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Abstract: The traffic sign detection algorithm based on Faster Region-Based Convolutional Neural
Network (R-CNN) has been applied to various intelligent-vehicles driving scenarios. However, the
model of the current detection algorithm has certain shortcomings, which include the influence of
weather and light, the detection of distance traffic signs, and the detection of similar traffic signs. To
solve these problems, this paper proposes an improved traffic sign detection method based on Faster
R-CNN. First, we propose a fusion method that fuses the feature pyramid into the Faster R-CNN
algorithm. This fusion method can extract object features with precision and decrease the influence of
weather and light. Second, a deformable convolution (DCN) which can train the algorithm to identify
traffic signs with precision and make similar signs more distinguishable, and in particular make it
work better with distorted images, is added to the backbone network. Lastly, we apply ROI align to
replace the ROI pooling, which can avoid the distant traffic sign detail loss caused by pooling and
increase the detection precision of distant traffic signs. The experimental results on both the TT100k
dataset and real intelligent vehicle tests demonstrate that the algorithm is superior to the original
Faster R-CNN algorithm and four other state-of-the-art methods in traffic sign detection, specifically
in small-target traffic sign detection and low-intensity environments such as sunset time and rainy
days. Therefore, the proposed method is helpful to improve the traffic sign detection performance in
extreme environments (low-light intensity or rainy weather).

Keywords: intelligent vehicle; traffic sign detection; Faster R-CNN; ROI align technology; region
proposal network

1. Introduction

Traffic sign detection technology uses an on-board camera to perform traffic sign image
detection in real time and provides accurate traffic sign information to vehicle drivers [1,2].
It ensures the safety of vehicles on the road by properly detecting traffic signs while guiding
running vehicles, thereby reducing the number of traffic accidents [3,4]. Therefore, research
on traffic sign detection methods is of great significance. Traffic sign detection techniques
have received wide attention. A large number of researchers are dedicated to the research
and development related to traffic sign detection driving assistance technology. They
apply computer science, traditional image fusion, as well as neural network methods for
traffic sign detection, and have made various achievements. However, these methods have
some shortcomings, such as poor real-time performance and a low accuracy of traffic sign
detection [5-10]. In the case of actual road conditions, traffic sign detection is a challenging
task. The main challenges to be tackled in this regard are as follows: (1) various types of
traffic signs with different shapes, colors, and sizes [5,6]; (2) environmental changes such as
weather, light, and background interference [7,8]; and (3) camera vibration. Owing to such
complex factors, the current traffic sign detection method does not provide satisfactory
accuracy and real-time operation [9], thereby making it unsuitable for the development of
intelligent vehicles.

Traffic signs are crucial components of road infrastructure and provide key information to
drivers [11]. This information is required by drivers to comply with driving safety regulations
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and to ensure their safety. The inability to accurately detect traffic signs in real time can cause
several problems in unmanned driving. Therefore, the robustness, accuracy, and real-time
performance of traffic sign detection methods are crucial, and the related research on traffic
sign detection warrants more attention. Faster Region-Based Convolutional Neural Network
(R-CNN) has a high detection accuracy, making it suitable in the task of traffic sign detection,
which requires a high detection accuracy. To further improve the detection accuracy, this
study improved the traffic sign detection network based on the Faster R-CNN algorithm. The
improved algorithm was verified on the traffic sign dataset, TT100K [12]; it yielded a good
detection effect, with an 8% performance improvement.

In this study, the following improvements were made to the Faster R-CNN: (1) feature
pyramid fusion was performed for the Faster R-CNN algorithm; (2) ROI pooling was replaced
with ROI align; and (3) deformable convolution (DCN) was added to the backbone network.

2. Related Works

Traffic sign detection algorithms can be mainly divided into three categories: algo-
rithms based on (i) color features; (ii) shape features; and (iii) deep learning.

Methods based on color features mainly segment the color feature regions of the image,
and then classify them with the classifier. In 2009, Xie et al. [13] used the method of edge
information combined with local color change, which can detect traffic signs under different
scales and lighting conditions. In 2012, Yi Yang et al. [14] proposed a two-stage algorithm,
which first converts the input image into a probabilistic model, extracts the features, and
then uses an integral channel feature to eliminate the error. This significantly improves
the real-time performance while maintaining the detection accuracy. Although methods
based on color features have made certain progress in real-time operation and accuracy, the
detection results are easily affected when the visibility of traffic signs is affected by complex
conditions such as lighting and rain. Particularly, with faded and damaged traffic signs,
the detection effects of the algorithm may be significantly reduced and result in missed and
erroneous detection.

Methods based on shape features mainly extract the shape features of the entire image,
and then combine them with the classifier to detect the traffic signs. However, their detection
speed is extremely low. The Hough transform is frequently used in the detection of traffic
signs. It can extract geometric shapes, such as straight lines, from images. However,
this method is operation-intensive, thereby yielding an unsatisfactory performance in
real-time. In 2005, Garcia [15] used the Hough transform to detect traffic signs under
limited conditions in a certain area. Their method reduces the number of operations. In
2013, Boumediene et al. [16] used a traffic signs coding gradient to obtain selected corners;
they detected symmetrical lines with corner coding and successfully transformed triangle
detection into line segment detection, which significantly reduced the missed detection rate
of the algorithm. Although the methods based on shape features are satisfactory to a certain
extent, occluded or damaged traffic signs reduce the accuracy and real-time performance of
the detection if the method extracts the shape features of traffic signs.

When AlexNet [17], a CNN, won the championship in the ImageNet image detection
competition, the excellent performance of the CNN attracted the attention of several
researchers who conducted a considerable amount of research on deep learning detection
algorithms. Compared with the conventional method, which extracts features manually, the
deep learning method is more representative because it automatically learns the features
that can reflect the differences of the data through a large amount of data. Moreover, for
vision detection, the features hierarchically extracted by the CNN are similar to those
extracted by the human vision mechanism, and both executed from an edge, to a part,
and to the whole [18]. There are two types of object detection methods based on deep
learning—one is based on the candidate region and focuses on the detection accuracy,
whereas the other is based on the regression domain and focuses on the detection speed.

The detection method based on the candidate region is also known as two-stage
algorithm because the task of image detection is divided into two stages. In this study, the
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R-CNN [19] series algorithm was selected as the representative of the two-stage algorithm.
First, the R-CNN algorithm proposes that the detection process should be divided into two
steps. The first step uses the selective search method to extract a region that may contain the
target object, and then the classification network is run on these regions (the best AlexNet
are selected in the R-CNN at that time) to obtain the category of objects in each region.
However, Fast R-CNN [20] optimizes the model to improve its slow detection speed. In this
research, it is proposed that the basic network should be transferred into the R-CNN sub-
network after it is run on the images as a whole, sharing most of the operations, and thereby
significantly improving the detection speed. As a representative algorithm of the current
two-stage detection method, Faster R-CNN [21] replaces the selective search algorithm
with the region proposal network (RPN) for the detection task to be completed end-to-end
by the neural network. The R-CNN algorithm is required to train three models, including
candidate region, classification, and regression, which requires extensive computation. The
RPN effectively avoids this problem and improves the detection speed of Faster R-CNN.

The detection method based on regression domain is also called one-stage algorithm
because the object detection task involves a single step. The one-stage algorithm obtains
the predictive results directly from the images, thereby eliminating the detection process of
the intermediate candidate regions. The YOLO algorithm converts the detection task into a
complete end-to-end regression problem, and the classification as well as the location of
the target object can be simultaneously obtained after processing the images only once [22].
SSD (single-shot object detector) [23] is a typical method based on candidate regions. In
SSD, a method of multi-scale feature map extraction is proposed to improve the detection
effect of the algorithm for the problems of small-size targets. For instance, the author of
YOLO drew lessons from some ideas of SSD and proposed various methods for improving
YOLO in YOLOvV2 [22]. To improve the low accuracy of small-target detection, YOLOv3
was proposed [24] based on YOLOV2. The proposed multi-scale network structure further
improved the detection ability of the network algorithm for small target objects. Moreover,
YOLOv3 was improved based on the feature extraction network of Darknet-19, which
deepens the original network by drawing lessons from the idea of residual network,
ResNet [25]. A novel feature extraction network, Darknet-53 [26], which significantly
improves the detection accuracy and can maintain excellent detection speed, was proposed.
YOLOVS5 is the state-of-the-art technology based on the YOLO series, which was published
in 2020 [27]. The experimental results indicate that YOLOV5 outperformed the previous
model. YOLOV5 obtained a 4.30% increment of detection accuracy. In this paper, we also
conduct the compared experiments by using the YOLO series method and SDD.

In [28], the authors apply guided image filtering to each query image and then remove
the fog and haze of the scenarios. Furthermore, the query image is input to CNN for
traffic model training. Similarly, traffic sign recognition (TSR) is mainly used to detect the
shape and color of traffic signs [29]. The traffic signs classification is also recognized by
the shape and color. Some methods improve the detection accuracy by improving some
key points of the classical method. For example, ROI pooling is at the core of CNN-based
sign detection [30]. However, ROI pooling suffers from the detail loss and decrease in the
detection accuracy. To solve this problem, He Kaiwen et al., in 2017, proposed the mask
R-CNN [31] algorithm. In this algorithm, He Kaiwen proposed the ROI align method,
which adopted the bilinear interpolation method to preserve the floating point number
and improve the detection accuracy of the network. After analyzing the limitations of
ROI pooling and the solution of ROI align, this study uses ROI align to replace the ROI
pooling module in the Faster R-CNN, thereby avoiding the quantization loss in the original
ROI pooling module and improving the detection accuracy of traffic signs in the network.
Similarly, Zhu et al. made use of YOLOVS5 to detect traffic signs., and concluded that it may
perform better than SSD by using the traffic sign recognition (TSR) dataset [32].

From the literature revised above, we can summarize that the main problems in the
research and application of the traffic signs detection algorithm are as follows [13-32].
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(1) Owing to the influence of weather and light, the image quality collected by the on-
board industrial camera is non-uniform and the environment of various road sections
is changeable. Therefore, the detection algorithm is required to be highly robust.

(2) Different types of traffic signs can have similar characteristics. Additionally, in the
case of vehicles on highways, the collected images are blurred and distorted, which
makes detection difficult.

(3) Although the detection model can extract effective features for smaller traffic sign
targets located at a distance, a loss of some detailed information after the multi-layer
feature extraction of the network is experienced, which leads to missed and erroneous
detection of the model for small-target objects.

Based on these current problems, this paper may improve the Faster R-CNN model
and solve these problems. The contributions of this paper are summarized as follows:

(1) Considering the influence of weather and light, we propose a fusion method that
fuses the feature pyramid into the Faster R-CNN algorithm. The advantage is that the
method can extract object features with precision and the use of the feature pyramid
can decrease the influence of weather and light.

(2) To solve the problems of similar characteristics and distorted images, we add the
DCN to the backbone network. The advantage of adding the DCN is that the method
can train the algorithm to identify traffic signs with precision and make similar signs
more distinguishable, and in particular make it work better with distorted images.

(3) To more precisely detect the traffic signs located at a distance, we apply ROI align to
replace the ROI pooling. The advantage of using ROI align is that this method can
avoid the distant traffic sign detail loss caused by pooling, which can increase the
detection precision of distant traffic signs.

3. Methodology
3.1. Introduction to the Faster R-CNN Model

The detection method based on a candidate region is also called two-stage target detection
algorithm, and the detection process is divided into two steps. The R-CNN algorithm is a
representative of the two-stage algorithm. Subsequently, several target detection algorithms
based on R-CNN, such as Fast R-CNN and Faster R-CNN, were developed.

(1) R-CNN

R-CNN is the initial generation algorithm of the R-CNN series, which first uses the
deep learning method in the target detection field. The detection process of R-CNN can be
mainly divided into two steps: generating candidate regions and extracting image features
of the candidate regions for classification and regression.

The functioning of the R-CNN algorithm is as follows. First, to search the region using
the selective search method, this method significantly reduces the process of calculation
and determines the target from the image area. The number of candidate regions compared
with the traditional sliding window method is significantly reduced. Approximately 2000
detection windows are extracted. Thereafter, all the candidate areas are unified into a fixed
size (227 x 227). Thereafter, the feature information of the candidate regions is extracted by
the CNN. Finally, a support vector machine (SVM) is used for classification, and a linear
regression model is used to fine-tune the bounding box.

Each image is trained for approximately 2000 times in the R-CNN. Such an operation
is computation intensive. Moreover, the window to be inspected must be clipped and
scaled to achieve a uniform size, which results in a poor detection effect.

(2) Fast R-CNN

Fast R-CNN combines classification and regression to achieve end-to-end training.
Generally, its biggest improvement when compared with R-CNN is that it abandons
multiple SVM classifiers and bounding box regressors to output coordinates and categories
together, which significantly improves the speed of the original RCNN.
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Fast R-CNN is optimized based on the R-CNN. The algorithm of the Fast R-CNN
is as follows. First, an image is input, and the region of interest is generated using the
CNN. Then, ROI pooling is used to adjust the size of the ROI and input it to the fully
connected network. Finally, Softmax is used to output the category of the object, and a
linear regression layer is used to output the bounding box.

(3) Faster R-CNN

Compared with the selective search method of the R-CNN and Fast R-CNN for gener-
ating candidate regions, the Faster R-CNN first uses an RPN to generate candidate regions
and then classifies the candidate regions, which is the so-called two-stage process. The RPN is
placed behind the CNN layer, and the method realizes the fusion of feature extraction and
detection frame generation, thereby significantly improving the comprehensive performance.
The Faster R-CNN mainly comprises the following four modules: feature extraction network,
region generation module, ROI pooling module, and classification module. The Faster R-CNN
follows the practice of the R-CNN series. First, the ROI of the region of interest is generated,
the generated region is classified, and finally, the task of target detection is realized.

The algorithm of the Faster R-CNN is as follows. First, images are input and the
feature vectors are generated using the CNN. Subsequently, the RPN is applied to the
feature map to obtain the candidate regions and fractions and return them. The Faster
R-CNN uses a ROI pooling module to standardize all candidate areas to the same size.
Finally, the candidate region is passed to the full connection layer, and the bounding box of
the object is the output.

3.2. Feature Extraction Network

The large number of parameters of the CNN makes their adjustment difficult. There-
fore, some widely used feature extraction networks are generally selected before training.
The feature extraction network uses the CNN to extract the features of images. The gen-
erated feature images are sent to the RPN module, and then the candidate regions of
the target are generated. Thereafter, the target position regression and classification are
performed. Therefore, the feature extraction network is the basis of everything, and it is
crucial for the performance of the network. VGG16 is the feature extraction network in the
original Faster R-CNN algorithm [33], which cannot effectively extract the deep feature
information of traffic signs due to its shallow layer number while extracting the features
from the input images. To extract the deep features of traffic signs, Resnet50 is used as the
feature extraction network in this study.

To improve the feature extraction ability of the network, it is necessary to deepen the
network layers. However, deepening the network layers makes it more difficult to optimize
the gradient descent algorithm. It leads to failure in improving the accuracy rate and decreases
the learning efficiency. The problem wherein the network detection effect deteriorates after
deepening is called the “degradation problem”. To solve this problem, He Kaiming proposed
the ResNet structure. ResNet50 uses residual structure to extract deeper image features. Let
network inputs x and H(x) be the characteristics that can be learned when the network is in
the ideal state. Adding the convolutional layer to fit H(x) leads to poor results. He Keming
et al. added residual unit F(x) to ResNet to fit H(x) with the hope that ResNet can learn that
residual F(x) = H(x) — x. Therefore, the characteristic that we learned in the original ideal state
is F(x) + x. When F(x) is 0, the network no longer goes down because it only performs identity
mapping. ResNet solves the problem of gradient disappearance when the CNN is very deep
by using the residual module. The residual structure is depicted in Figure 1.

Py -

_“ly| weightlayer »  weight layer 4”\'})7
F(x)+x

Figure 1. Residual structure.
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3.3. Region Proposal Network

The Faster R-CNN uses an RPN to generate candidate regions instead of the selective
search algorithm of the R-CNN. The region generation network improves the accuracy of
the candidate box. The workflow of the zone generation network is as follows.

(1) Animage is input into the network to obtain the feature map. A sliding window is
used to slide on the feature map, and then the candidate regions are predicted in the
corresponding position of the sliding window.

(2) Finally, the prediction results are input to the next layer of the full connection layer
for classification and regression operation.

The sliding window traverses the feature map, and K candidate regions are predicted
at the corresponding positions of the sliding window. Thereafter, the candidate regions are
parameterized to obtain K anchor frames. To determine whether the category of the anchor
frame is the foreground or the background target, the cross-entropy loss function is used
to classify the anchor frame and judge the probability of the foreground and background
target of the anchor frame, which has 2000 outputs. Moreover, the position information of
the anchor frame includes the coordinates, width, and height of the center point. Through
this series of operations, the classification results and coordinate information of the region
of interest are obtained. The structure of the RPN is depicted in Figure 2.

2k scores | 4k coordinates ‘ — k anchor boxes

) - L _.-.-"-I-“"-""":['"----.
Sliding Hox |

Figure 2. RPN structure.

3.4. ROI Pooling

The ROI pooling module has two functions: (1) obtaining the feature vector on the
candidate area of the feature image corresponding to the original image and (2) unifying
the size of the feature vectors of the candidate regions.

The flow of the ROI pooling is as follows. The candidate areas are obtained by an area
generation network, and the candidate areas obtained by ROI pooling are mapped to the
feature map. The mapping operation refers to SPP-NET [34], and the mapping equation is
given by Equation (1). Subsequently, the feature map of the candidate area is divided into
small blocks of the same size, and the output dimension is equal to the number of small blocks.
Finally, the maximum pooling operation is conducted for each small block, which enables
candidate regions with different sizes to be transformed into eigenvectors of the same size.

The upper left corner : x’ = [x/S]+ 1,y = [y/S] +1 1)
The top right corner : x' = [x/S] -1,y =[y/S] —1

where x, y is the position of the candidate region on the original graph, x’, i/’ is the position
of the corresponding candidate region on the feature graph, and S is the product of the step
size of all the convolutional layers in the CNN and the pooling layer.
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4. Model Optimization
4.1. Feature Pyramid

The Faster-RCNN structure adopted in this study can improve the overall detection
accuracy of the network. However, the detection effect is not significantly improved for
small targets and special tasks, such as traffic signs. Typically, the feature image pyramid [35]
is a common method for effectively detecting objects of different sizes. The feature semantic
information of a high-level image is rich, whereas the semantic information of the low-level
image is lesser, but the position information is accurate; therefore, the multi-scale fusion
method can obtain rich semantic information and accurate position information. A pyramid
of common feature images is depicted in Figure 3. As shown in Figure 3a, traffic sign images
are first transformed into various sizes, the corresponding feature maps are generated for
each size of the traffic sign image, and the prediction is completed. Although this operation
can make the extracted features more complete, it is time consuming. As shown in Figure 3b,
feature maps of different scales are also generated, and only the semantic information
of high-level images is predicted. Although this operation accelerates the speed of the
network, it ignores some information of the low-level network, resulting in unsatisfactory
detection accuracy. As shown in Figure 3c, the network framework that integrates semantic
information of feature layers of different scales is extracted. The maximum amount of
network information comes from the low-level network; therefore, there are several weak
features in this network, which leads to its poor robustness.

= == e Lot ]
et | [orodicr]
Ny [t | / I / [predict”]
e

(0)

(a) (b)

Figure 3. Common feature image pyramids. (a) different sizes; (b) semantic information; (c) fusion

sizes and semantic information.

Based on the abovementioned reasons, this study considers a feature pyramid network
(FPN) [36], as depicted in Figure 4. Prior to image fusion, feature maps are generated for
the both of them. Owing to the lack of feature semantic information at the bottom of
the image, it cannot be directly classified; however, the target information is accurate.
The characteristics of the high-level semantic information are rich, but the target location
is inaccurate; therefore, this study uses a bottom-up and top-down path for transverse
information fusion through sampling, and the underlying information on the high-level
features requires a 3 x 3 convolution integration, which can fully identify the original
characteristic picture of the lowest layer of semantic information, and have abundant
characteristic information as well as the characteristics of the high-resolution figure. It
has a good detection rate for small targets, and the generated feature map can satisfy the
subsequent processing. Additionally, the operation of the FPN adds a cross-layer connection
on the underlying network without adding any extra computation to the network. This
operation can rapidly construct feature pyramids with strong semantic information at all
scales on a single input image and at a single scale without significant time cost.
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4.2. Improved ROI Pooling

In the Faster R-CNN, the region generation network generates candidate boxes of
different sizes from the image, and the generated candidate boxes are mapped into feature
maps in the ROI pooling layer. Thereafter, the candidate boxes are equally divided to
obtain subregions of the same size. Consequently, the calculation of subsequent coordi-
nate regression and classification is simplified. During quantization, there is non-integer
multipliers scaling, which causes deviation in the area of feature map mapping, and the
deviation reduces the accuracy of the network regression positioning.

During the mapping of the candidate box to the feature graph, as the coordinate of the
candidate box is a floating point number and the required quantity is converted to integer,
there is a quantization operation, and the feature graph obtained after the quantization
of the candidate box is equally divided into n subregions, which produces the second
quantization. Since ROI pooling roughly pools candidate regions of different sizes into
the feature map of the same size, there are certain errors in the two quantifications. ROl is
depicted in Figure 5. First, an image with a size of 1000 x 840 is input. The target size in
the traffic sign image is assumed as 600 x 560. After the feature extraction network, the
area suggestion box becomes 1/32 of the original image with a size of 18.75 x 17.5, and
the size becomes 18 x 17 after the first quantization. Subsequently, the quantized region is
further divided into 7 X 7 units for quantized rounding. The second quantization round
region of the ROI pooling module is 2 x 2 (18/7 =2.57 = 2,17/7 = 2.43 =~ 2). The error
of 1 pixel when the coordinate on the feature map is integrated is 32 pixels in the original
image. This error leads to the poor detection effect of the Faster R-CNN for small target
objects; additionally, the error significantly impacts the positioning of traffic signs.

To mitigate the abovementioned problems, and with an aim to eliminate the two
quantization errors in the ROI pooling module, He Kaiwen et al., in 2017, proposed the
mask R-CNN [31] algorithm. This study uses ROI align to replace the ROI pooling module
in the Faster R-CNN, thereby avoiding the quantization loss in the original ROI pooling
module and improving the detection accuracy of traffic signs in the network. The specific
implementation method of ROl align is illustrated in Figure 6, and the interpolation method
is illustrated in Figure 7. The yellow box represents a 5 x 5 feature map, and the green
box represents a 2 x 2 candidate area, with several yellow sampling points in each grid.
The sub-areas in the green candidate box have four sampling points. The values of the
four real pixels closest to the sampling point on the feature map are obtained by bilinear
interpolation, and the quantization of the coordinate of the candidate region is omitted.
When the number of yellow sampling points is four and the sub-areas are divided into four
rectangles, the sampling point is the center point of the four rectangles. The coordinates of
the four sampling points are all floating point numbers; therefore, the ROl is subdivided
into the quantization of the grid. This operation can avoid the loss of pixels; therefore,
the feature region obtained by the Faster R-CNN model is more accurate. Moreover, the
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detection ability of the small-size target is further improved, and an improved detection
performance is achieved.

1000/32=31.25
600/32=18.75
560/32=17.5
31
1000x840
60066560
7x7
— 18
17 )\
18/7=2.57
17/7=2.43
First quantification )
h - 2 18.75
17.5

Second quantification

< »

Figure 5. Schematic diagram of ROI Pooling.

1000/32=31.25
600/32=18.75

560/32=17.5
31.25
1000x840
600x560
X7
—l 1875
175
18/7=2.57
17/7=2.43
No need quantification
h - 18.75
17.5

No need quantification

»
»

A

Figure 6. ROI align process.

Figure 7. ROI align interpolation.
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4.3. Add Deformable Convolution to the Backbone Network

In this study, in order to further improve the detection accuracy of the network, the
original backbone network, VGG16, of the Fast R-CNN was replaced with Resnet50, and
subsequently, all the 3 x 3 Conv in Conv2, Conv3, Conv4, and Conv5 in Resnet50 were
replaced with DCN [37].

The Resnet50 feature extraction network adopts standard convolution, and the CNN
can learn the spatial hierarchical structure of the images. The size of the receptive field
of the convolutional kernel affects the learning ability of the CNN. In the Conv of the
same layer, the receptive field of each activation unit is the same. However, the shape
of the defect is irregular. Therefore, the DCN is used to adapt to the defects of different
shapes. Conventional convolutional network sampling structures are generally fixed
rectangles, which are limited to images with irregular shapes. The DCN introduces a new
module to enhance the adaptive sampling ability of the convolutional network. In the
standard convolution, the conventional sampling position of the standard convolution
is not sufficiently flexible to check the receptive field of the target shape; therefore, the
efficiency of the convolution is naturally not high. The DCN, by adding an offset to each
position of the convolution kernel, expands the receptive field of the convolution kernel
and enhances the learning ability of the network. In this manner, the convolution kernel
can better learn the shape of the target itself.

The specific convolution operation process of the DCN is illustrated in Figure 8.
Compared with conventional convolution, the extra part of the DCN is the parameter to
be trained (offset field) inside, and the size of offset field is equal to the size of the input
feature graph. Conventional rectangular structures are offset by offset fields and become
offset offsets to obtain the corresponding deformed pixels. The offset is learned using the
additional convolution layer from the previous feature graph; therefore, the input feature
limits the deformation.

Iw | 4l =

"j_ — - - »'

1 % —_t—1
(,/ RN

Y, L :
/  conv offsets

s § offset field
- ____2N l

o — ST TTI IS0, ’

deformable convolution

input feature map output feature map

Figure 8. DCN process.

The deformation sampling structure in the DCN illustrated in Figure 9a is the sampling
structure of the standard convolution (green dot). Figure 9b shows the sample structure
of the DCN (blue dots), where the light blue arrow’s direction represents the added offset.
Figure 9¢,d represent the special cases of scale broadening and rotation, respectively. As
shown in Equation (2), a 3 x 3 convolution kernel is defined with an expansion size of 1. R
indicates the size and expansion of the receptive field.

R ={(-1,-1),(-1,0),...,(0,1),(1,1)} @)



Appl. Sci. 2022, 12, 8948

11 0f 22

.
stk . . . "
. . .
L] L] Ld L2 L] L] .
- o . & .
e & @ .
- L] L] - L

(a) (b) (c) (d)

Figure 9. DCN sampling process. (a) normal process; (b) deformable process; (¢) widen process;
(d) rotary process.

Py traverses all positions in R, as shown in Equation (3):

y(po) =3, cg @ (pn) X (po+ pn) 3)

The two-dimensional calculation equation of the DCN is given by Equation (4). The
DCN is in the scope of the standard convolution, and the position offset of the sam-
pling point is added. The two-dimensional calculation equation of the DCN is given by
Equation (4). The DCN is in the scope of the standard convolution, and the position offset
of the sampling point is added as Ap;,

y(po) =3, cr@(pn) X (po+ pn + Apn) @)

To eliminate the limitation of the original fixed structure of the convolution kernel, an
offset is added to each position of the convolution kernel. After using the sampling points
with the offset, the convolution kernel expands the receptive field, and not only improves
the learning ability of the network but also its detection performance.

5. Experimental Results

To evaluate the proposed method, we conduct experiments with both a public dataset
and a real intelligent vehicle test. TT100K is selected for the dataset experiment. In the real
intelligent vehicle test, we collect the data in Zhenjiang, China, including a city expressway
and an ordinary urban road. The real intelligent vehicle test covers different routes, weather
conditions, and daytimes.

5.1. Experiments with Dataset
5.1.1. Experimental Environment and Details

This experiment uses the Chinese traffic signs dataset, TT100K (Figure 10), which
contains 100,000 traffic signs. The dataset contains 221 types of traffic signs, 6105 training
sets, 3071 test sets, and 2048 x 2048 picture sizes. As the largest and most comprehensive
traffic signs dataset in China, TT100K not only covers the vast majority of scenes in China’s
actual driving environment but also different lighting and weather conditions. Owing
to the imbalance in the number of different categories in the dataset, the category with
number of instances lesser than 100 was excluded in the experiment, and 45 traffic signs
with a large amount of data were selected for detection. These 45 traffic signs were as
follows: WO, W13, W32, W55, W57, W59, P3, P5, P6, P10, P11, P12, P19, P23, P26, P27, PG,
PH4, PH4.5, PH5, 12, 14, 15, IL100, IL60, IL80, IO, IP, PL120, PL20, PL30, PL40, PL5, PL50,
PL60, PL70, PL80, PL100, PM20, PM30, PM55, PN, PNE, PO, and PR40.

In this study, data expansion was performed for the categories with less data in the
45 types of traffic signs. Two image preprocessing methods, light intensity changing,
and random Gaussian noise were adopted. After expansion, the training and the test
sets contained 15,684 and 4200 images, respectively. The dataset diagram is presented in
Figure 11. The annotated file containing the position coordinates and categories of the
detected object was an XML file, as depicted in Figure 12.
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Figure 10. TT100K category.
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Figure 11. Sample dataset image.

All the experiments in this study used the same training platform. The processor of
the platform is an Intel six-core 12-thread i7-8700 (Santa Clara, CA, USA), the graphics card
comprises two Nvidia GTX2080TI (Santa Clara, CA, USA), the video memory size is 11 GB,
the memory size is 64 GB, and the operating system of the training platform is Ubuntu 18.04.

Additionally, to prove the robustness of this method, the traffic signs in the dataset were
divided into small (pixel range (0, 32], small), medium (pixel range (32, 96], middle), and large
(pixel range (96, 400], large) categories for index evaluation according to the pixel range. The
number of small, medium, and large targets in the test set are summarized in Table 1.

Table 1. Number of targets.

Type Target Number Proportion (%)
Small target 4226 44.93
Medium target 4412 46.90
Large target 768 8.17

The algorithm in this study adopts two evaluation indices for evaluation: mean
average precision (mAP) and frames per second (FPS). In the evaluation index, mAP is the
mean of the average precision (AP) of various traffic signs. FPS is an important index of
detection speed, which reflects the performance of real-time detection algorithms.
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Figure 12. Annotation file.

The detection result index of each category is precision, that is, the percentage of
correctly detected traffic signs in all detected areas. It is calculated according to Equation (5).
Recall, which is the percentage of traffic signs correctly detected in all traffic signs, is
calculated according to Equation (6). A curve is drawn according to the accuracy and recall
rates of the test results of each category. The area under the curve is the average accuracy,
and it is calculated according to Equation (7).

TP

precision = z5——5 ®)
TP
recall = TPTEN (6)
1
AP = /0 p(r)dr @)

where TP denotes the number of correctly detected traffic signs; FP is the number of traffic
signs detected in the background; FN is the number of traffic signs detected as the background;
p is the precision on the longitudinal axis; and r is the recall on the horizontal axis.

The experimental deep learning framework in this study is PyTorch, and the algorithm
is implemented on the open-source detection tool library, mmdetection. The parameters in
the model training process are as follows: global learning rate is set as 0.005, initial learning
rate is set as 1.0/3, momentum factor is set as 0.9, and weight attenuation is set as 0.001.
Furthermore, the stochastic gradient descent [38] optimization algorithm was adopted. Two
images were used for each batch of training, and 20 epochs were trained. Moreover, the
system’s super-parameter learning rate adopts a warm-up strategy, that is, a relatively small
learning rate is used at the beginning and the learning rate is gradually increased. This method
can achieve a high accuracy rate and avoid the non-convergence of model training.

5.1.2. Experimental Analysis

In this section, we first compare the improved Faster R-CNN and Faster R-CNN,
where the backbone network is Resnet50. The experimental results are presented in Table 2.
The mAP values of the original Faster R-CNN and the improved Faster R-CNN are 78.2%
and 86.5%, respectively. The mAP was directly improved by 8.3 percentage points, which is
a significant improvement. The detection effect of small targets was significantly improved
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by approximately 12 points. The proposed improvement scheme significantly improved
the detection effect of small targets. The experiment demonstrates that the improvement
achieved in this study is an effective approach, which can comprehensively improve the
detection ability of the Faster R-CNN for traffic sign targets.

Table 2. Results of the comparative experiments before and after the improvement of the algorithm.

Model Apsmall — ppmedium  p plarge mAP FPS
Faster R-CNN 0.748 0.812 0.805 0.782 9.3
Faster R-CNN_ours 0.861 0.874 0.836 0.865 8.4

To further illustrate the effectiveness of the three improvement measures proposed
by us, the effectiveness of each component of the improved Faster R-CNN was analyzed
through various ablation experiments (Table 3). In the experiments, the FPN, improved
ROI align, and DCN modules were gradually added. The experimental results of traffic
sign targets with different detection difficulties, detection effects, and test speed of single
pictures are explained and analyzed.

Table 3. Ablation experiment.

FPN ROI Align DCN Apsmall - ppmedium A plarge mAP FPS
0.748 0.812 0.805 0.782 9.3

v 0.814 0.841 0.817 0.822 9.0
v v 0.826 0.858 0.820 0.840 8.9
v v v 0.861 0.874 0.836 0.865 8.4

From the abovementioned experimental results, it can be established that the detection
effect of the three improved methods proposed in this study for various sized targets
of traffic signs was considerably improved. The contrast characteristics of the pyramid
FPN ablation experiments may be found to detect small targets, and the medium-target
effect will certainly contribute to the small size of the mAP increased by approximately
7%, signifying that using more underlying characteristics for small target detection can
improve the effect of detection for small targets, with a medium-size mAP of 2.9%, and a
large-scale mAP that does not improve much. The reason is that large-size targets contain a
lot of feature information and can be detected and classified. The ablation experiment that
improved ROI pooling into ROI align showed a small improvement in all indicators, and the
detection network’s ability to detect small targets was further strengthened, demonstrating
the effectiveness of this method. The ablation experiment of the DCN shows that the mAP
was improved by approximately 2.5%, and the detection accuracy of small targets was
significantly improved. This is mainly because, as a result of the addition of the DCN, the
convolution not only becomes more flexible to check the receptor field of the target shape,
but also shows high efficiency, and the learning ability of the Faster R-CNN is enhanced.
The detection of small targets was further improved. Moreover, it can be observed from
the experiment that the feature pyramid and DCN modules proposed in this study will
increase the time of image detection to a certain extent.

The detection results of a part of the TT100K test set are presented in Figure 13. The red
detection box represents the detected traffic sign target, and the yellow number represents
the confidence of the detected traffic sign. As observed from the figure, the improved
scheme can achieve an accurate detection of traffic sign targets in various scenarios.
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Figure 13. Images demonstrating the effect of improved Faster R-CNN detection (images on the left
are the original images, and those on the right are the detection images).

5.2. Experiments with Intelligent Vehicle
5.2.1. Experimental Details

We use an electric intelligent vehicle called Arrizo 5 to evaluate the proposed method
(Figure 14). The intelligent vehicle is equipped with a monocular camera, an industrial
personal computer (IPC), LRFs, INS, and a GPS receiver. It is worth noting that only the
monocular camera and IPC are used in this test. The monocular camera is an industrial-
grade gigabit camera with a high frame rate, which is equipped on the top of the vehicle
(Figure 15). The camera is used to collect images of traffic signs. The IPC is used for data
processing, which is at the core of the proposed method. The operating system of the IPC is
Ubuntul8.04. The CPU is an IntelCore 17-7700T dual-card processor. The IPC is equipped
on the right side of the intelligent vehicle trunk. In addition, the IPC is also equipped with
a GTX2080Ti Graphics Processing Unit (GPU), which can greatly increase the processing
speed. The IPC and GPU are shown in Figure 16.

The test route is selected in Zhenjiang, China. The test route includes a city expressway
and an ordinary urban road, and the route covers different times and weather conditions.
The total of route length is more than 20 km. The vehicle speed is in strict compliance
with local regulations. We do not deliberately maintain the vehicle speed through the
experiments. In this experiment, we use four state-of-the-art methods, namely SSD [23],
YOLOV2 [22], YOLOv3 [24], and YOLOVS5 [32] for comparison. The image display interface
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is shown in Figure 17. The interface includes “Start”, “Pause”, “Open Video”, and “Load
Model”. We may also obtain the detection results and delay the time from the display
interface. In this procedure, we detect different kinds of traffic targets in an ordinary urban
road and a city expressway. Some of the detection results are shown in Figure 18.

Figure 16. IPC and GPU: (a) IPC; (b) GPU.
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Figure 17. Image display interface.

(@)

Figure 18. Detection examples. (a) site 1; (b) site 2.

5.2.2. Experimental Analysis

First, we conducted the traffic sign detection at different times. We collected data at
10: 00 a.m. (daytime) and at 19: 00 p.m. (sunset). Figure 19 shows the test site at daytime
with different routes. There are approximately more than 500 images, including traffic signs.
We use the proposed method and four compared methods to detect these signs. Figure 20
shows some of the results. From the results, we can find that the proposed method can
accurately detect the traffic signs. We also divide these signs into three kinds: small sign,
medium sign, and large sign. Table 4 shows the comparison results. From the table, we can
find that our method has a precision of 93.2%, 90.2%, and 92.8%, in small sign, medium
sign, and large sign, respectively. The results have a better performance than SSD, YOLOv2,
and YOLOv3. YOLOvV5 performs marginally better than our method. This is because
YOLOVS is suitable in the scenarios in which there is plenty of light.

Table 4. Results of the comparative experiments at daytime.

Method APsmall APmedium Aplurge mAP

SSD 0.752 0.650 0.744 0.728
YOLOv2 0.784 0.712 0.752 0.744
YOLOv3 0.808 0.796 0.832 0.806
YOLOvV5 0.924 0.956 0.968 0.948

Faster-R-CNN_ours 0.932 0.902 0.928 0.926
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(a) (b)

(@)
Figure 20. Traffic sign detection results: (a) city expressway; (b) ordinary urban road.

Figure 21 shows the test sites at 19: 00 p. m. (sunset). From the figure, we can find
that the sunset light is much lower than the daytime light. From Figure 22, we can find
that our method accurately detects the traffic signs. In this test, we also compare our
method with the other four state-of-the-art methods. The comparison results are shown in
Table 5. From the table, we can find that our method has a precision of 87.4%, 91.8%, and
92.2%, in small sign, medium sign, and large sign, respectively. Compared with the test
at daytime, the accuracy decreases marginally. This is because the dim light can affect the
traffic sign detection. Compared with the four other methods, these results showcase a
better performance. The results show that the proposed method has a great robustness at
different times.

(@)

Figure 21. Test site at sunset: (a) site 1; (b) site 2.
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(a) (b)

Figure 22. Detection results at sunset: (a) site 1; (b) site 2.

Table 5. Results of the comparative experiments at sunset.

Method A Psamll A Pmedium A Plurge mAP

SSD 0.682 0.638 0.658 0.664
YOLOvV2 0.626 0.690 0.752 0.694
YOLOvV3 0.696 0.784 0.712 0.724
YOLOvV5 0.832 0.906 0.874 0.876
Faster-R-CNN_ours 0.874 0.918 0.922 0.906

The tests at both daytime and sunset are based on a sunny day. To further evaluate
the performance of the proposed method, we also conduct the experiment on a rainy day.
Considering the limitations of the camera, the rainy day we selected was no characterized
by heavy rain, as this may compromise the ability to see the traffic signs clearly. The test
sites are shown in Figure 23. From the figure, we can find that the visibility on a rainy day
is much lower than the visibility on a sunny day (both at daytime and sunset). Figure 24
shows that the traffic signs are also accurately detected by the proposed method.

(@)

Figure 23. Test site on rainy day: (a) city expressway; (b) ordinary urban road.

To further evaluate the proposed method, we also conduct the four state-of-the-art
methods, namely SSD, YOLOv2, YOLOv3, and YOLOVS5, for comparison. The comparison
results are shown in Table 6. From the table, we can find that our method has a precision of
85.3%, 88.4%, and 82.1%, in small sign, medium sign, and large sign, respectively. Although
the detection accuracy is marginally lower than the test on a sunny day, the proposed
method still performs better than the four other methods. It can be seen that the proposed
method displays great robustness on different weather conditions.
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@)

Figure 24. Detection results on rainy day: (a) city expressway; (b) ordinary urban road.

Table 6. Results of the comparative experiments on rainy day.

Method Apsmall Apmedium Aplarge mAP

SSD 0.494 0.558 0.647 0.519
YOLOv2 0.451 0.572 0.685 0.546
YOLOvV3 0.529 0.633 0.708 0.624
YOLOv5 0.717 0.839 0.751 0.766
Faster-R-CNN_ours 0.853 0.884 0.821 0.869

Last, we can draw the following conclusions:

(1) The proposed method performs mAPs of 92.6%, 90.6%, and 86.9% at sunny daytime,
sunny sunset, and on a rainy day, respectively. Although the precisions are propor-
tional to the intensity, all the precisions are over 86%. This demonstrates that the
proposed method has a high precision and robustness at different conditions.

(2) Compared with SSD, YOLOv2, and YOLOVS5, the proposed method exhibits better
performance regardless of times or weather conditions. This proves that our method
has a higher precision and is more robust than these three methods.

(3) Although YOLOVS has a higher precision at sunny daytime (mAP of 94.8% and 92.6%),
when the intensity is low (sunset or rainy day), the proposed method displays a better
performance than YOLOvV5 (mAP of 87.6% and 90.6% at sunset, mAP of 76.6% and
86.9% on a rainy day). This proves that our method can maintain a high precision in
extreme environments. This makes our method much more practical than others.

Traffic sign detection is one of the core challenges for intelligent vehicles. It can
help intelligent vehicles know the traffic rules of driving routes in real time. With the
improvement of the automatic driving level for intelligent vehicles, the traffic sign detection
accuracy, especially in low-light intensity and rainy weather, directly determines the control
accuracy. The proposed method has a high precision (90.6% at sunset and 86.9% on a rainy
day) in extreme environments. Therefore, the proposed method is helpful in order to
improve the accuracy of environment sensing and the development of autonomous driving,
as well as to improve the traffic sign detection performance in extreme environments.

6. Conclusions

In this study, the detection algorithm model of the Faster R-CNN is first introduced
in detail, and then the FPN module is introduced on the basis of the original network of
the Faster R-CNN algorithm. Furthermore, the ROI pooling is replaced by ROI align and
the DCN is added to the backbone network for improvement. The model is trained on
the TT100K dataset and the real intelligent vehicle test, and the final experimental results
indicate that the improved Faster R-CNN algorithm exhibits considerable improvement
in the detection accuracy compared with the original Faster R-CNN algorithm and four
other state-of-the-art methods. This proves that the traffic sign detection method in this
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study improves the detection accuracy of traffic signs and is more practical than others.
However, the detection time of the Faster R-CNN is extremely high in order to meet the
requirements of intelligent driving for the detection of speed in this study. Therefore, the
improved Faster R-CNN model should be further optimized to meet the requirements of
real-time detection.
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