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Abstract: To solve problems of low positioning accuracy and long time-consuming in
indoor visible light three-dimensional positioning system, a visible light three-dimensional
positioning method based on the improved hybrid bat algorithm (IHBA) is proposed in this
paper. Firstly, some beacon points are set at the beginning of the IHBA to reduce the
number of iterations. Secondly, weight coefficient is defined to improve positioning accuracy
when the fitness function is constructed. Thirdly, aiming at controlling the search speed
reasonably, an adaptive search factor is introduced while the bat individual update formula
is designed. Finally, the chaotic perturbation operation is used to avoid the algorithm falling
into local optimum. In indoor simulation environment, the size of which is 5 m×5 m × 3 m,
the average positioning error of the IHBA is 1.16 cm and the positioning time is 1.85s. To
verify the actual effectiveness of IHBA, a receiver is placed in the experimental environment,
the size of which is 1.5 m × 1.2 m × 2 m. Through the optical power detected by the
receiver, the processor calculate its coordinates with IHBA. The average positioning error of
the IHBA is 3.64 cm and the positioning time is 0.89 s. The proposed algorithm has practical
application value in existing indoor positioning methods.

Index Terms: Visible light communication (VLC), 3D positioning system, improved hybrid
bat algorithm (IHBA).

1. Introduction
In recent years, location-based services have become a significant part of our daily lives. With the
rapid development of wireless communication networks and mobile devices, the demand for accu-
rate location-based services has been rising dramatically in many fields [1]. As a high-performance
positioning system, GPS is widely used in outdoor positioning and navigation. However, it is difficult
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for GPS to locate indoor targets with high precision because of the attenuation of satellite signal
intensity and shadow effect.

At present, various indoor positioning system have been proposed,for example, Wi-Fi [2], Wlan
[3], others positioning system [4]–[8] can satisfy the requirements of indoor positioning. However,
visible light communication (VLC) positioning system is becoming a research hot owing to its low
cost, low delay, high precision and anti-electromagnetic interference [9]–[12]. Positioning 3D static
target and 2D fast moving target are hot research directions so far [13]–[16]. Meanwhile, positioning
methods in VLC system include time-of-arrival (TOA), time-difference-of-arrival (TDOA), received
signal strength (RSS), and angle-of-arrival (AOA) [17], [18]. RSS is chosen as our research object
for its high positioning accuracy and low cost, which is also most widely investigated. Although
numerous visible light three-dimensional (3-D) positioning algorithms have been proposed, some
of them are still limited in application. In [19], the researchers used a single transmitter and multiple
tilt optical receivers. On the one hands, this method requires a large number of devices, on the
other hand, the limited power of LED makes it difficult to expand the positioning space. In [20],
neural network algorithm were applied into visible light positioning (VLP) system, which selected
the optimal number of hidden nodes to optimize the network. In [21], Deep learning model was used
in VLP system. In [22], Xu proposed the VLP system based on location fingerprint method, but it is
lack of experiment to support the idea. Based on ant colony algorithm [23], Wu integrated the error
repair factor into it, and the positioning system achieved the positioning error within 4cm. In [24], the
visible light positioning method based on improved genetic algorithm was proposed, which resulted
in a large positioning delay. In reference [25], Wang proposed an indoor VLC three-dimensional
positioning system based on immune algorithm. In [26], the visible light positioning method based
on bat algorithm was proposed, which achieved the rapid positioning. In [27], the authors built a
three-dimensional visible light positioning method based on chaotic particle swarm optimization.
Meanwhile, the fitness function was constructed merely by using the spacing between the receiver
and transmitter, which led to a reduction in positioning accuracy in the actual scene.

To solve the above problem, we propose an improved hybrid bat algorithm (IHBA). Firstly, some
beacon points are set to participate in the construction of initialization population. Then, weight
coefficient is defined to improve positioning accuracy in actual environment when the fitness
function is constructed. Besides, the adaptive search factor is introduced to control the search
speed reasonably. Finally, the chaotic perturbation operation is used to avoid the algorithm falling
into local optimum.

The rest of the paper is organized as follows. In section 2, the indoor VLC positioning system
model is introduced. In section 3, we discuss the IHBA in detail. In section 4, the simulation results
of different methods are compared. In section 5, we present the experimental design and the results
analysis of different algorithms. Finally, section 6 concludes the paper.

2. VLC System Model
The indoor visible light positioning system model is shown in Fig. 1(a), and the size of the room is
5 m × 5 m × 3 m. Four LEDs are evenly installed at the ceiling of the room and the coordinate of
them are (1, 1, 3), (4, 1, 3), (4, 4, 3), (1, 4, 3) separately. Meanwhile, considering that the height
of the general positioning equipment is about 1m, we selected three test points with a height of
1m. On this plane, point A is at the center, point B is at the edge, and point C is at the corner as
the points to be located, which is used to test the positioning error of IHBA, and the coordinates of
them are (2.5.2.5,1), (2.5,0.5,1), (4,4,1) separately.

Due to the long distance between LED and PD, LED can be regarded as Lambertian radiation
source. Using the Lambertian radiation model, the channel gain H(0) can be expressed as [28],
[29]:

H (0) =
{

(m + 1)APD

2πDd
2 cosm(φ)cos(ψ )g(ψ )T (ψ ) 0 ≤ ψ ≤ F OV

0 ψ > F OV
(1)
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Fig. 1. Visible light positioning model.

where APD is the effective receiving area of PD, Dd is the distance between transmitter (i.e. LEDs)
and receiver (i.e. PDs). φ and ψ represent the angle of irradiance and the angle of incidence
respectively. FOV is the field of view of the receiver. T (ψ ) denotes the gain of the optical filter and
g(ψ ) is the gain of the optical concentrator, and m is the Lambert index defined as:

m = − ln 2
ln cos�1/2

(2)

where �1/2 is the angle at half illuminance of the transmitter. The gain of the optical concentrator
g(ψ ) is defined as [30]:

g(ψ ) = n2

sin2(F OV )
(3)

where n is the reflective index of a lens at PD. The optical power received by PD is calculated as
follows:

Pr = Pt × H (0) (4)

where Pt represents the emitted power of the LEDs. In the VLC system, the noise component
consists of shot noise (σ 2

shot), thermal noise (σ 2
therma) and inter symbol interference (Prisi) [31].

The quality of the received signal can be reflected by the signal-to-noise ratio (SNR), represented
as

SNR = (RPrs)2

σ 2
shot + σ 2

thermal + (RPr isi )
2

(5)

where R represents the responsivity of the PD and Prisi is the average optical signal power received
by the receiver.

Currently, the horizontal normal of the transmitter and receiver was aligned, and it also was
perpendicular to the ceiling [32]. However, in actual environment, it is difficult to keep the transmitter
and receiver parallel. The system model is built under considering the tilt of the receiver, as shown
in Fig. 1(b). Then, the data calculated from the model is taken as the input of the algorithm to
calculate the coordinates of the positioning points.

3. Improved Hybrid Bat Algorithm
In IHBA, beacon points are set at the beginning of the algorithm to reduce the number of iterations.
Then the weight coefficient participates in the construction of fitness function to improve the
accuracy in actual environment. Considering the traditional bat algorithm is poor in search ability,
so we integrate the adaptive weighting factor, local frequency parameter and the chaotic algorithm
into bat algorithm. The mapping relationship between hybrid bat algorithm and 3D positioning is
shown in Table 1.
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TABLE 1

Mapping Relationship Between Improved Hybrid Bat Algorithm and Three-Dimensional Positioning

3.1 Initialize Parameters

The search space of IHBA is defined in the space of L × W × H , and the unit is meter. L, W and H
represent the length, width and height of the space respectively. The position coordinates (x, y, z)
of bats are constrained by three-dimensional space, which the range of x is[0, L], y is[0,W ], and z
is[0,H ]. In the initialization of IHBA, there are N populations, individual loudness of bat is a, pulse
emissivity is r. The maximum number of iterations is tmax.

3.2 Initialize Population Individuals

The complexity and stability of the algorithm is related to the number of initialized individuals.
At present, the first generation of population is often generated by means of randomly ini-
tialization in most literatures, such as [33] and [34]. This initialization method can easily lead
to sparse and uneven distribution of individuals. In response to this problem, some beacon
points are evenly set in the search space to guide the algorithm to quickly find the correct
search direction at the early stage of the iteration. The coordinate of which can be noted
( 1

4 L, 1
4W, 1

4 H ),( 1
4 L, 3

4W, 1
4 H ),( 3

4 L, 1
4W, 1

4 H ),( 3
4 L, 3

4W, 1
4 H ),( 1

4 L, 1
4W, 3

4 H ),( 1
4 L, 3

4W, 3
4 H ),( 3

4 L, 1
4W, 3

4 H ), ( 3
4 L,

3
4W, 3

4 H ),( 1
2 L, 1

2W, 1
2 H ).

Compared with the random distribution of all points during initialization [35], in the first iteration,
all bat individuals are more likely to search in a better direction.

3.3 Fitness Function

According to the system model, most of the existing literatures [23]–[27] take the difference
between the real distance of the location point and the estimated distance as the fitness func-
tion. Nevertheless, the fitness function constructed in the above literature does not consider the
influence of the interference factors in the actual environment. Therefore, the weight coefficient wi

is used to construct fitness function F.

F =
4∑

i=1

wi (Di − di )
2 (6)

wi =
1
di

1
d1

+ 1
d2

+ 1
d3

+ 1
d4

(7)

where Di is the true distance of the transceiver based on the coordinate difference, and di is the
estimated distance of the transceiver based on the channel model.

3.4 Parameter Update

The performance of the IHBA is related to three parameters, which includes the position information
of bats, velocity and frequency. The position update formula of the individual bat can be expressed
as:

xt+1
i = xt

i + vt+1
i (8)

Vol. 12, No. 5, October 2020 6802513



IEEE Photonics Journal Indoor High Precision Three-Dimensional Positioning System

where xt
i is the position of the i-th bat in the t-th iteration and vt+1

i is the velocity of the i-th bat at the
(t+1)-th iteration.

In order to control the flying direction of individual bats better, the local position information is
introduced to update the speed. Qi1 and Qi2 is the frequency parameter controlling the local and
global optimum flight direction respectively. For the sake of making the algorithm search quickly in
the early stage and accurately in the later, adaptive weighting factor wv, Qi1 and Qi2 are introduced
to build the speed frequency update formula, as follows:

V t
i+1

= wV t
i

+ rand1 ∗ Qi1(xpbest − xt
i
) + rand2 ∗ Qi2(xgbest − xt

i
)] (9){

Qi1 = Q1 max − k (Q1 max−Q1 min )
t

Qi2 = Q1 min + k (Q1 max−Q1 min )
t

(10)

wv = wv min + (wv max + wv min)St−1 (11)

where, V t
i+1

is the velocity of the i-th bat at the t iteration. and are the local and global optimum
position. Meanwhile, rand1 and rand2 are two random numbers that produce differences between
[0,1]. wv max and wv min are the maximum weight value and the minimum weight value, S is the
attenuation value.

3.5 Disturbing Operation

In this paper, the chaotic logistic map is used to perturb the probability of the generated solution.
Suppose rand3 is a random number generated between sets [0,1], If rand3 > rn is satisfied, the
position coordinates of each new individual are mapped according to the following rules:

1) Generating chaotic sequence by chaotic logistic map{zy |y = 1,2,3, . . . ,N}, chaos mapping is
defined as: {

zy = Rand ()
zy+1 = ηzy (1 − zy )

(12)

where, Rand() is the random number in the generation [0,1] interval, and η is the control factor
of chaos factor controlling the intensity of chaos.

Generate the disturbance value corresponding to each individual, the operation is expressed as
follows:

D(1 : y ) = 2(tmax − t )Rand (1 : y )/tmax (13)

where, D is the disturbance value generated, and (1 : y ) represents y individuals from 1 to y.
1) Only the position coordinates of the new individual are disturbed, and the remaining parame-

ters remain unchanged. The operation is expressed as follows:

popnew(1 : y ) = pbest (1 : y ) − D(1 : y ) + 2D(1 : y )z(1 : y ) (14)

where, popnew is the new individual after the disturbance.

3.6 Individual Selection Strategy

Suppose rand4 is a random number in the interval of set [0,1], If rand4>an and f(xnew)<f(xn) are
satisfied at the same time, the new solution generated by disturbing operation will be accepted.
Then, the pulse response r t

i and loudness at
i will be updated at the same time, the formula is

defined as follows:

r t+1
i = r0

i (1 − e−γ t ) (15)

at+1
i = εat

n (16)
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TABLE 2

Simulation Model Parameters

TABLE 3

Simulation Algorithm Parameter

where, r t+1
i is the pulse loudness value of the i-th bat at the t + 1 iteration, γ is the constant

coefficient of pulse rate, at+1
i is the response value of the i-th bat at the t + 1 iteration, and ε is the

attenuation coefficient of loudness.

3.7 Iteration Termination Condition

In this paper, the maximum number of iterations is regarded as the termination condition of the
algorithm. If the number of iterations does not reach the maximum number of iterations, repeat 3-6
until the number of iterations reach the maximum number of iterations.

4. Simulation Analysis
4.1 Feature Point Analysis

In Fig. 1, to prove the effectiveness of the IHBA algorithm, on the plane of 1m, center point A (2.5,
2.5, 1), edge point B (2.5, 0.5, 1) and corner point C (4, 4, 1) are selected to carry out the research.
The simulation model and algorithm parameters of positioning system are shown in Tables 2 and
3 respectively. Fig. 2 shows the iterative state of the center position and the change of fitness
function. The red point is the best individual in the current group and the blue point are candidates.
The proposed algorithm converges at the 15th generation. We get the result of location point A was
(2.5002, 2.4997, 0.9936) with error of 0.0065m. When the test point located at B, the algorithm
converges at the 14th generation. The result of location point B of (2.5026, 0.5063, 1.0086) with
location error is 0.011m. When the test point is located at C, the algorithm converges at the 18th
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Fig. 2. The location point at the center of the room (2.5,2.5,1), use the IHBA algorithm iterative search
in three-dimensional space. (a) The first generation of bat individual distribution. (b) The fifth generation
of bat individual distribution. (c) The state of convergence. (d) The fitness convergence curve.

Fig. 3. (a) The positioning error map with a height of 0.3 m, where the red point is positioning estimate
point and the blue point is positioning reference point. (b)The histogram of the error.

Fig. 4. (a) The positioning error map with a height of 0.9 m, where the red point is positioning estimate
point and the blue point is positioning, (b) The histogram of the error.

generation. The result of location point C is (3.9964, 3.9968, 1.0055) with the location error of
0.0073 m.

4.2 Positioning Analysis at Different Heights

To test the overall positioning efficiency of the algorithm, as Figs. 3, 4, and 5 show, on the plane with
height of 0.3 m, 0.9 m and 1.5 m, we select 81 positioning reference points evenly, whose interval is
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Fig. 5. (a) The positioning error map with a height of 1.5 m, where the red point is positioning estimate
point and the blue point is positioning reference point. (b) The histogram of the error.

Fig. 6. Convergence of fitness values under IHBA, BA, and MGA.

TABLE 4

Results of the Different Algorithms

0.5 m in length and width. The average positioning error on the corresponding plane are 1.48 cm,
1.17 cm, 0.83 cm respectively. Besides, the overall average positioning errors are 1.16cm.

To verify the performance advantage of our algorithm, bat algorithm (BA), modified genetic
algorithm (MGA) [24], chaos particle swarm optimization algorithm (CPSOA) [27] and the improved
hybrid bat algorithm (IHBA) are simulated in this paper. For fair, simulation are carried out in the
same environment, including room size, LED position, power and so on. At the same time, 81 test
points are selected on the plane with the height of 0.3 m, 0.9 m, and 1.5 m respect. A total of 243
test points participate in the test. Then, we set N = 100, tmax = 100, each algorithm runs 30 times.
The average is taken as final result. The change of fitness under different algorithms are shown
in Fig. 6. Table 4 shows the positioning results under different algorithm. The comparison results
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Fig. 7. Cumulative error distribution under IHBA, BA, MGA and CPSO algorithms.

show that the BA has a fast convergence speed and its convergence error is 6.23 cm at the 24th
iteration. But the positioning accuracy of BA is low due to the problem of local optimal solution. The
MGA converges at the 41st iteration with a positioning error of 4.52 cm, its accuracy of calculation
is higher than BA. Yet it has a slow convergence speed. The CPSO algorithm converges at the
28th iteration with a positioning error of 3.68 cm, which is better than MGA algorithm in calculation
speed and positioning accuracy. However, the IHBA proposed in this paper converges at the 16th
iteration, with a positioning error of 1.16 cm. The speed of calculation and positioning accuracy
are better than the other three algorithms compared. As we can see in Fig. 6, at the beginning of
implementation, because of the role of beacon point, the algorithm proposed can quickly find the
candidate solution with small fitness value at the first iteration. In this way, the number of previous
iterations can be reduced effectively. For the algorithm, it improves the positioning accuracy and
reduces the positioning time.Fig. 7 shows the accumulated distribution of positioning errors using
four algorithms. It can be seen from the Figure that 95% of the positioning error of the algorithm
proposed is within 1.938 cm, which is obviously superior to the algorithms of BA, MGA and
CPSOA.

5. Experiments and Results Analysis
5.1 Experiment Building and Parameter Setting

To verify the effectiveness of the proposed algorithm in the real environment. As shown in Fig. 8(a),
we built an indoor positioning system with the size of 1.5 m × 1.2 m × 2 m. Four LED luminaries
were installed on the top of bracket. The LED coordinates were (0, 0, 2), (1.5, 0, 2), (1.5,
1.2, 2), (0, 1.2, 2) respectively. The specific experimental parameters are shown in Table 5.In
experiment, PWM was chosen to send visible light information [36]. As show in Fig. 8(b), the
four LEDs transmitted PWM wave with the duty cycle was 4%, 8%, 12% and 20% respectively.
The DC switching power supply provided 12V voltage for LED, the multi-channel stabilized voltage
power supply cooperates with STM32F407 single chip microcomputer to realize the modulation of
LED optical signal. PIN photodiode circuit module was used as the receiver which received the
photoelectric signal in the space. After the signal filtered by STM32 using Kalman filter[37], the
IHBA was used to get the positioning coordinates.

In order to test the positioning error in the experimental system, three planes with the height of
0.45 m, 0.9 m and 1.35 m were selected at the interval of 0.45 m. In each plane, 42 experimental
sites were evenly selected and the width and length intervals were 0.2m. A total of 126 test points
participated in the test.
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Fig. 8. Visible light positioning experiment.

TABLE 5

System Model Parameters

5.2 Positioning Test and Results

In Fig. 9(a), (b) and (c) show the 3D positioning results at 0.45 m, 0.9 m and 1.35 m respectively.
The red star point is the actual positioning coordinate point, and the blue circle point is the
positioning coordinate point obtained by the algorithm.

The statistics of all test points in the three planes are shown in Fig. 10. As can be seen from
the Figure, the positioning error of the visible light positioning system using the IHBA is mainly
concentrated within 5 cm, accounting for about 88.9% of the total. The minimum positioning error
is 0.88 cm, and the maximum one is 6.97 cm. The overall average error is 3.64cm. This result
shows that IHBA has a better real location effect, reaching centimeter level.

Table 6 shows the mean value of plane positioning point error at the height of 0.45 m, 0.9 m and
1.35 m respectively. It can be analyzed from the data that the positioning error increases with the
decrease of the height, which is consistent with the simulation results. Because the decrease of the
height make the SNR of the receiver reduce, as a consequence of which, the positioning accuracy
also decreases due to poor signal.
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Fig. 9. (a)–(c) Experimental positioning results at the height of 0.45 m, 0.9 m, and 1.35 m.

Fig. 10. Histogram of experimental positioning error distribution.

TABLE 6

Experimental Positioning Error

TABLE 7

Results of the Four Algorithms Parameter

Then MGA and CPSO is compared with IBHA under the same experimental conditions. We
reproduced the algorithm from the compared literature and keep other hardware facilities in the
same. The distribution of test points is the same under different algorithm. The results are shown
in Table 7.

Compared with the MGA and CPSOA, the performance of IHBA in accuracy and speed has
been significantly improved. The positioning error of IHBA is reduced by 43.74% and 34.88%
respectively. The time required for positioning in STM32F407 single chip processor is 0.89 s.
Besides, the proposed algorithm takes less time to locate than the other two algorithms. It is shown
that IHBA can show a better performance in positioning.

Vol. 12, No. 5, October 2020 6802513



IEEE Photonics Journal Indoor High Precision Three-Dimensional Positioning System

6. Conclusion
An indoor VLC three-dimensional positioning system based on improved hybrid bat algorithm
(IHBA) is proposed in this paper, which improves the positioning precision and reduces the location
time. Considering that PD has a large tilt probability, we build a sensor tilt model, further optimized
it. Then, we use IHBA to calculate the optimal positioning solution in three-dimensional space
and verify its performance. Moreover, we compare IHBA with the existing VLC three-dimensional
positioning system. Simulation results show that the IHBA has higher positioning precision and
shorter convergence time. Finally, an experimental system was built to prove the efficiency of the
algorithm in actual scene, the size of which is 1.5 m × 1.2 m × 2 m. In the actual environment, the
average positioning error of IHBA is 3.64 cm with calculation time of 0.89 s. The result shows that
the proposed positioning system can be a promising solution for indoor positioning applications.
In the next step, we will explore the indoor 3D target positioning method considering the moving
speed.
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