading.

Magnetic Rotation . Heuristic
Mahony Madgwick
(rad) method vector (rad) method
a
(rad) (rad) (rad)
0.0242 -0.1847 0.0365 0.0983 0.0672

Based on the heading angle information calculated by the six algorithms, the
same step size model is used to recursively calculate the person’s movement tra-
jectory information in combination with the peak method stride detection me-
thod, as shown in Figure 11.

Due to the lack of reference of absolute position and absolute heading, the
deviation of the starting point and the ending point is used in this paper to eva-
luate the positioning accuracy of the algorithms. The total distance travelled in
this experiment was 150 m. The deviations between the starting and ending

points of the six algorithms are shown in Table 3.
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Figure 11. Results of motion trajectory during test.

Table 3. Six algorithms to locate track start and end point deviations.

Methods Deviation (m) Percentage
Rotation vector 4.54 3.16%
Heuristic method 7.66 5.17%
Madgwick 12.26 8.11%
Mahony 2.63 1.83%
Magnetic method 25.82 16.55%
Ours 1.93 1.28%

According to the positioning results shown in Figure 11 and Table 3, the al-
gorithms in this paper have higher positioning accuracy and better algorithm
stability. The comparison results of the positioning accuracy of each type of al-
gorithm are consistent with the comparison results of the heading solution ac-
curacy in Table 2. In the absence of any correction measures, the geomagnetic
measurement accuracy is easily disturbed by the external environment, causing
large heading and positioning errors. Since both the Madgwick and Mahony al-
gorithms solve the heading angle by fusing angular velocity and geomagnetic
information, they are also susceptible to the influence of external geomagnetic
interference. In this paper, by introducing a spin correction mechanism to cor-
rect the geomagnetic measurement information, the interference from the ex-
ternal environment is suppressed and the error accumulation problem of inertial
heading solution does not exist, thus providing higher heading solution accuracy
and positioning accuracy.

6. Conclusion

To address the heading error dispersion problem of autonomous pedestrian po-

DOI: 10.4236/jst.2023.132003

34 Journal of Sensor Technology


https://doi.org/10.4236/jst.2023.132003

Y. Zhang et al.

sitioning, this paper proposes a two-axis geomagnetic heading error spin correc-
tion method, which achieves effective suppression of external geomagnetic in-
terference by introducing active rotation before positioning, and then directly
solves to obtain accurate heading information, and combines stride detection
and step estimation to obtain the position information of the person. By com-
paring with five mainstream algorithms, the positioning accuracy of this algo-
rithm can reach 0.95% of the total travel. The comparison experiments show that
the algorithm has better geomagnetic interference suppression performance and
no heading error accumulation problem, which has great potential for solving
the positioning orientation problem in a satellite denial environment. In future
research work, the fusion of complex step estimation methods will be considered
to reduce the impact of step estimation errors on pedestrian autonomous posi-

tioning accuracy.
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