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Abstract: The demand for metro station rescue navigation is increasing. This paper presents an
improved particle filter to challenge the navigation problem in metro stations. A particle filter is
often used to estimate the position of pedestrians. However, the particle-impoverishment problem is
inevitable. To solve this problem, a dingo optimization algorithm (DOA) with global search ability
is introduced, and an improved particle filter called a dingo particle filter (DPF) is proposed. Dead
reckoning (DR) is taken as the system equation, and WiFi matching results are used as the observation
equation. The improved particle filter algorithm introduces a dingo optimization algorithm to
improve the diversity of particles and effectively reduce the particle-impoverishment problem. The
experimental results show that the average positioning accuracy is 1.1 m and 1.2 m.

Keywords: dead reckoning; WiFi; dingo optimization algorithm; dingo particle filter

1. Introduction

When a fire occurs in a subway station, knowing how to effectively improve the
progress and efficiency of disaster rescue while ensuring the safety of front-line rescuers
to the maximum extent is crucial, and this has officially become an urgent problem that
needs to be solved. Considering the complexity and diversity of the metro environment,
navigation technology provides efficient assistance to rescuers. Teng et al. presentd ioNavi,
a joint navigation solution that allows passengers to easily deploy indoor and outdoor
navigation services for subway transportation systems in a crowd sourcing way [1]. Jesus
and René proposed the use of inexpensive sensors in smartphones, either hand-held or
belt-mounted, to guide visually impaired people in two main test: subway stations and
commercial centers [2].

Unlike the outdoor open environment, the metro station environment is complex
and changeable, and the the underground nature of the environment blocks satellite
signals from entering the room. Many researchers are devoted to solving the metro station
navigation problem in the environment of satellite-signal rejection [3]. Each navigation
technology has advantages and disadvantages. The inertial navigation system does not
rely on external information and can continuously provide information such as carrier
position, attitude, and speed in real-time. However, due to heading drift, position errors
have a cumulative effect. The longer the run time, the greater the accumulated error
is. One solution is to use filtering algorithms to reduce accumulated errors [4]. The
other is to use multi-sensor fusion to solve the cumulative error problem of the inertial
navigation system [5–7]. WiFi navigation technology uses existing access points without
deploying additional infrastructure, which reduces the financial burden on developers and
consumers. WiFi navigation technology mainly includes wireless attenuation model [8] and

Electronics 2023, 12, 108. https://doi.org/10.3390/electronics12010108 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics12010108
https://doi.org/10.3390/electronics12010108
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-0987-1665
https://doi.org/10.3390/electronics12010108
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12010108?type=check_update&version=1


Electronics 2023, 12, 108 2 of 15

fingerprint-matching model [9,10]. The wireless attenuation model utilizes the attenuation
characteristics of wireless signals in an indoor environment to navigate according to the
received signal strength. The use of the wireless attenuation model needs to be modeled
in advance, but the metro station environment is complex and changeable. Inaccurate
models easily lead to the divergence of position errors. The fingerprint-matching model
estimates the location based on the similarity of fingerprints at different stages. The
fingerprint-matching model is divided into offline and online stages. In the offline phase,
the fingerprint signal of the navigation area is collected and the WiFi fingerprint database
is constructed. WiFi signals are collected during the online phase. The collected signals are
used to search for similar fingerprints in the fingerprint database, and the corresponding
positions are used as fingerprint-matching results. The fingerprint-matching model has
high robustness. Considering the low-cost requirement of metro station navigation, this
work studies a metro station navigation solution using inertial sensors and WiFi as signal
sources.

The rest of the work is organized as follows: Section 2 introduces the related work;
Section 3 introduces the navigation algorithm; Section 4 presents the experimental results;
Section 5 describes the contribution; and Section 6 concludes.

2. Related Work

Indoor navigation technology has developed rapidly over the past two decades. Nu-
merous scientific researchers have conducted in-depth research on indoor navigation
technology and proposed many solutions [11–16]. Indoor navigation technology is mainly
divided into two categories: infrastructure-free navigation technology and infrastructure-
based navigation technology.

Eric Foxlin used the static state at the time of foot landing as the observation of
the extended Kalman filter to reduce the cumulative error of pedestrian dead reckoning
(PDR) [4]. John Elwell used the zero attitude update (ZARU) to reduce attitude errors [17].
A.R. Jiménez integrated zero updates (ZUPT), ZARU, and heading drift reduction (HDR)
into Kalman filtering to further reduce the error [18]. Most of the building structures
are rectangular; Johann Borenstein used a binary controller to automatically adjust the
pedestrian direction deviation [19]. Although the Kalman filter, ZUPT, and ZARU can
reduce the cumulative-error growth rate, position errors increase with time. The long-
running inertial navigation system still cannot meet the navigation needs of the rescuers at
the metro station.

When the magnetic field in the navigation area is not disturbed by metal and elec-
tronic equipment, it can be used to calibrate the gyroscope and eliminate heading drift [20].
However, indoor spaces often contain a variety of metallic devices, which cause magnetic
field disturbances. Using the disturbing magnetic field to correct the inertial navigation
direction causes a large position error. Another solution is to introduce WiFi to solve
the cumulative error. WiFi fingerprint matching has no cumulative error and has com-
plementary characteristics with DR. The DR/WiFi fusion algorithm effectively improves
the positioning accuracy. Zengke Li proposed a constrained Kalman filtering positioning
method that combines the WiFi fingerprint with DR. In the WiFi/DR system, a robust
filter was used to eliminate the gross error under the constraint condition and improve
the robustness of the constraint model [21]. The authors of [22] used an extended Kalman
filter fusion WiFi fingerprint-matching algorithm to reduce the position error caused by
DR. Yu et al. [23] proposed an auxiliary particle filter (APF) to eliminate indoor pedestrian
navigation position errors. APF uses floor plans to effectively reduce the cumulative error
of DR. APF sets the weight of all valid particles to be equal, and it also sets the weight of
invalid particles to zero, which can easily cause the particle-impoverishment problem. As
the number of iterations increases, the number of high-weight particles decreases, which
leads to larger position errors.
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Inspired by the above work, this paper proposes DPF that combines inertial sensors
and WiFi. DR is used as the state equation of the particle filter, and the WiFi matching result
is used as the observation equation. To solve the particle-impoverishment problem in the
traditional particle filter, a dingo optimization algorithm is introduced. When the particle
weight is low, the dingo optimization algorithm is triggered to generate new particles to
replace the original particles. The diversity of particles is improved, and the positioning
error of the particle filter is reduced. To some extent, the DPF proposed in this paper is
very robust.

3. Algorithm Description

Figure 1 shows the structure of an indoor localization algorithm for a metro station.
The smartphone collects acceleration and angular velocity, which are used to estimate step
length and heading. We use DR to estimate the navigation position. In the offline phase,
the WiFi reference fingerprint database is constructed. In the online phase, the collected
WiFi is used to search for similar fingerprints in the fingerprint database. The K-weighted
nearest neighbors (KWNN) are used to estimate WiFi matching results. Finally, combining
DR and WiFi, DPF is proposed to improve navigation accuracy.

Angular velocity Acceleration

DR

WiFi

Fingerprint 

matching

Fingerprint database

WKNN

DPF

Navigation 

trajectory

DOA

Figure 1. The structure of the indoor localization algorithm.

3.1. Dead Reckoning

The triaxial acceleration and triaxial angular velocity collected by the smartphone
accelerometer and gyroscope are shown in Figure 2. The DR module consists of step length,
step counting, and direction estimation. During walking, the vertical displacement has
an approximate periodicity. We use the inverted pendulum model to calculate the step
length [24]. Step counting is calculated by using the peak-detection method to segment the
vertical acceleration [25]. When the gyroscope reads the angular velocity, the quaternion
vector is triggered to update. Then, we update the direction cosine matrix with the quater-
nion vector. Finally, the attitude angle based on the direction cosine matrix is obtained.
With heading, step length, and step counting, DR estimates the navigation position.
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Figure 2. Accelerometers and gyroscopes readings. (a) The three-axis acceleration. (b) The three-axis
angular velocity.

3.2. WiFi Fingerprint Matching

Fingerprint-matching algorithms usually include offline fingerprint database construc-
tion and online positioning stages. In the offline fingerprint database construction stage,
the spatial position of the navigation area is firstly measured by the laser rangefinder, and
then the fingerprint signal is collected at the reference point of the navigation area. The
spatial position and the corresponding fingerprint form a key-value pair and are stored in
the database. In the online positioning stage, the collected signals are matched with the
fingerprints in the database. The position corresponding to the best matching fingerprint is
usually used as the fingerprint-matching result. The WiFi fingerprint-matching algorithm
adopts the dynamic time warping algorithm, as shown in Algorithm 1.

Algorithm 1 Dynamic time warping for WiFi fingerprint matching

Input: The WiFi signal S with length n on the online stage and the WiFi fingerprint signal
Sdb with length m on the offline stage.
1. for k = 1 to n do
2. for i = 1 to m do
3. d(k, i) = (S(k)− Sdb(i))2.
4. End
5. End
6. D(1, 1) = d(1, 1).
7. for k = 2 to n do
8. D(k, 1) = d(k, 1) + D(k− 1, 1).
9. for i = 2 to m do
10. D(1, i) = d(1, i) + D(1, i− 1).
11. D(k, i) = d(k, i) + min([D(k− 1, i), D(k− 1, i− 1), D(k, i− 1)]).
12. End
13. End
14. Output: The WiFi fingerprint distance D.

3.3. Dingo Optimization Algorithm

Hernán proposed the dingo optimization algorithm in 2021, which was designed
according to the social behavior of the Australian dingo and has the advantages of strong
optimization ability and fast convergence speed [26]. The algorithm strategies include
group attack, persecution, scavenger, and dingoes’ survival rates.

(1) Group attack
When dingoes hunt large prey, they usually attack the prey in groups. Dingoes find

their prey and surround it, so the hunting behavior of dingoes is described as follows:
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−→x i(t + 1) = β1

na

∑
k=1

[−→ϕ k(t)−−→x i(t)]
na

−−→x ∗(t) (1)

where −→x i(t + 1) represents the new position of dingoes at the (t + 1)− th time; na repre-
sents a random integer generated in the invertal of [2, SizePop/2], where SizePop represents
the total size of the dingoe population; −→ϕ k(t) represents the subset of dingoes that will
attack; −→x i(t) represents the dingoes’ position at the t− th time; −→x ∗(t) represents the best
dingoes; and β1 presents a random number uniformly.

(2) Persecution
When dingoes hunt small prey, individual dingoes act directly rather than resorting to

group attacks. These prey are chased until individually captured. The behavior is described
as follows:

−→x i(t + 1) = −→x ∗(t) + β1 ∗ eβ2 ∗ (−→x r1(t)−
−→x i(t)) (2)

where β2 presents a random number uniformly; and −→x r1(t) represents the r1-th dingo
selected, where i 6= r1.

(3) Scavenger
Sweeping behavior is defined as finding carrion to eat when dingoes roam freely in

their habitat. This behavior is defined as follows:

−→x i(t + 1) =
1
2

[
eβ2 ∗ −→x r1(t)− (−1)σ ∗ −→x i(t)

]
(3)

where σ represents a binary number randomly generated.
(4) Dingoes’ survival rates
The dingo is at risk of extinction, mainly due to illegal hunting. In the DOA, the

dingoes’ survival rate value is calculated as follows:

survival(i) =
f itnessmax − f itness(i)
f itnessmax − f itnessmin

(4)

where f itnessmax and f itnessmin represent the best and worst fitness values, respectively,
and f itness(i) represents the i-th fitness value.

3.4. Dingo Particle Filter
3.4.1. State Model

Particle filters are based on Monte Carlo methods, use sets of particles to represent
probabilities, and can be used in any form of the state space model. The core idea is to
express its distribution by extracting random state particles from the posterior probability.
The equation of state describes the system state of the PF and is expressed as follows: [27].

Xk = f (Xk−1, Wk−1) (5)

where Xk represents the state at the k-th time; Xk−1 represents the state at the (k− 1)-th
time; and Wk−1 is the process noise of the system. When the system noise conforms to zero
mean and Q variance, the Gaussian distribution is expressed as

Wk−1 ∼ N(0, Q) (6)

Combined with the DR algorithm and the navigation direction and position informa-
tion, the state equation is written as [28]

Xk =

 Hk
xk
yk

 =

 Hk−1
xk−1
yk−1

+

 ∆H
SLk cos(Hk)
SLk sin(Hk)

+

 WH,k−1
Wx,k−1
Wy,k−1

 (7)
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where Hk represents the step length at the k-th time; [xk, yk]
T represents the position at the

k-th time;4H represents the change of direction; and
[
WH,k−1, Wx,k−1, Wy,k−1

]T
represents

the Gaussian noise of direction and position.

3.4.2. Observation Model

It is a common technique to use fingerprints for indoor navigation [29,30]. The
sequential fingerprint-matching algorithm is introduced in reference [31]. The observation
equation is written as follows:

Zk = h(Xk, vk) =

[
xwi f i
ywi f i

]
+

[
vx
vy

]
(8)

where [xwi f i, ywi f i]
T represents the positioning result of WiFi and [υx, υy]T represents the

corresponding observation noise.

3.4.3. The Particle-Impoverishment Problem

For the traditional PF, its main defect is the particle-impoverishment problem, that is,
with the increase in the number of filter iterations, the weights of most particles become
very small, and only a few particles have larger weights. As shown in Figure 3, from the
(k− 1)-th time to the k-th time, the number of particles with high weight decreases, and
the number of those with low weight increases. After many iterations, there are fewer and
fewer particles with high weight and more and more particles with low weight. Finally, the
posterior distribution of the particles cannot easily cover the whole state space. It can be
proved theoretically that the change of particle weight will increase with the passage of time,
so the particle-impoverishment problem is inevitable. The degree of particle degradation
can be measured by the variance of the particle weight. At present, the commonly used
standard is to measure the degree of degeneration of particles according to the number of
effective samples. Ne f f is defined as follows:

Ne f f =
N

1 + var
(
ωi

k
) (9)

where N represents the number of particles; var(·) represents variance.
Considering that formula (9) is difficult to calculate, and to facilitate the calculation,

the following definitions are usually used to approximately describe the degree of particle
degradation [32]

N̂e f f =
1

∑N
i=1
(
ωi

k
)2 (10)

where ωi
k represents the weight of the i-th particle at the k-th time.

The (k-1)-th time

The k-th time

Figure 3. Schematic diagram of particle degradation.
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3.4.4. Particle-Generation Technology Using Dingo Optimization Algorithm

The floor plan is used to detect if the particle is valid. If the particle goes over the
wall, it is considered invalid. For these invalid particles, we use the group-attack strategy,
the persecution strategy, and the scavenger strategy to generate new particles in DPF.
Considering the complexity of metro station navigation scenarios, we modified three
traditional predation strategies.

(1) Group-Attack Strategy in DPF
To improve the effectiveness of the group-attack strategy, we use a high-weight particle

set instead of the traditional arbitrary subset. Equation (1) is modified as follows:

 Hk
xk
yk

 = β1 ∗
N

∑
n=1

 Hh
k−1(n)

xh
k−1(n)

yh
k−1(n)

−
 Hk−1

xk−1
yk−1


N

−

 Hh
k−1

xh
k−1

yh
k−1

 (11)

where the superscript h represents high-weight particles.
(2)Persecution Strategy in DPF
To improve the performance of the persecution strategy, randomly selected particles

are replaced by high-weight particles. Equation (2) is modified as follows: Hk
xk
yk

 =

 Hk−1
xk−1
yk−1

+ β1 ∗ eβ2 ∗

 1
N

N

∑
n=1

 Hh
k−1(n)

xh
k−1(n)

yh
k−1(n)

−
 Hk−1

xk−1
yk−1


 (12)

(3) Scavenger Strategy in DPF
Using the high-weight particle mean instead of random particles to participate in

the scavenger strategy can generate higher-weight particles. Equation (3) is modified
as follows.  Hk

xk
yk

 = 0.5 ∗

eβ2 ∗ 1
N

N

∑
n=1

 Hh
k−1(n)

xh
k−1(n)

yh
k−1(n)

− (−1)σ ∗

 Hk−1
xk−1
yk−1


 (13)

DOA has a strong global search ability and selects populations with high fitness
to participate in the next generation of populations. Similar to this idea, high-weight
particles in a particle filter have more chance to participate in resampling, while low-weight
particles have less chance to participate in resampling. Therefore, DPF integrates the
advantages of both algorithms. Further considering the mismatch of WiFi fingerprints and
the accumulated error of DR, DPF adopts various strategies to generate new particles, which
can effectively improve the diversity of particles and improve the positioning accuracy
and robustness.

3.4.5. Resampling Technique

According to the Bayesian principle, the posterior distribution of system state can be
written as [27].

p(X0:k | Z1:k) ∝ p(X0:k−1 | Z1:k−1)p(Zk | Xk)p(Xk | Xk−1) (14)

It is difficult to solve the analytical solution of the posterior distribution of PF. Instead
of solving the analytical solution, the approximate solution has been well developed. A
large number of particles are used to approximate a posteriori distribution. To deal with
the problem of a posteriori distribution in sampling, a resampling technique is proposed.
Importance distribution is defined as

q(X0:k | Z1:k) = q(X0:k−1 | Z1:k−1)q(Xk | X0:k−1, Z1:k) (15)



Electronics 2023, 12, 108 8 of 15

The recursive importance weight of each generation of particles is calculated as fol-
lows [27]:

ωi
k ∝ ωi

k−1

p
(
Zk | Xi

k
)

p
(

Xi
k | Xi

k−1

)
q
(

Xi
k | Xi

0:k−1Z1:k

) (16)

In the improved particle filter, the effective particle weights are updated as follows:

ωi
k =

p
(
Xi

0:k | Z1:k
)

q
(
Xi

0:k | Z1:k
)

=
1

(2π)m/2|R| 12
e−[Z

∗−h(X̂k)]
T

R−1[Z∗−h(X̂k)]
(17)

where m represents the dimension of the observation equation; Z∗ =

[
xwi f i
ywi f i

]
and

h(X̂k) =

[
x̂wi f i
ŷwi f i

]
represent observations and estimated observations, respectively; and

R =
[
vx, vy

]T represents the Gaussian noise of the observation equation.

4. Experimental Results
4.1. Experimental Preparation

We choose the indoor environment as the test site, and the walking trajectories are
shown in Figure 4. The coordinate point (0,0) represents the starting position. Two smart-
phones were used in this experiment to collect WiFi, angular velocity, and acceleration.
Surveyors use a laser rangefinder to measure the location of a reference point in a Cartesian
coordinate system. Surveyors collect WiFi signals in the offline phase to create a database
of fingerprint locations. In the online phase, fingerprints are taken from the fingerprint
database and compared with the acquired signals. The corresponding position of the most
similar fingerprint is then used as the result of fingerprint matching.

0 2 4 6 8 10 12

X (m)

0

2

4

6

8

10

Y

(a)

0 10 20 30 40

X (m)

-10

-5

0

5

10

15

20

Y

(b)

Figure 4. Walking trajectories. (a) Trajectory A. (b) Trajectory B.

4.2. AP Distribution

The number of WiFi APs in the navigation area is between 20 and 45, as shown in
Figure 5. The number of APs is evenly distributed and can be used for WiFi fingerprint
matching.
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4.3. Particle-Weight Experiment

Figure 6 shows the distribution of DPF and PF particle weights. We choose the 60th and
120th steps as examples to illustrate the changes in particle weights. As can be seen from
the figure, PF has more low-weight particles, while DPF has fewer low-weight particles.
The main reason is that DPF introduces DOA. Through the three strategies of group attack,
persecution, and scavenger, low-weight particles absorb some high-weight particles, and
low-weight particles migrate to high-weight particles. The particle-weight experiments
show that the particle-impoverishment problem is effectively alleviated.

0

0.2

210

P
ar

ti
cl

e 
w

ei
g
h
t 

Particle weight of PF

Y (m) X (m)

0.4

0
8

-2

The steps = 60

(a)

0

0.2

110

P
ar

ti
cl

e 
w

ei
g
h
t 

Particle weight of DPF

Y (m) X (m)

0.4

0
8

-1

The steps = 60

(b)

0

10

0.2

6

P
ar

ti
cl

e 
w

ei
g
h
t 

Particle weight of PF

Y (m) X (m)

5

0.4

8
4

The steps = 120

(c)

0

10

0.2

5.5

P
ar

ti
cl

e 
w

ei
g
h
t 

Particle weight of DPF

Y (m)

5

X (m)

0.4

8 4.5
4

The steps = 120

(d)

Figure 6. Particle weight experiment. (a) The 60th step. (b) The 60th step. (c) The 120th step. (d) The
120th step.
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4.4. Comparison of PF and DPF

It is challenging to determine the navigation position precisely because PF is prone to
the particle-impoverishment problem during the resampling procedure. DPF effectively
increases particle diversity by generating new particles using three mechanisms. Figure 7
illustrates how the position error of DPF is less than that of PF. If a particle weight is low,
DOA is used to generate a new particle. The position error is decreased by addressing the
particle-impoverishment problem and enhancing the diversity of particles.
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Figure 7. Position errors for DPF and PF.

4.5. Walking Experiment
4.5.1. Walking Experiment A

To verify the performance of the algorithm, an adult male with a smartphone walked in
a predetermined navigation area at a normal walking speed. Figure 8 shows position errors
of different algorithms for DR, WiFi, and DPF under four smartphone modes. Overall,
the average errors for DR, WiFi, and PDF are 18.7 m, 1.3 m, and 1.1 m, respectively. The
DR position error increases with time due to accumulated errors. In the initial stage of
navigation, the DR error is small; with the increase in time, the navigation error increases
continuously, and the position error is great than 50 m when walking for 2 min. There is
mismatching in WiFi fingerprint matching, which is mainly due to the multi-channel effect
and reflection effect of WiFi wireless signals. Combined with DR and WiFi fingerprint
matching, the optimal positioning performance belongs to DPF.
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Figure 8. Cont.
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Figure 8. Position errors with different modes. (a) Position errors with calling mode. (b) Position
errors with dangling mode. (c) Position errors with handheld mode. (d) Position errors with
pocketed mode.

Figure 9 shows the cumulative distribution function (CDF) of errors for different algo-
rithms. As can be seen from the figure, the maximum positioning error is obtained by DR,
and the minimum positioning error is obtained by DPF. DPF combines the inertial sensor
and the WiFi data. Compared with DR and WiFi matching, DPF combines the advantages
of the high short-term accuracy of DR and no cumulative error of WiFi, effectively reducing
positioning errors. To solve the particle-impoverishment problem, this paper proposes a
particle-generation technique using DOA. The improved algorithm effectively improves
the diversity of particles and the posterior distribution of particles and further improves
the positioning accuracy.
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Figure 9. CDFs of errors with different modes. (a) CDFs of errors with calling mode. (b) CDFs
of errors with dangling mode. (c) CDFs of errors with handheld mode. (d) CDFs of errors with
pocketed mode.
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4.5.2. Walking Experiment B

Figures 10 and 11 show position errors and CDF for APF [23] and DPF, respectively. In
the four modes, the average errors of the two algorithms are 4.3 m and 1.2 m, respectively.
DPF uses DR as the state transition equation and WiFi matching results as the observation
equation. In addition to the new particles generated by DR, DPF also generates new parti-
cles using DOA, increasing the diversity of particles. The dingo survival rate strategy can
effectively reduce the invalid particles in the particle filter to participate in the generation
of new particles.
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Figure 10. Position errors with different modes. (a) Position errors with calling mode. (b) Position
errors with dangling mode. (c) Position errors with handheld mode. (d) Position errors with
pocketed mode.
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Figure 11. CDFs of errors with different modes. (a) CDFs of errors with calling mode. (b) CDFs
of errors with dangling mode. (c) CDFs of errors with handheld mode. (d) CDFs of errors with
pocketed mode.

5. Contributions

Particle filters have been widely used to filter out navigation position errors and
improve positioning accuracy. However, after resampling particles many times, there are
fewer and fewer high-weight particles, and the particle-impoverishment problem arises.
To solve that problem, this work introduces DOA. The main innovation is the design of a
group-attack strategy, a persecution strategy, and a scavenger strategy. The particle search
space is expanded, the diversity of particles is increased. The navigation performance of
rescuers in metro stations is effectively improved. Another innovative point is that the
solution uses inertial sensors and existing access points, does not need to deploy additional
infrastructure, and has the advantage of low cost.

6. Conclusions

Based on the navigation needs of rescue personnel in subway stations, this paper
studies indoor navigation and positioning. Aiming at the problem of the cumulative
error of DR and the mismatch of WiFi fingerprint matching, combining DR and WiFi,
DPF is proposed, which can effectively improve the positioning accuracy. One of the
advantages of this algorithm is that it provides a low-cost, high-accuracy indoor navigation
and positioning solution.

In the improved PF, DOA is used to generate new particles. Unlike the particles
generated by the system equation, the particles generated by DOA have no cumulative
error, which improves the diversity of particles and alleviates the particle-impoverishment
problem. DPF improves the estimation accuracy with higher efficiency.

However, when the positioning area is large, the construction and maintenance of the
WiFi fingerprint database requires time and effort. Knowing how to reduce the burden of
construction and the maintenance of the fingerprint database is a topic worthy of further
study. PF has a large amount of calculation and has certain requirements on the hardware
of the smartphone. Exploring possible ways to reduce the computational complexity of PF
is another topic worthy of study.
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Abbreviations
The following abbreviations are used in this manuscript:

DOA Dingo optimization algorithm
DPF Dingo particle filter
DR Dead reckoning
PDR Pedestrian dead reckoning
ZARU Zero attitude update
ZUPT Zero update
HDR Heading drift reduction
WKNN K-weighted nearest neighbors
EKF Extended Kalman filter
DPF Dingo particle filter
PF Particle filter
RMSEs Root mean square errors
APF Auxiliary particle filter
CDF Cumulative distribution function
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