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Abstract: Robustness is a key factor for real-time positioning and navigation, especially for high-
speed vehicles. While visible light positioning (VLP) based on LED illumination and image sensors
is widely studied, most of the VLP systems still suffer from the high positioning latency and the
image blurs caused by high-speed movements. In this paper, a robust VLP system for high-speed
vehicles is proposed based on a deep learning and data-driven approach. The proposed system can
significantly increase the success rate of decoding VLP-LED user identifications (UID) from blurred
images and reduce the computational latency for detecting and extracting VLP-LED stripe image
regions from captured images. Experimental results show that the success rate of UID decoding using
the proposed BN-CNN model could be higher than 98% when that of the traditional Zbar-based
decoder falls to 0, while the computational time for positioning is decreased to 9.19 ms and the
supported moving speed of our scheme can achieve 38.5 km/h. Therefore, the proposed VLP system
can enhance the robustness against high-speed movement and guarantee the real-time response for
positioning and navigation for high-speed vehicles.

Keywords: visible light positioning; high speed; deep learning; motion blur; diffusion blur

1. Introduction

Visible light positioning (VLP) is considered a promising technology for indoor posi-
tioning since it can simultaneously provide the functionalities of high-accuracy positioning
and illumination. In recent years, with the increasing applications of intelligent mobile
machines, such as mobile robots and automated guided vehicles, the potential applica-
tion of VLP is extended from human indoor navigation to machine navigation in indoor
environment, underground space or tunnels [1-3]. According to the devices for receiv-
ing light signal, current VLP technologies can be divided into two categories: image
sensor (IS)-based VLP or photodiode (PD)-based VLP. Compared with PD-based VLP sys-
tems [4-10], IS-based VLP is easier to implement or integrate with current mobile terminals
and mobile equipment, which are usually equipped with high-resolution complementary
metal-oxide-semiconductor (CMOS) sensor cameras. Taking advantage of high resolution,
complementary metal-oxide—semiconductor (CMOS) sensor cameras are utilized in most
of the VLP systems to receive the light signals transmitted from VLP-LED lamps and
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to obtain angle-of-arrival (AOA) information for position calculation with triangulation
functions [1,11,12]. Furthermore, with the wide use of CMOS sensor cameras, IS-based
VLP is easier to integrate with current mobile terminals and mobile machines.

Utilizing the rolling shutter effect of CMOS sensor cameras, image sensor-based (IS-
based) VLP systems usually receive ON/OFF light signals in time sequence as bright/dark
stripes in a captured image. Successful decoding the VLP-LED stripes can identify the
unique ID (UID) sent from VLP-LED lamps and then the precise position can be calculated,
while decoding failures will cause positioning failures. Positioning failures are harmful to
real-time positioning and navigation for moving objects, especially for high-speed appli-
cations. Once a position failure occurs, an IS-based VLP system needs to reacquire a new
image and retry decoding. As a consequence, the VLP system will introduce additional
positioning latency and cannot support real-time positioning for high-speed moving objects.
Therefore, the real-time performance of IS-based VLP depends not only on the positioning
time, but also on the positioning robustness (i.e., the success rate of positioning).

Most of the IS-based VLP systems focus on increasing the positioning accuracy or
reducing the positioning time to improve the real-time response for positioning [13-18].
Few researchers have begun to study the robustness problem of VLP systems, although it is
more critical for the practicality and availability of VLP systems, especially for high-speed
moving objects. Xie et al. proposed a proximity-based visible light localization LED-ID
detection and recalibration method to improve the robustness of their system by using a
machine learning approach (Fisher classifier or linear support vector machine) to increase
the success rate of identifying the UID of VLP-LED lamps from the captured images [19].
However, their work only considers the low-speed scenarios where the captured images are
not deteriorated by high-speed motion effects. Additionally, their system can only support
low-speed moving objects due to the high computational time. In fact, for high-speed
vehicles (e.g., autonomous vehicles in tunnels), IS-based VLP systems will encounter some
practical issues including motion blur, diffusion blur, etc. [20-22]. Motion blur or diffusion
blur caused by high-speed movement will deteriorate the quality of a captured image, as
well as the success rate of identifying or decoding the VLP-LED UID and then the accuracy
of the VLP system.

Since the traditional decoding algorithm is not effective for these blurred images,
in this work, a robust VLP system for high-speed vehicles is proposed based on a deep
learning (DL) and data-driven approach. First, a DL framework with an eight-layer batch-
normalized convolutional neural network (BN-CNN) is proposed to increase the success
rate of identifying VLP-LED UIDs from the captured image with motion blur caused by
high-speed movement. The batch normalization layer can accelerate the training of the
neural network and improve the generalization ability of it, as well as the recognition
accuracy of LED striped images [23,24]. Second, the DL framework is further trained to
identify VLP-LED UIDs from images with diffusion blur, which may be introduced by
out-of-focus blur due to rapid movement or smog in tunnels, etc. Third, a lightweight
fast region of interest (ROI) detection algorithm is proposed to decrease the computational
time of extracting the VLP-LED stripe image region from a captured image. Therefore,
the proposed VLP system is robust and fast for real-time positioning and navigation for
high-speed vehicles.

Experimental results show that the success rate of UID decoding using the proposed
BN-CNN model could reach 98.4% when the moving speed is larger than 6.9 km/h, re-
spectively, while that of the traditional Zbar-based decoder falls to 0. For diffusion-blurred
images, the success rate of UID decoding using the proposed BN-CNN model could reach
98.5% when the diffusion radius is larger than 4 pixels, while that of the traditional Zbar-
based decoder falls to 0. Moreover, the computational time for positioning is decreased to
9.19 ms and the supported moving speed of our scheme can achieve 38.5 km/h.

The rest of this paper is organized as follows. Section 2 introduces the system archi-
tecture, the proposed DL-based decoder with BN-CNN model, and the lightweight ROI
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detection algorithm of the proposed DL-based robust VLP system. The experimental setup
and results are shown and discussed in Section 3. Section 4 concludes the work.

2. The Proposed DL-Based Robust VLP Systems
2.1. System Architecture

As shown in Figure 1, the proposed DL-based robust VLP system mainly includes two
parts: the VLP-LED lamp as the visible light signal transmitter and the mobile terminal with
a VLP module equipped with a CMOS sensor camera as the visible light signal receiver and
position estimator. At the transmitter side, the unique ID (UID) of a VLP-LED lamp is first
encoded into an interleaved-two-five (ITF) codeword, which is further used to modulate
the VLP-LED lamp with on—off keying (OOK) modulation to transmit ON/OFF visible
light signals. The UID of each VLP-LED lamp is coded as a 4-digit decimal number, and
the number on each bit is independently coded as a 5-digit binary number. One frame
includes 20 data bits and 1 stop bit, and we use different modulation times to transmit
each bit of data. Since the modulation frequency of the ON/OFF signals is high enough,
it will not cause flickers perceivable to human eyes. In addition, the VLP-LED lamp with
this OOK modulation always shows horizontal stripes in the image because the exposure
sequence of CMOS image sensors is always top-down exposure line by line due to the
rolling shutter mechanism.
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Figure 1. The proposed DL-based robust VLP system.

The visible light signal is transmitted through an air channel. At the receiver side, the
transmitted visible light signals in time sequence are received with a rolling shutter CMOS
sensor camera as bright or dark stripes within the VLP-LED lamp region in a captured
image. A lightweight image processing algorithm is proposed to detect and extract the
RO], i.e., the VLP-LED stripe image, from the captured image quickly. The lightweight
fast ROI extraction can decrease the computational time of image processing as well as the
positioning latency. After that, the proposed DL-based decoder with BN-CNN is utilized to
identify the UID from the extracted VLP-LED stripe image region. The proposed DL-based
decoder is composed of BN-CNN with 8 layers and it can significantly increase the success
rate of identifying UIDs from captured images with high-speed motion blurs and diffusion
blurs. Therefore, the robustness of the proposed VLP system for high-speed vehicles can
be greatly improved. The proposed VLP system can also alleviate the problem of stripes
width variation caused by interference between the bright or dark stripes. Assuming
that the image captured contains the fringe images of two or more VLP LEDs, the image
preprocessing algorithm can be used to identify and cut out the fringe images of each VLP
LED, and then put them into BN-CNN successively to obtain the UID corresponding to the
VLP LEDs. Through the accurate decoding result of BN-CNN, we can use the triangulation
algorithm to accurately obtain the positioning coordinate of the vehicle in the system.
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2.2. The Proposed DL-Based Decoder with BN-CNN

For motion-blurred or diffusion-blurred VLP-LED strip images, conventional image
processing algorithms decode by screening the information of each pixel, which is severely
disturbed by blurred pixels, and the decoding success rate of conventional image processing
algorithms will be greatly reduced once clear imaging is not possible.

Compared with other models of deep learning, CNN can directly use the image as
the input of the network to establish the mapping relationship between the binary data
and the classification results. Therefore, we use CNN and add the Batch Normalization
layers which can effectively solve the vanishing gradient problem of CNN to build the VLP
decoder model. The convolutional neural network structure proposed in this paper uses
multilayer convolution to expand the perceptual field of feature data, so as to regionally
extract image features, overcome the interference of blurred pixels to information pixels
in motion-blurred and diffusion-blurred VLP images, and correctly classify the LED-UID
corresponding to the image with the training model to improve the recognition accuracy
of the VLP system for blurred images and solve the VLP system’s robustness problem
for application on high-speed moving vehicles. The advantage of the proposed BN-CNN
decoding in this work is the use of a batch normalization layer and a dropout layer to
prevent model overfitting. The batch normalization layer and dropout layer enable the
model to accurately identify LED images with different blur forms and different blur levels,
and improve the robustness of the VLP system in case of high-speed movement and image
sensor focus adjustment time delay.

As shown in Figures 2 and 3, the proposed BN-CNN model mainly includes 8 layers.

1. The first layer is the Input layer, which is read in VLP-LED stripe images with the size
of 800 x 800 pixels.

2. InLayer Convl, the convolutional layer uses 32 convolutional kernels of 3 x 3 size
with the step of (1, 1) to extract features and generate 32 feature maps. Let the input
array be X; and the output array be Yj, then, the convolutional layer performs the
extraction of feature maps according to the following equation.

Y;=bi+) WX (1)
j

where b; is the bias of the neuron, w ji is the weight of the neuron, and * denotes the
convolution operations.

After the feature mapping in the convolutional layer, we use zero to fill the edge pixels
of the 798 x 798 feature maps and obtain 32 feature maps with the size of 800 x 800.
A batch normalization layer is utilized to normalize the feature maps output from the
convolution layer and then the average value and variance of the feature maps are
limited to the range of [0, 1]. It helps accelerate the convergence speed of the proposed
BN-CNN model and improve the generalization ability of the model.

Here, the batch normalization layer introduces the mean and variance of each batch
into the convolutional neural network, while the mean and variance of different
batches are generally different. Therefore, the batch normalization layer is equivalent
to adding random noise to the process of convolutional neural network training,
which can play a role in preventing model overfitting. On the other hand, the batch
normalization layer adjusts the input of any neuron of the neural network to a stan-
dard normal distribution with mean 0 and variance 1, so that the input value of the
activation layer falls in the region where the nonlinear function is more sensitive to
the input, i.e., a smaller input change leads to a larger gradient change, which avoids
the vanishing gradient problem and speeds up the convergence of the neural network.
Further, with the excitation function of the RELU activating layer, the output of the
batch normalization layer is mapped nonlinearly into the max pooling layer in Layer
Convl. The max pooling layer uses a max pooling with the step of (2, 2) to calculate
and output the maximum value of the data corresponding to the sliding process of
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the polling window. The max pooling layer implements a separate dimensionality
reduction of each feature map to reduce the connection between layers, as well as
the amount of data to be computed and stored. It also reduces the risk of model
overfitting. After the max pooling layer, the size of the output feature map is reduced
to 400 x 400.

Layer Conv2 has a similar structure to that of Layer Conv1, while it employs 64
convolutional kernels of 3 x 3 size with the step of (1, 1) to further extract higher-
dimension features from the 32 feature maps generated by Layer Convl and to
generate 64 feature maps. After the batch normalization layer, RELU activation layer
and max pooling layer in Layer Conv2, 64 feature maps with the size of 200 x 200
will be generated for next processing.

In Layer M1, the dropout layer is introduced to randomly discardsome hidden neu-
rons to avoid overfitting of the training model. Through randomly discarding 50%
of hidden neurons during forward propagation, the dropout layer can reduce the
complex co-adaptive relationships between neurons and avoid relying on the link-
age relationships between neurons. As a result, the dropout layer can alleviate the
occurrence of overfitting and improve the robustness of CNN training. Additionally,
randomly discarding some neurons in the network is equivalent to averaging over
many different neural networks and it can significantly improve the generalization
ability of the CNN model.

After the dropout layer, the flatten layer transforms the 64 x 200 x 200 feature maps
into a 64 x 200 x 200 one-dimensional feature array, which will be fed into the fully
connected layer.

In Layer FC1, the fully connected layer uses 512 connected nodes to convert the
input feature array into 512 scored values, which are propagated forward to the batch
normalization layer. The batch normalization layer is used to adjust the input of the
RELU activation layer to a standard normal distribution, which can speed up network
training and prevent the vanishing gradient problem. The normalized scored values
are input into the RELU activation layer to add nonlinear factors into the neural
network, which makes the neural network can adapt to more complex problems.
Layer M2 only contains a dropout layer, which is used to further reduce the co-
adaptive relationship between the neurons of the neural network. There is no need
for adding a flatten layer between layer FC1 and layer FC2.

Layer FC2 uses a fully connected layer and a batch normalization layer, as in the
layer FC1. After the last fully connected layer with the number of connected nodes of
N, the feature values are finally output as N classification results corresponding to
N LED-UIDs.

Finally, we input the N classification outputs from layer FC2 to the Output layer. In
order to obtain the accurate results of the 9 classification outputs for backpropagation
and simplify the calculation of the loss function, we use softmax to calculate in the
output layer. The output layer uses a softmax classifier to convert the N classifica-
tion outputs into a classification percentage that sums to 1. The softmax classifier
equation is:

fv) = = @)

V; is the ith input signal in the output layer, the denominator indicates that there are j
output signals (neurons) in the output layer, and the exponential sum of all the input
signals in the output layer is calculated. f(V;) is the output of the ith neuron, and the
formula is used to calculate the probability distribution of the original input image
data after feature extraction of the convolutional neural network to finally obtain the
closest to each identifier. The probability distribution is then used in the classifier to
obtain the loss value L of the current model calculated according to Equation (3) to
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back-propagate the convolution kernel (weight matrix) of the optimized convolution
layer so that the loss value L keeps decreasing.

L= _ZYI' *logY; 3)
i

After the training process of continuous gradient descent, we obtain the BN-CNN
model that can classify the training set accurately, and the data of the test set are used
to obtain the classification probability of the test set images for the N identifiers through
the feature extraction of this model, and the string of identifiers is converted into the byte
code output, i.e., LED-UIDs, so as to achieve accurate recognition of the images of the
VLP system.
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Figure 2. Layers of the proposed BN-CNN model.
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Figure 3. Data dimension of the proposed BN-CNN model.

2.3. Lightweight Fast ROI Detection Algorithm for Extracting VLP-LED Stripe Images

In this paper, we propose a lightweight fast ROI detection algorithm to extract VLP-
LED stripe images. The proposed ROI detection algorithm searches the edges of VLP-LED
stripe image regions using a variable step size in a back-and-forth searching mode, instead
of column-by-column and pixel-by-pixel. The improved ROI detection algorithm can
reduce the time for detecting VLP-LED stripe image regions and speed up the VLP-LED



Photonics 2022, 9, 632

7 of 15

stripe image extraction. Therefore, the positioning speed of the proposed VLP system
can be significantly increased to provide real-time positioning for high-speed vehicles. As
shown in Figure 4, the details of the proposed algorithm are as follows.

1.  First, the captured image is scanned from left to right with an initial step length
(denoted as la, which is 9 pixels in this paper) to detect whether the column under
scanning contains enough number of bright pixels. If so, the column is inside a VLP-
LED stripe image region since the low exposure setting of the CMOS camera makes
sure that only the VLP-LED stripe image region contains bright pixels;

2. Then, from the “bright” column which is detected, we use a smaller step length, de-
noted as Ib, which is 1 pixel in this paper)to scan the image back and forth to precisely
determine the left edge and the right edge of the VLP-LED stripe image region;

3. Similarly, the upper edge and the lower edge of the VLP-LED stripe image region
can be determined. The VLP-LED stripe image can also be extracted, as shown in
Figure 5.

Upper edge

Figure 4. Lightweight ROI detection algorithm for extracting VLP-LED stripe image region.

Figure 5. The extracted VLP-LED stripe image.

Therefore, the computational complexity of detecting the VLP-LED stripe image region
can be reduced to a several-times-lower level depending on the value of the initial step
length (la). In theory, the lightweight fast ROI detection algorithm can increase the detection
speed by more than 9 times compared with the original pixel-by-pixel detection algorithm
by reducing the scanning of non-informative pixels.
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3. Experimental Results
3.1. Experimental Setup

A series of experiments were conducted to evaluate the performance of the proposed
robust DL-based VLP system for blurred images in terms of the success rate of UID
decoding and the computational time of decoding.

As shown in Figures 6 and 7, 9 VLP-LED lamps are installed on the roof of a shelf with
a height of 175 cm and a size of 181 cm x 181 cm. The VLP-LED lamps are 17.5 cm diameter
commercial LED lamps with our self-designed VLP modulator and the distance between
two nearby VLP-LED lamps is 62 cm. A Raspberry Pi 3B+ development kit (Raspberry
Pi Foundation, Cambridge, The United Kingdom of Great Britain and Northern Ireland)
with a 1600 x 1200 pixels CMOS camera is used as the VLP module to capture images
containing VLP-LED stripe images. The processor of the Raspberry Pi 3B+ development kit
is a Quad Core 1.2GHz Broadcom BCM2837 64bit CPU. The CMOS camera isOmniVision’s
0OV5647 CMOS image sensor chip equipped with a lens with a diagonal field of view (FOV)
of 60.6 degrees (Waveshare, Shenzhen, China).

Raspberry Pi 3B+
and expander unit

DL-based decoder
with laptop

Figure 7. Experimental environment andhardware.

For each VLP-LED lamp, the VLP module was placed at random positions around
and under the lamp in four orthogonal directions, and 50 images were collected for each
direction. We cropped the image to change the size of the input spots to improve the
robustness of the CNN model, which is heavily influenced by the training set, so as to
consider the light spot captured in more situations. Therefore, the image dataset used in
our experiments contains 50 x 4 x 9 = 1800 images. Note that all the 1800 images are clear,
without any motion blur or diffusion blur.
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In our experiments, Tensorflow gpu version 1.4.0 (Google Brain, Santa Clara Country,
CA, USA), Keras version 2.2.5 (Google, Santa Clara Country, CA, USA), CUDA version 10.0
(NVIDIA, Santa Clara Country, CA, USA) and cudnn version 7.6.4.38 (NVIDIA, Santa Clara
Country, CA, USA) were used for the training and testing of the proposed BN-CNN models.

3.2. Success Rate of UID Decoding for Normal Clear Images

We used 1440 VLP-LED stripe images (160 images per VLP-LED) as the train set to
train the BN-CNN model described in Section 2.2 and took the remaining 360 images as
the test set to evaluate the success rate of UID decoding of the proposed DL approach,
comparing with that of traditional decoding algorithms.

As shown in Figure 8, the loss value in the training set (denoted as train loss) and the
loss value in the test set (denoted as test loss) drop sharply after 10 epochs and converge
to 0.235 and 0.340 after 100 epochs. Meanwhile, the success rate of UID decoding in the
training set (denoted as train acc) and the success rate of UID decoding in the test set
(denoted as test acc) also reach 0.963 and 0.986 after 80 epochs and reach 0.999 and 0.992
after 100 epochs. The data in Figure 8 show that the proposed BN-CNN model has excellent
performances of high accuracy and fast convergence.
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Figure 8. Loss values and success rate of the proposed BN-CNN model.

The 1800 images in the dataset were also tested using a traditional UID decoder based
on Zbar [25], which is a popular open source software suite for reading barcodes from
various sources. The success rates of UID decoding using the proposed BN-CNN versus
that using the traditional algorithm are shown in Table 1. Since Zbar is a robust barcode
reader, the Zbar-based decoder can successfully identify the UID in the stripe images with
a rate of 99.9%, i.e., only two images cannot be correctly decoded. As for the proposed
BN-CNN, the success rate for training dataset is 99.9%, while the success rate for test
dataset is 99.2%. The average success rate of using the proposed BN-CNN is 99.7%, which
is close to that of the the Zbar-based decoder.

Table 1. The success rate of UID decoding using the proposed BN-CNN versus the Zbar-based decoder.

UID Decoding Method Success Rate
The proposed BN-CNN for 1440 images in train set 99.9%
The proposed BN-CNN for 360 images in test set 99.2%

Zbar-based decoder for 1800 images in data set 99.9%
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3.3. Success Rate of UID Decoding for Motion-Blurred Images

Motion blur is the blur seen in moving objects in a photograph or a single frame of film
or video. It happens because objects move and the image being recorded changes during
the recording of a single exposure, due to rapid movement or long exposure. Since the VLP-
LED lamps are usually fixed, while the VLP module is installed on a vehicle moving fast,
the high-speed movement will introduce motion blur into the images captured by the VLP
module. As shown in Figure 9, an example with moving speed of 5.0 km/h and the length
of movement in the image of 12 pixels is constructed to verify this phenomenon. To assess
the motion blur caused by high-speed movements with the system proposed in this paper
and make sure the moving speed of the vehicle is up to 38.5 km/h, we used Matlab’s 2-D
filter function to simulate the motion blur with different motion length in pixels and used
the vehicle speed detection approaches to evaluate the speed we need corresponding to the
length of movement in the motion blur images due to physical experimental equipment
limitations [26-28]. Using Equation (4), the speed of the vehicle was calculated with the
following parameters: focal length f = 3.37 mm, CMOS pixel size sy = 1.4 um, shutter
speed T = 3.4 ms, distance between vehicle and LED z = 175 cm. The estimation vehicle
speeds of the motion blur images were shown in Table 2.

_ zKsy

Tf

4)

Figure 9. The VLP-LED stripe images with a motion blur length of 12 in pixels.

As shown in Table 2 and Figure 10, motion blur in two directions (diagonal direction
and vertical direction to the stripes) with 21 kinds of motion blur lengths was introduced
into each image in the original dataset. Therefore, we have a total of 2 x 21 x 1800 = 75,600
motion-blurred images to test the robustness of the proposed DL-based VLP system. Note
that the motion blur length varies from 2 pixels to 15 pixels with 1-pixel increment and
from 15 pixels to 50 pixels with 5-pixel increment.
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Figure 10. The VLP-LED stripe images with motion blur in diagonal direction and vertical direction
to the stripes and with a motion blur length of 40 in pixels.

Table 2. The vehicle speed of the motion blur images using the vehicle speed detection approach.

Diagonal Motion Blur Length K (Pixel) vy (km/h)
2 15
3 2.3
4 3.0
5 3.8
6 4.6
7 5.4
8 6.2
9 6.9
10 77
11 8.5
12 9.2
13 10.0
14 10.7
15 11.5
20 15.4
25 19.2
30 23.1
35 26.9
40 30.8
45 34.6
50 38.5

As shown in Figures 11 and 12, for diagonal motion-blurred images, when the motion
blur length reaches 9 pixels, the success rate of UID decoding using the traditional Zbar-
based decoder falls to 0, while that of using the proposed BN-CNN model remains 98.4%.
Furthermore, the success rate of UID decoding using the proposed BN-CNN model remains
higher than 90.9% until the motion blur length reaches 40 pixels and it is still higher than
60.9% even when the motion blur length reaches 100 pixels. For vertical motion-blurred
images, when the motion blur length reaches 7 pixels, the success rate of UID decoding
using the Zbar-based decoder falls to 0, while that of using the proposed BN-CNN model
remains 98.4%. Additionally, the success rate of UID decoding using the proposed BN-CNN
model remains higher than 87.8% until the motion blur length reaches 40 pixels, and it is
still higher than 64.4% even when the motion blur length reaches 100 pixels.

To conclude, the proposed BN-CNN model is robust for VLP-LED stripe images with
motion blur introduced by high-speed movement, compared with the traditional Zbar-
based decoder. Note that the parameters of the proposed BN-CNN model used in this
experiment are the same as those used in the experiment described in Section 3.2, i.e., the
proposed BN-CNN model trained by clear images still has a high success rate for images
with heavy motion blur. It means that the proposed BN-CNN model has high robustness
and adaptivity for motion-blurred images, and then the robustness of IS-based VLP systems
is improved for high-speed vehicles.
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Figure 11. Success rate of UID decoding for diagonal motion-blurred images using the proposed
BN-CNN model versus that using the Zbar-based decoder.
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Figure 12. Success rate of UID decoding for vertical motion-blurred images using the proposed
BN-CNN model versus that using the Zbar-based decoder.

3.4. Success Rate of UID Decoding for Diffusion-Blurred Images

Diffusion blur is the blur caused by the camera being out of focus in a photograph
or a single frame of film or video. The image being recorded changes when the camera is
too late to focus because of the high-speed motion of the camera on the vehicle and the
focus delay of the camera. In this experiment, Matlab’s 2-D filter function was also used to
simulate the diffusion blur with different diffusion radius in pixels. As shown in Figure 13,
diffusion blur with 23 kinds of diffusion radius was introduced into each image in the
original dataset. Therefore, we have a total of 23 x 1800 = 41,400 diffusion-blurred images
to test the robustness of the proposed DL-based VLP system. Note that the diffusion blur
radius varies from 2 pixels to 20 pixels with a 1-pixel increment and 20 pixels to 40 pixels
with a 5-pixel increment.
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Figure 13. The VLP-LED stripe images with diffusion blur with a diffusion blur radius of 40 in pixels.

As shown in Figure 14, for diffusion-blurred images, when the diffusion radius reaches
4 pixels, the success rate of UID decoding using the traditional Zbar-based decoder falls
to 0, while that of using the proposed BN-CNN model remains 98.5%. Furthermore, the
success rate of UID decoding using the proposed BN-CNN model remains higher than
90.5% until the diffusion radius reaches 16 pixels and it is still higher than 58.5% even when
the diffusion radius reaches 40 pixels.

I
—e—The proposed CNN method
——Zbar-based decoder

Success rate of UID decoding

A s A A A b A A A
0 5 10 15 20 25 30 35 40

Diffusion blur radius (pixel)

Figure 14. Success rate of UID decoding for diffusion blurred images using the proposed BN-CNN
model versus that using the Zbar-based decoder.

To conclude, the proposed BN-CNN model is robust for VLP-LED stripe images with
diffusion blur introduced by focus delay of the camera in high-speed movement or smog
in tunnels, compared with the traditional Zbar-based decoder. Note that the parameters
of the proposed BN-CNN model used in this experiment are the same as before, i.e., the
proposed BN-CNN model trained by clear images still has a high success rate for not only
images with heavy motion blur, but also images with heavy diffusion blur. It means that
the proposed BN-CNN model has high robustness and adaptivity for both motion-blurred
images and diffusion-blurred images, and then improves the robustness of IS-based VLP
systems for high-speed vehicles.

3.5. Positioning Time

The positioning time of the VLP algorithm includes the computational time of ROI
detection and the computational time of UID decoding. In our experiments, we used
Windows 10 (Microsoft, Redmond, WA, USA) with Intel(R) Core(TM) i7-8550U CPU @
1.80 GHz and NVIDIA GeForce MX150 GPU (Lenovo, Beijing, China). As shown in Table 3,
the overall positioning time of the VLP algorithm based on Wiener image restoration [29]
and Zbar [25] is 99.54 ms, while the overall positioning time of the proposed DL-based VLP
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algorithm is reduced to 9.19 ms. The computational time of extracting a VLP-LED stripe
image region from a captured image is about 1 ms, while the computational time for each
UID decoding using the proposed BN-CNN model is about 8.18 ms.

Table 3. The time of the proposed DL-based robust VLP system.

Used Time of ROI Used Time of UID Overall Positioning

VLP Algorithm Detection (ms) Decoding (ms) Time (ms)
DL-based VLP 1.01 8.18 9.19
Zbar-based VLP 1.01 98.53 99.54

4. Conclusions

This work proposes a robust VLP system for high-speed vehicles based on a deep
learning and data-driven approach. The proposed DL-based decoder with a BN-CNN
model can increase the success rate of identifying (or decoding) VLP-LED UIDs from the
captured images with motion blur and diffusion blur caused by high-speed movement.
Furthermore, a lightweight fast ROI detection algorithm is also proposed to reduce the
computational latency for detecting and extracting VLP-LED stripe image regions from
the captured images. Experimental results show that the success rate of UID decoding
using the proposed BN-CNN model could be higher than 98% when that of the traditional
Zbar-based decoder falls to 0, while the computational time for positioning is decreased
to 9.19 ms and the speed of vehicles is 6.73 km/h. Therefore, the proposed VLP system
can significantly enhance the robustness against high-speed movement and guarantee the
real-time response for positioning and navigation for high-speed vehicles.
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