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Abstract

Accurate perception of lane line information is one of the basic requirements
of unmanned driving technology, which is related to the localization of the
vehicle and the determination of the forward direction. In this paper, mul-
ti-level constraints are added to the lane line detection model PINet, which is
used to improve the perception of lane lines. Predicted lane lines in the net-
work are predicted to have real and imaginary attributes, which are used to
enhance the perception of features around the lane lines, with pixel-level
constraints on the lane lines; images are converted to bird’s-eye views, where
the parallelism between lane lines is reconstructed, with lane line-level con-
straints on the predicted lane lines; and vanishing points are used to focus on
the image hierarchy, with image-level constraints on the lane lines. The mod-
el proposed in this paper meets both accuracy (96.44%) and real-time (30 +
FPS) requirements, has been tested on the highway on the ground, and has
performed stably.

Keywords

Lane Line Detection, Instance Segmentation, Accuracy, Real Time

1. Introduction

Lane lines are road signals that restrict vehicles from following a prescribed
route. Lane line detection is mainly to discriminate between lane lines and road
background and to determine the position relationship between the current ve-
hicle and the lane lines. The elongated shape of the lane lines requires a model
with strong high and low level feature fusion capability to obtain both global
spatial structure and local location information; in the actual highway scenario,
although there are specific standards for lane markings, the different curvature
of the road makes the shape of the lane lines vary, and there are both solid and
dashed lane lines, and there are often joined and separated lane lines in the

highway scene, making the number of lane lines uncertain, which requires the
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model to have strong robustness to complex high-speed scenes; vehicle deviation
or lane change will also cause the lane where the vehicle is located to change, and
the relative position between lane lines will also switch; in addition, the accuracy
of lane line detection is also affected by weather (rain, snow, fog, etc.), lighting
conditions (daytime, nighttime) or other conditions. In addition, the accuracy of
lane line detection is also affected by weather (rain, snow, fog, etc.), lighting
conditions (day and night) or other conditions (vehicle shading, broken lane
lines, etc.).

For the special shape of the lane lines, a stacked hourglass network is selected
as the backbone network to extract features in this experiment. In a conventional
Convolutional Neural Network (CNN), the convolutional layer receives the in-
put from the previous layer, uses convolutional operations and nonlinear activa-
tion, and sends the output to the next layer, and the whole process is performed
sequentially. Because the lane lines have a coherent elongated structure with a
strong shape prior but a weak appearance, it is difficult to combine the overall
information using CNN neural networks. The stacked hourglass network can
capture feature information at different scales, and the output feature map in-
corporates semantic features of different levels of hourglass networks and scales,
which can better capture the spatial information between lane lines.

For complex highway scenes, in previous work, most of the lane line virtual
and real attributes, potential parallel structures, and extinction point informa-
tion in road scenes have been ignored, which are used in this experiment to im-
prove the perception of lane lines and enhance the accuracy of detection. The
dashed lines can be crossed to represent the possibility of lane change opera-
tions, while the solid lines cannot be crossed to limit the drivable area of the ve-
hicle, and the real and imaginary lane lines are related to the planning problem
of the vehicle’s forward direction. The lane lines have a parallel relationship in
the real world, and the camera’s perspective makes it lose this structure, which
can be reconstructed in the overhead view to better cluster the lane line in-
stances. The extinction point is the distant intersection of lane lines, which can
guide the detection of distant lane lines in the case of blurred or obscured distal
ends, and is important reference information for the adjustment of camera pa-

rameters for a shooting.

2. Related Work

Many methods are related to the task of lane line detection, and the traditional
methods mainly extract features manually to identify and segment out the lane
line region, and color [1] [2] [3] and shape [4] [5] [6] [7] are the most common
features of lane lines. Bingjie Bai ef al [8] used double thresholding to extract
white and yellow lane line information in the image, detected lane line pixels,
and used Hough transform to complete the Ping Liu et al [9] used inverse pers-
pective transformation to get the top view and used a clustering algorithm to

discriminate the line shape. However, the traditional methods have a high
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workload, poor robustness of hand-made models, limited processing scenes, dif-
ficulty in coping with complex road conditions with diverse scenes in the real
world, and the light intensity and special weather (rain, snow, fog, etc.) can have
a large impact on their accuracy.

The proposed deep learning method provides a new research idea for the
above problem and becomes the mainstream approach nowadays. Although
CNN shows strong performance learning ability in scene understanding, it still
performs poorly for lane line instances with slender constructions and perhaps
obscured incoherent lanes, so SCNN [10] treats lane line detection as a semantic
segmentation task to obtain an accurate classification of whether each pixel in an
image belongs to a lane, achieves information transfer across rows and columns,
and publishes a large dataset of lane line CULane, but the network is computa-
tionally intensive; SAD [11] proposes a self-attentive distillation module based
on it to obtain a more lightweight backbone network and improve the computa-
tional speed. These two methods have a relatively large bias in the detection re-
sults for distant lane lines and can only detect a predefined number of lane lines.
Line-CNN [12] proposes a new anchor-based method inspired by Faster R-CNN
[13], which introduces a set of rays to capture lane lines; SGNet [14] rethinks the
current difficulties in the field of lane line detection and proposes an anchor al-
gorithm guided by extinction points. However, it is difficult to handle lane lines
with large curvature due to the poor flexibility of anchor shape fixation. Inspired
by human visual perception, the detection of incoherent lane lines relies mainly
on the contextual information of the scene as well as global information in the
case of severe occlusion by oncoming vehicles or extremely dark or bright illu-
mination effects, based on this observation, for the detection speed as well as
complex and diverse road scenes, UFSD [15] proposes the method of row detec-
tion to predict the cells that may belong to lane lines in each row, which effec-
tively reduces the computational effort and greatly improves the detection speed,
and the lightweight version can reach 300 + FPS, but the accuracy decreases a bit
compared to the segmentation approach and requires a post-processing process
to cluster the lane lines. Traditional methods usually perform curve fitting with
least squares after extracting the lane line features, and to achieve end-to-end
lane line detection and improve the detection efficiency, PolyLaneNet [16] was
first proposed to estimate lane lines using a deep neural network approach to
regress the curve equation by inputting images taken by the front camera
mounted on the vehicle and outputting a polynomial representing each lane line
in the image parameters, however, the prediction bias is relatively large for
straight lanes.

Most previous work has focused on the powerful learning capability of neural
networks to learn and fit the shape of lane lines, while ignoring the structural
information associated with lane lines in images. In this paper information
closely related to lane lines, such as the virtual and real properties of lane lines,

the parallel structure of lane lines, and the distant intersections of lane lines, is
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utilized to constrain the perception of lane lines in multiple layers of structure.

3. Method
3.1. Image Annotation

In this paper, the image label data are stored in a JSON file, as shown in Figure
1. An image corresponds to a row of annotation information objects in the JSON
file, and the annotation information consists of five key-value pairs to represent
the information of lane line points (lanes, h_samples), the information of virtual
and real attributes of lane lines (types), the information of extinction points of
lane lines (vp_point), and the relative position information of the corresponding
image (raw_file). The following describes the labeling method and the meaning
of each piece of information.
¢ Lane Labeling

In this experiment, the lane lines are manually labeled as points, and each lane
line is labeled with more than three points, and the lane lines are a collection of
coordinates of a sequence of points, and the dashed lines are treated as a kind of
solid lines. The manually annotated image information is shown in Figure 2 as
xml information, an image corresponds to an “image” element containing image
information, and the “id attribute in the “image” element is used to identify the
different image tags, the “name” attribute is the name of the image, and the
“height” and “width” attributes indicate the height and width of the image, re-
spectively. Each “image” element contains several “polyline” sub-elements that

{"lanes" : [[721, 732, 749, 768, 788, 809, 831, 856, 880, 905, 929, 954, 978, 1002, 1027, 1051, 1075, 1100, 1123,
1147,1170, 1194, 1217, 1237, 1256, 1275, -2, -2, -2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2, -2, -2,
-2,-2),[721, 733, 748, 767, 788, 809, 831, 871, 919, 964, 1006, 1047, 1087, 1127, 1167, 1205, 1244, -2, -2, -2, -2,
2,-2,-20-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2, -2, -2, -2, -2, -2, -2, -2), [679, 674, 673, 673,
679, 685,691, 697, 704, 711, 718, 725, 731, 738, 745, 752, 760, 767, 774, 782, 789, 797, 804, 812, 819, 826,
834, 841, 848, 855, 862, 869, 876, 883, 891, 898, 905, 912, 919, 926, 933, 940, 947, 955, 962, 969, 976, 983,
990, 997], [639, 617, 603, 590, 578, 568, 559, 550, 541, 532, 523, 515, 506, 498, 489, 481, 474, 466, 458, 451,
443, 436, 428, 420, 413, 405, 398, 391, 384, 376, 369, 362, 355, 348, 341, 333, 326, 319, 312, 305, 298, 290,
283, 276, 269, 262, 254, 247, 240, 233], [599, 562, 535, 508, 482, 455, 431, 406, 382, 358, 334, 312, 289, 267,
244,222,200, 178, 156, 135, 113, 91, 69, 47, 26, 4, -2, -2, -2, -2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2, -2, -2, -2, -2, -2,
-2,-2,-2,-2,-2), [565, 504, 468, 428, 387, 343, 303, 265, 226, 190, 155, 120, 84,49, 14, -2,-2,-2,-2,-2,-2,-2, -2,
2,-2,-2,-2,-2:-2,-2,-2,-2,-2,-2,-2,-2,-2,-2,-2, -2,-2,-2,-2,-2,-2, 2,-2,-2,-2,-2]],

"h_samples": [220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400,
410, 420, 430, 440, 450, 460, 470, 480, 490, 500, 510, 520, 530, 540, 550, 560, 570, 580, 590, 600, 610, 620,
630, 640, 650, 660, 670, 680, 630, 700, 710],

“types":[1,0,1,1,1,0]
"vp_point": [782, 208],

“raw_file": "issues/cross_point/1655878248_4003772743_1655878248559252640.ipg"}
Figure 1. Image and annotation information.

v<{image height="720" id="156" name="16556878248_4003772743_1655878248559252640. jpg” width="1280">

<polyline

points="1279. 7422904836785, 472. 2148971720667 ; 1218. 2828461716801, 440. 3603168884091 ; 1105. 48228069661, 392. 0178173990932, 842. 4941257422238, 284. 9730929904654 ; 529. 5098748489553, 279. 31
<fpolyline>

{polyline

points="1279. 8666316302665, 389, 5285554280527 ; 1175, 3174395549709, 362. 5523444171208 1036. 149714020606, 327. 9613882698093 ; 956. 4523830104422, 308, 5489984379041 :901. 9199389259076, 296. ¢
<fpolyline>

<polyline

points="1004. 6061744713718, 719. 1210817874373 ;835. 9674553225957, 481, 9026168514924 ; 749, 5803718922615, 365, 4989772656828 ; 715. 4475432955539, 315. 4418770631539, 696. 8117132155379, 288. 4F
</polyline>

{polyline

points="227, 4856577139922, 719. 5710251427491 402, 4963139009041, 475. 731237985445 484, 2547148854477, 367. 6466825325176, 526. 441648164113, 317, 1838436824396,557. 7286082511614, 283. 87837
</polyline>

{polyline

points="0. 7567274450281, 472. 0185596778785 ;220. 1153616006624, 371. 0785758056232 ; 339. 4595777922353, 318. 45524 ;448. 0167493348372, 273. 0717708890254 ; 503. 0386956357515, 252. 191461
</polyline>

{polyline

points="0. 134422873661, 364. 6586886339365 99. 734230857044, 336. 2727743291164 :204. 5211247958892, 306. 9909866277914 292, 3212289179178, 283. 8396135112899 334. 9100064973317, 272. 85406242
</polyline>

fimaged

Figure 2. XML annotation information.
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represent the point information of each lane. The “point” attribute of the “poly-
line” element is a series of semicolon-separated point coordinates, which are
used to represent the shape of the lane lines.

The coordinates of the points used to represent the lane lines in the XML file
are relatively few, and a lot of detailed information about the shape of the lane
lines will be lost. To further refine the lane line point labels, in this experiment,
the lower half of the image is cut horizontally every 10 pixels from 220 to 710 as
shown in Figure 3, and the lane line point is the intersection of the red labeled
line in the horizontal direction of the image and the center line of the lane line
represented by the coordinate points in XML so that all the lane lines in the im-
age have the same vertical coordinates as the subscript points. The transformed
lane information is saved in the JSON file, where “lanes” is the information of
the horizontal coordinates of each lane, “lanes” is a two-dimensional array, and
the number of lanes containing a one-dimensional array is the number of lanes
in this image. “lanes” includes 6 one-dimensional arrays, which means that there
are 6 lanes in the image pointed to by this annotation, and the data in each
one-dimensional array that is greater than zero is the horizontal coordinate of
the pixel point in this lane. “h_samples” is the vertical coordinate of the lane
lines, “h_samples” is one-dimensional, and the length of each one-dimensional
array of “lanes” is the same as The length of each one-dimensional array of
“lanes” is the same as the length of “h_samples”, and the combination of any
one-dimensional array of “lanes” and “h_samples” can obtain the horizontal
coordinates of all points of the For example, the coordinates of the first point of
the first lane in the figure are (721, 220).

The comparison between XML annotation information and JSON annotation
information is shown in Figure 4. It can be seen that the lane line points in the
JSON file are denser, and the curvature information can be retained relatively
more accurately in places where the curvature of the lane line is relatively large.

e Lane Line Attributes Labeling
In the process of manual labeling, there is no labeling classification of the lane

0
100
2004
300
4004
500
600

700

0 200 400 600 800 1000 1200

Figure 3. Horizontal cutting line.

DOI: 10.4236/jcc.2023.113005

51 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2023.113005

X.Y. lJiaoetal.

Input image Marking lane lines Distinguish lane lines ) Y

Extracting lane lines

Figure 5. Lane line attributes dataset acquisition.

line’s real and imaginary attributes, but the imaginary line can be crossed to
represent the ability to change lanes, and the solid line cannot be crossed to limit
the vehicle’s drivable area, and the imaginary and real lane lines are related to
the planning of the vehicle’s forward direction.

In this experiment, we use a dummy real attribute classification network to
accomplish the prediction and labeling. The data set acquisition process of the
imaginary and real attribute classification network is shown in Figure 5. For
each lane line, the length is no more than 500 pixels (labeled from 220 - 710
height), the lane lines are labeled by connecting the lane line points with lines of
different color widths of 2 pixels, and the labeled image is converted into a
grayscale map. In the grayscale map, the lane line pixel values are specified ac-
cording to the labeling order, such as the background pixel value is 0, the first In
the grayscale map, the pixel values of the lane lines are specified according to the
order of labeling, such as the background pixel value is 0, the first labeled lane
line pixel value is 1, the second labeled lane line pixel value is 2, and so on, until all
lane lines in the labeled image are completed. The location information of each
lane line point is obtained according to the different grayscale image pixel values,
and all the pixel points of each lane line are extracted in the original input image
by the location information index, and the lane lines are folded and stitched into a
32 * 32 pixel size image. These stitched images have certain features and can be
recognized and classified by the neural network. The 3 lane lines in the figure can
be extracted from 3 attribute images. The lane lines are solid lines with a label
noted as 0, and the lane lines are dashed lines with a label noted as 1.

By the above lane line extraction method, the lane line attribute image data
with the size of 32 * 32 is collected as shown in Table 1.

In the process of attribute classification training, two network structures were
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designed. The first network structure is shown in Figure 6, where the input 32 *
32 lane line attribute image, the backbone network consists of three layers of
convolution plus pooling, two layers of linear regression, and the output predicts
the confidence that the input image is a solid line (0) or a dashed line (1). In this
paper the network is defined as lane line attribute classification network A. In
this network was trained for 50 iterations, 100 iterations, and 150 iterations, re-
spectively, and the training process is shown in Figure 7.

The second network structure is shown in Figure 8, where a 32 * 32 lane line
attribute image is input and two layers of convolution are performed before the

pooling operation. The network also consists of three layers of convolution plus

Table 1. Image dataset of lane line attributes.

0 (Full Line) 1 (Broken Line)

Training set 8871 8103

Test set 300 350

Fi,

—O— train_loss
~f— test_loss

—O— ftrain_acc
~f— test_acc

Y

IR S

64

16"

gure 6. Lane line attribute classification network A.

—O— train_loss
~f— test_loss

—O— ftrain_loss
A test_loss

—O— train_acc
- test_acc

—O— ftrain_acc
e test_acc

o

10 20 30 40

epoch

100
epoch

20 40 60

epoch

80

Figure 7. Network A training 50, 100 and 150 times.
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pooling and two layers of linear regression, and the final output predicts the

confidence level of whether the image is a dashed (1) or a solid (0) line. In this

paper, the network is defined as the lane line attribute classification network B.

In this network also 50 iterations, 100 iterations, and 150 iterations of training

experiments are conducted, and the training process is shown in Figure 9.

There are three evaluations of the lane line attribute classification network re-

sult model, which are the solid line prediction accuracy (Full line acc), the

dashed line prediction accuracy (Broken_line acc), and the total accuracy

(Full_acc), which are calculated as shown below.

Full line_acc =

Broken_line_acc =

T pred_full

+

T pred_full

um iy

Tpred_broken

UMpyoken

T

pred_broken

Full acc =

L
16165>

+N

um g

Figure 8. Lane line attribute classification network B.

—O— train_loss
—f— test_loss

—O— ftrain_loss
—f— test_loss

0.25

—O— train_acc —O— train_acc

—#— test_acc —#— test_acc
o 10 20 30 40 ] 10 20 30 40 o 20 40 60 80 ] 20 40 60 80
epoch epoch epoch epoch

Figure 9. Network B training 50, 100 and 150 times.
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where T, ., is the number of correctly predicted solid images, N, is the

1 um g
number of total solid images, and T, ., i the number of correctly pre-
dicted dashed images, N, is the number of total dashed images.

UMprofen

In each training process, the model with the smallest difference between the
true value and the predicted value is retained as the resultant model, and the re-
sults of the resultant model evaluated on the test set are shown in Table 2.

In the In the above table, it can be found that after training network A itera-
tions 100 and iterations 150 have the same result, which is better than the result
of iteration 50, indicating that the model training has converged, and the best
result of network A training is 99.22% of the total accuracy of the test set predic-
tion. Network B is trained, and the same results are the same for 100 iterations
and 150 iterations, and the best result of network B training is 99.38% correct
prediction rate of the test set. Therefore, the model trained by network B can be
used to predict and calibrate the attributes of the original image lane line dataset
as the true value, and the labeling results are shown as “types” in the JSON file in
Figure 1, with solid lines marked as 0 and solid lines marked as 1.

e Lane Line Vanishing Point Labeling

The lane line image is a 1280 * 720 size perspective image taken by the cam-
era. The lane lines no longer remain parallel to each other in the figure but con-
verge on the far side due to the perspective principle of small and large, and the
lane lines or the extensions of the lane lines intersect at a point on the far side,
which is the extinction point of the lane lines. In this experiment, the informa-
tion of the lane line extinction point is labeled by two methods, and the results
obtained by the two labeling methods are compared to select the more reasona-
ble and accurate way to label the lane line training data set.

The first method is shown in the figure, predefining the vanishing point coor-
dinates and mapping the captured image to an aerial view by performing an in-
verse perspective transformation (IPM) through the vanishing point coordi-
nates, if the lane lines in the aerial view are parallel to each other, that is, the va-
nishing point position is correctly defined. Before explaining the implementa-
tion principle, it is necessary to understand the two coordinate systems involved

in image processing.

Table 2. Comparison of experimental results.

Name of Epoch Accuracy of full Accuracy of broken Total

network line prediction line prediction Accuracy
50 1.0000 0.9826 0.9906
A 100 1.0000 0.9855 0.9922
150 1.0000 0.9855 0.9922
50 1.0000 0.9854 0.9922
B 100 1.0000 0.9884 0.9938
150 1.0000 0.9884 0.9938
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World coordinate system: represents the 3-D space of the real world, describ-
ing the camera position, with the origin in m depending on the situation.

Pixel coordinate system: represents the 2-D image space of the projected 3-D
scene, the origin is the upper left corner of the image, unit pixel.

A schematic diagram of the relationship between the world coordinate system
and the pixel coordinate system is shown in Figure 10.

The camera acquires an image point ¢ with pixel coordinates (u,v) , corres-
ponding to the world coordinate point Q(x, y,z). The process of shooting im-
age mapping is to project it onto the z= 0 plane of the 3D world space.

The mounting position of the camera of the shooting car is shown in Figure

11, and its world coordinates are (/,w,h), and the angle between the projection

Figure 10. Diagram of the relationship between the world coordinate system and the pix-
el coordinate system.

S

Q1O

P

Figure 11. The left is the xy._plane view in world coordinates; the right is the z-plane view in world coordinates.
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of the camera optical axis 6 on the z= 0 plane and the x-axis is the translation angle
p as shown in the diagram on the right side of Figure 11, and the angle between
the vertical line of the optical axis d and the zaxis is the tilt angle 6, in this paper g
and @ can be calculated by predefined extinction point positions, the aperture angle
of the camera is 2a, and the resolution of the camera is m x n, then for the coordi-
nate points (u, v) of the pixel coordinate system mapped to the coordinate points

(x, v, z) of the world coordinate system the conversion relation [17] is:

chos[(ﬁ—a)+v 2f1}+1 (4)

x(u,v)zhxcot[(ﬁ—a)+u 2a
"

y(u,v):hxcot{(ﬁ—a)Jru 2a

2a
xsin| (f-a)+v—-|[+W (5)
o o] =2
where u=0,1,---,m—1 and v=0,l,---,n—1, any point (u,v) of the pixel coor-
dinate system returns a coordinate point (x,y,0) of the world coordinate system.
The coordinate transformation relationship of the inverse mapping process is

shown below.

arccot {hsm(x,y,())} —(19—05)
u(x,,0) = . ()
m—1
arccot[y_w}—(ﬁ—a)
v(x..0) = LS 7)
n—1

The inverse mapping process defined above removes perspective effects by
correlating hypothetical real-world coordinate points (x,y,0) with pixel points
(u (x,y,O),v(x,y,O)) of the inverse mapped image in the form of a scan.

In this experiment, the coordinates of the predefined vanishing point are
(vpx,vpty), and the camera translation angle £ and tilt angle & are defined as

follows, respectively.

ﬁ:_(vptx—m)xa )
m
6’:_(vply;n)xa )

As shown in Figure 12, the original image and the image generated after in-
verse mapping by calculating the camera translation angle S and tilt angle 6
based on the predefined vanishing point positions are shown. The diagram on
the left side of Figure 12 shows the perspective image taken by the camera, and
the diagram on the right side of Figure 12 shows the bird’s-eye view of the road
area in front of the vehicle observed from a significant height generated by the
inverse mapping transformation. If the lane lines in the aerial view are trans-
formed into equally spaced parallel lines with the same structure as the lane lines
in the real world, it is proved that the selected vanishing point position is correct

and the vanishing point information is retained.
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The second method is labeled by a computational method. As shown in Fig-
ure 13, the minimum adjacency matrix of each lane line is calculated to obtain
the centerline perpendicular to the short edge, and each lane line is represented
by the calculated centerline, and the average coordinates of the intersection of all
centerlines are calculated as the coordinates of the vanishing point.

The above method for the normal high-speed scene calculation process is shown
in Figure 14. Figure 14 (al) is the originally captured image, Figure 14 (a2) is the
minimum adjacency matrix for each lane line point, and Figure 14 (a3) calculates
the centerline of each adjacency matrix, all centerlines do not necessarily intersect
at one point, in this experiment, the average coordinates of all intersection points
of all centerlines are calculated, as shown in Figure 14, there are three lane lines in
the image, the lane lines intersect two by two, there can be at most three intersec-
tion points, the average coordinates of these three intersection points are calcu-
lated as the vanishing point coordinates of this image, Figure 14 (a4) visualizes the
calculated vanishing point coordinates.

However, this calculated method does not perform well for other complex
scenes. In order to improve the robustness of the method and to adapt more to
real-world high-speed scenes, the scenes that do not perform well are targeted in

(al)

Figure 14. Normal high-speed scene.
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h

Figure 15. One lane line scene.

this paper.

For a scene with only one lane, there is no intersection between the lane lines,
as shown in Figure 15. Find out the width w; length h, the center point of the
matrix (upper_x,upper_y ) and the angle y between the center line of the matrix
and the positive direction of the image x-axis, then the center point of the short
side of the distal end of the minimum adjacency matrix of the lane lines

(upper_x,upper_y ) can be obtained according to the following formula

h
upper_x = center X — 5 X COS ¥ (10)

h_ .
upper_y:center_y—5x51n)/ (11)

For a scene with only one lane line in the image, the vanishing point is visua-
lized in the image as shown in Figure 15 (a4).

For the ramp scene, the distal end of the lane line curved arc, the calculation
method of the vanishing point does not meet the reality, to adapt to this scene,
as shown in Figure 16, in this paper to intercept the proximal two-thirds of the
lane line area, discard the distal end of the curved obvious one-third area, the
location of the calculated vanishing point in the image visualization as shown in
Figure 16 (a4).

For the lane line convergence intersection vanishing point calculation error is
relatively large, the convergence intersection at the lane line and other lane lines
distal end will overlap, as shown in Figure 17, lane line |2 convergence lane line
1_1, two-lane lines intersect at point ¢, in Figure 17 (a3) can be seen lane line 1 2
and other lane lines intersection point will have significantly deviated from the
other lane lines between the intersection point, this case to seek the average
coordinates as the vanishing point To solve this interference, this paper addi-
tionally proposes a filtering method: with the help of the intersection point ¢ of
the lane lines at the convergence intersection, find the lane lines whose distance

to point c is less than 10 pixels in the image, ie, lane line 1 1 and lane line I_2,

w w

h

»
(center_x,center_y) (center_x, center_y)

(a4)

(al) (ad)
Figure 16. Ramp scene.
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(c1)

(@) @ (e

Figure 17. Converge into the intersection scene.

and filter these two lane lines respectively, as shown in Figure 17 (a4). Similarly,
filter lane line 1 2 as shown in Figure 17 (b2) and calculate the distance disl
from the vanishing point location to the remaining three lane lines obtained af-
ter filtering lane line 1_1. Similarly, filter lane line 1_2 as shown in Figure 17 (c2)
and calculate the distance dis2 from the vanishing point location to the remaining
three lane lines obtained after filtering lane line | 2. dis0, dis1, and dis2 are selected
as the smallest result, whose corresponding vanishing point location is the vanish-
ing point of this convergence scene, compare the vanishing point markers in Fig-
ure 17 (a4), Figure 17 (b4), and Figure 17 (c4), obviously the vanishing point lo-
cation in Figure 17 (c4) is more in line with the actual cognition.

For the scene of high speed intersection, because the lane lines of the upper
and lower high speed intersection and the direction of the lane lines of the nor-
mal driving road deviate more, so it will cause interference to the calculation of
the vanishing point, as shown in Figure 18 (a4), because of the influence of the
lower high speed intersection, the position of the vanishing point deviates com-
pared to the driver’s visual center, and the distance dis0 from the vanishing
point to the lane line is calculated by recording all the lane lines in the image.
For the scene of highway intersection, a lane line filtering method is proposed in
this paper: there are four lane lines1_1,1_2,1_3 and1_4 in the image, as shown in
Figure 18 (b3), Figure 18 (c3), Figure 18 (d3) and Figure 18 (e3), filter these
four lane lines respectively, use the remaining three lane lines to calculate the
vanishing point, and record the calculated distance from the vanishing point to
the remaining three lane Compare dis0, disl, dis2, dis3 and dis4, and select the
one with the smallest value as the vanishing point position of the image. As in
Figure 18 (e4), the location of the vanishing point after filtering out the lower
highway lane line 1_4 is more in line with the actual scene.
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Figure 18. Highway intersection scene.

(3) ' (e4)

The first method of finding the coordinates of the vanishing point of the in-
verse perspective transformation is too subjective for each marker, each person
has a different concept of parallel lane lines, resulting in a different adjustment
size for the location of the extinguishing points that make the lane lines parallel
to each other, and different markers have a larger error in the location of the va-
nishing point obtained for the same scene; in addition, in the ramp scene where
the curvature of the lane lines is relatively large, itself in the conversion after the
In addition, in ramp scenes with large curvature of lane lines, it is difficult to
make the lane lines parallel to each other in the bird’s-eye view after conversion.
The second method of finding the vanishing point by calculation is more com-
prehensive for different scenes, and the error is smaller for the same scene with a
fixed calculation method, so we use the calculation method to calibrate the true

value of the vanishing point coordinates of the lane line data set.

3.2. Network Structure

In this paper, we consider lane line detection as an instance segmentation prob-
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i
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lem for continuous elongated objects and propose a lane line detection method
based on an improved PINet [18] network. The structure of PINet training net-
work is shown in Figure 19, the input size of 512 * 256 images and lane line
labeling information, in the size Resizing layer, first through a series of convolu-
tion and pooling, the module for preliminary image feature extraction, and the
output image of size 64 * 32 is sent to the Feature extraction layer, which is based
on the Stacked Hourglass Network [19] and consists of two stacked hourglass
network modules. The output of each Hourglass Network module is divided into
three branches: Confidence branch, Offset branch, and lane line point instance
classification branch (Feature). To improve the detection efficiency, the PINet
network does not perform pixel-level discrimination and detection on the origi-
nal 512 * 256 size image but performs lane line detection on the reduced 64 * 32
size image, so the predicted output of the network will have some deviation. To
further improve the accuracy of lane line detection, the improved lane line de-
tection network structure is shown in Figure 20. The 1280 * 720 image taken by
the front camera and the labeling information (Figure 1) is input, the sky part
above the image that is not related to lane lines is cropped, and the image size is
resized to 512 * 256 after a series of data enhancements methods such as rota-
tion, adding noise, mirror flip, etc. In addition to the lane detection branch,
three other supervised and constrained branches are added, namely the lane
attribute prediction branch (Type branch), the lane parallel structure prediction
branch (Hara branch), and the extinction point prediction branch (Vanishing
point branch). The improved network predicts the location and shape of the lane
lines with pixel-level, lane line-level, and image-level constraints, and improves the
prediction results by applying multi-layer structural constraints to the lane lines.
The network structure in this experiment includes a Resizing layer and a Fea-
ture extraction layer, and the Feature extraction layer is a two-layer stacked
hourglass network. The details of the Resizing layer module network are shown

in Table 3, where “layer” indicates the operation performed on the image,

Back-propagation

Output Loss
branch D
4P Loss

Confidence

Feature
Resizing layer Feature extraction layer
Output branch
Figure 19. PINet network structure.
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Input image

Figure 20. Improved network structure.

Back-propagation
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Feature extraction layer
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v
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Lane detection branch

«= ==

1
-
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Type branch

- - Vanishing point branch

Conv + PRelu + bn

Conv + PRelu + bn
Conv + PRelu + bn
Conv + PRelu + bn

Max pooling

Conv + PRelu + bn
Conv + PRelu + bn
Conv + PRelu + bn

Max pooling

Conv + PRelu + bn
Conv + PRelu + bn
Conv + PRelu + bn

7/2/3

1/1/0
3/1/1
1/1/0

2/2

1/1/0
3/1/1
1/1/0

2/2

1/1/0
3/1/1
1/1/0

Output branch
Table 3. Resizing layer implementation details.
Layer Size/Stride/Padding Output size
Input data 3*512*256

64 * 256 * 128

64 * 256 * 128
64 * 256 * 128
64 * 256 * 128

64 %128 * 64

64 %128 * 64
64 * 128 * 64
64128 * 64

64 %64 %32

128 * 64 * 32
128 * 64 * 32
128 * 64 * 32

» <«

Stride” and “Padding” indicates the convolution kernel size, convolution
step, and image padding pixel value of the convolution network, or the pooling
window size and sliding step of the window for the pooling operation, and
“Output” indicates the number of channels * length * width of the output image.
After a series of convolution and pooling, the image features are initially ex-
tracted and the size is reduced to 1/8 of the original size, ie., from 512 * 256 to
64 * 32, followed by connecting the feature extraction layers. The stacked hour-
glass network provides a repetitive top-down and bottom-up inference mechan-
ism for the network to aggregate information across scales through a series of

upsampling and downsampling, and the network output features retain the in-
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formation of all layers and are consistent with the original input size of the
hourglass network as 64 * 32, which can ensure that the lane line information is
not lost compared to the traditional neural network that only uses the convolu-
tional features of the last layer. As shown in Figure 20, the hourglass network is
left-right symmetric, retaining the current scale information before performing
downsampling, reducing the resolution of the features by convolution and pool-
ing, and after reaching the minimum resolution, upsampling is performed by
inverse convolution, and the data from the previous scale are summed after up-
sampling to achieve cross-scale feature fusion. The hourglass network structure
is shown in Figure 21, such as ¢7 doubles the resolution by up-sampling, c4 goes
through a 1 x 1 convolution to get c4a, c4a can be regarded as a copy of c4,
which has the same size and dimension as c4, while the size of c4a is the same as
c7 that was up-sampled, and the values are added directly to get c4b. By stacking
the feature maps layer by layer in this way, the final c1b then retains the infor-
mation of all layers. The output of the first layer of the hourglass network will
not only be used as the input of the second layer of the hourglass network, but
will also be used to determine the performance of the network model by com-
paring the loss of the difference between the predicted and true label values of
the network through the loss function, and then find the optimization direction.
the loss of the evaluation model is the sum of the losses calculated from the pre-
dicted and true values generated by all hourglass networks.
e Lane Line Prediction Branch

The lane line prediction task consists of three parts, namely the confidence
branch, the offset branch, and the lane line point instance classification branch,
to predict whether each pixel in the feature map is a lane line point, which pixel
corresponds to the original image and which lane line it belongs to. The feature
maps of each part are shown in Figure 22. In this experiment, the input image

size is 512 * 256 and the hourglass network output feature map size is 64 * 32.

\ 4
'
N
]

\/
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c2 c2b
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Figure 21. Hourglass network structure.
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(a) Inputimage

(b) The confidence feature map of the
output of the first layer of hourglass
network in the upper row; the
confidence feature map of the output
of the second layer of hourglass
networkin the lower row

(c) The offset feature map of the
output of the first layer of hourglass
network in the upper row; the offset
feature map of the output of the
second layer of hourglass networkin
the lower row

Figure 22. Visualization feature map.

The feature map is 1/8 of the original image size, so one pixel of the feature map
corresponds to a matrix of 8 * 8 pixels in the original input image. The confi-
dence branch is responsible for semantic segmentation and predicts the confi-
dence value of whether each pixel in the output feature map belongs to a lane
line, if the pixel belongs to a lane line, the confidence value is close to 1, other-
wise, the confidence value is close to 0. Because the size of the network input
image and the network output feature map are not the same, to predict the loca-
tion of the lane line points more accurately, the offset branch gives the predicted
value of each lane point the output value is between 0 and 1, which is expressed as
x-axis offset and y-axis offset, respectively. If the predicted x-axis offset is 0.5, then
the predicted location of the point is 4 pixels away from the true value in the x-axis
direction, and similarly, the predicted y-axis offset is 0.5, then the predicted loca-
tion of the point is 4 pixels away from the true value in the y-axis direction. The
lane line point instance classification branch predicts the high-dimensional feature
(dimension 6 in this paper) of each lane line point, which is used to calculate the
similarity between different lane line points. The implementation of the lane line
point instance classification branch borrows from the 3D point cloud instance
segmentation in SGPN [20] to predict which lane line point specifically belongs
to a lane line. For each image, containing different lane line instances, according
to the principle of similarity metric learning, points belonging to the same lane
line instance should have similar features, and a similarity matrix is constructed
to record the differences between the features of all point pairs to measure
whether each point pair belongs to the same instance, as shown in Figure 23, for
any two points (x,,y,) ina 64 * 32 size lane line image and (x,,y,), thereisa
corresponding coordinate (j,k) in the similarity matrix, where

Jj=x+y x64 (1)

k=x,+y,x64 (2)

An embedded feature value is defined at (j,k) in the similarity matrix to
indicate whether the points (x,,y) and (x,,y,) belong to the same instance,

and if they belong to the same instance, the corresponding value of this feature
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Figure 23. Relationship between similarity matrix and lane line points.

value is 1 (represented in green in the figure), otherwise, it is 2 (represented in
yellow in the figure). The output predicts the instance classification features,
predicts the relationship between each pixel and all other pixels, and by the si-
milarity matrix constructed for pixels belonging to the same instance their fea-
tures are expected to be closer, and for pixels of different instances the features
are expected to be further apart. Then if the predicted embedding feature values
of some lane line points are within a certain range, they can be considered as the
same instance, and different instances are distinguished using this clustering

process. The loss function L [18] of the lane line point instance classifica-

feature

tion branch is defined as:

1 N 1 Ne Ne .
Lfeuture = ﬁZi:IN_eZZj:I k:lf; (J) k) (3)

el

fi(j.k)= (4)

max(0,4-|F, -F],)  if C; =2
where N is the total number of images, 7 denotes the sequence number of im-
ages, Neis the number of pixel frames in the feature map, F; denotes the pre-
dicted embedding feature of pixel jin the feature map, and 1 is a constant. C,
denotes whether pixel jand pixel kare in the same lane instance, and if C;, =1,
it means that these two pixels belong to the same instance, and if C, =2, it
means that these two pixels belong to different instances.

Leoigences Lopser» @04 L, are the loss functions of the confidence branch,
offset branch, and lane line point instance classification branch, respectively, so
the loss of the lane line prediction branch is:

L, =al

lane

‘confidence + bLo[]Set + CLfeature (5)

e Prediction Of Lane Line Virtual And real Attributes

The real and imaginary attributes of lane lines determine the drivable range of
vehicles as well as the forward direction in the real world. In the experiment, the
network predicts the lane lines while predicting the imaginary and real attributes
of lane lines, the location of lane line attributes in the feature map is the same as
the location of lane lines, and the prediction of lane line attribute information

can enhance the lane line feature information. In the experiment, the lane line
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attribute prediction is implemented using the segmentation method, as shown in
Figure 24, the lane line attributes truth map is assigned to each pixel grid
attribute value, where the background value is 0, the dashed line value is 1, and
the solid line value is 2. The lane line attribute prediction feature map outputted
by the hourglass network is classified pixel by pixel to judge the existence of lane
line key points by attribute information prediction at the pixel level to monitor
the lane line attribute The prediction branch output feature map and the real
and imaginary attributes of the lane line do the difference operation whose loss

calculation function is:

L’YPB = Z

where NV is the total number of images, Ne is the number of pixel cells in the
feature map, and Kis the number of attribute labels. The probability that the jth
cell is predicted to be the 4th label value is p, ;,,and y,;, is the label, ie, if

o NeZ > [l—eXp(—yi,j,klogpi,,-,k)]z'0.5~yi,,~,k10gpi,,~,k (6)

the category of the jth cell is & then y, ;, =1, otherwise, it is equal to 0.
e DPrediction Of Parallel Properties Of Lane Lines

The lane lines exist parallel in the real world and lose this structure between
the lane lines in the image due to the perspective principle of the camera, but the
image can be converted to a bird’s eye view by inverse perspective and modeled
in the bird’s eye view to reconstruct the parallelism between each other. the IPM
transformation method can convert the original image to a bird’s eye view by the
perspective transformation matrix H. Due to the need to adapt to different
highway scenes, the Therefore H matrix is not fixed, and in the experiments, the
network predicts the parameters of the ideal perspective change based on the
input image to adapt to the complex road scenes. The network predicts the lane
lines, and for each lane line represented by a series of points, as shown in Figure
25, the minimum external matrix of the lane line points is found to obtain the
centerline perpendicular to the short edge, and the clockwise angle between the
positive x-axis and the centerline is €. Then the predicted lane lines can be ex-
pressed as ax+by+c=0. As shown in Figure 26, assuming the predicted lane
lines are L, and L,,and project them into the bird’s-eye view after the inverse

perspective transformation, the corresponding instances of lane lines are /, and

l,,then /, and [, can be expressed as:

Figure 24. True value map of lane line virtual and real attributes.
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Figure 25. Lane-line representation.
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Figure 26. Bird’s eye view conversion.
a,-x+b-y+c¢ =0 (7)
a, x+b,-y+c,=0 (8)

Since the lane lines in the bird’s eye view have a parallel relationship with each
other, the difference of x is always constant in the case of equal y. Therefore,
a,-b, =a,-b, then it is possible to provide negative feedback to the network
through L. The closer Ly is to 0, the more accurate the detection of lane lines is,
thus improving the accuracy of lane line detection by constraining the relation-
ship between lane lines.

L-1
i N Zj:O,k:O,j¢kL1(ajbk _akbj)

N 2 [L-(L,-1)]/2

where N is the total number of images, Z; is the number of lane lines in the ith

L, =

)

image, and Z1 is the Smooth L1 loss function.
e DPrediction of Lane Line Disappearance Point Location

The vanishing point, which is also the distant intersection of lane lines, is re-
garded as a special kind of key point to be predicted by feature maps in the net-
work, and in this way, the task of predicting the vanishing point is used as a li-
miting and guiding factor in the training process to optimize the detection re-
sults of lane lines at the image level. After reading the JSON file to get the true
value of the vanishing point, since the target of the vanishing point is too small
and has only one coordinate information, a circle is drawn with the vanishing
point as the center and 4 as the radius as shown in Figure 27, and all the coor-

dinate information of the whole vanishing point marking circle is used as the
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Figure 27. Left is the vanishing point true value graph, right is the vanishing point pre-
diction graph.

true value and the feature map to do the pixel-level loss function calculation as
follows.
1 N 1 Ne
L=t XS [rlog(p)+(1-p)logl1-p)] (1)
where Nis the total number of images, Ne is the number of pixel frames in the
feature map, y is the extinction sample label, the positive sample label is 1 and

negative sample label is 0, and pis the probability of predicting a positive sample.

4. Experimental Results and Analysis

4.1. Experimental Data

All data for this experiment come from Beijing Trunk Co., Ltd. on Beijing high-
ways, and the datasets are all highways, which are more in line with the needs of
in-house research than the TuSimple [21] dataset and the CuLane dataset, with
41,058 training data and 4171 validation data, including scenes of congestion,

blocking blurred lane lines, and special weather (rain, snow, and fog).

4.2. Experimental Results

e Evaluation Metrics

There are two accuracy evaluation metrics for lane lines, Accuracy, FPR, and
FNR on the Tusimple dataset and F Score on the CULane dataset, each of the
two evaluation metrics has its focus, and both metrics are used to evaluate the
training model in this experiment.

Where the Accuracy is calculated as:

Accuracy =%, % (1)

im
Cim

of lane points in the real label. When the distance between the predicted points

is the number of correctly predicted lane points, and S,, is the number

and the actual lane points is less than the set threshold, the lane points are con-

sidered to be correctly predicted. A lane line is considered correctly predicted

when the percentage of correctly predicted points in a lane line exceeds 85%.
FPR is defined as follows:

Fpred

Npred

FPR = 2)

FNR is defined as follows:
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Mpred
Ngt

FNR = (3)
Fpred is the total number of lane lines predicted incorrectly (false checks),
Npred is the total number of lane lines predicted, Mpred is the number of lane
lines not predicted but present (missed checks), and Ngt is the number of all
lane lines in the label.
F Score, also known as the balanced F Score, considers both accuracy and re-
call and is a reconciliation balance between the two.

precision - recall

FScore=2 4)
precision + recall
TP
recision = ———— 5
P TP+ FP ©)
recall = _r (6)
TP+ FN

The CULane dataset renders lane points as 30-pixel-wide lane lines and cal-
culates the intersection-to-merge ratio (IoU) between the predicted lane lines
and the real lane lines. IoU greater than a specific threshold (0.5) is considered
as correct prediction (7P), IoU less than or equal to the threshold is considered
as wrong detection (FP), and having real lane lines but no detection is consi-
dered as FN.

e Experiment Comparison

To demonstrate the effectiveness of the experimental approach in this paper,
several experiments were conducted to compare the model in this paper with the
PINet model, and to compare the performance variation of this approach in the
test set. To explore the effectiveness of pixel-level, lane-level, and image-level
constraint structures, this paper combines pixel-level perception with the Base
model (Base + T) and adds the lane line constraints into the Base + T combina-
tion as Base + T + H. The results of the ablation experiments can be seen in Ta-
ble 4, where the accuracy of lane line detection (Accuracy and F Score) is im-
proving, proving that the method proposed in this paper is effective that used
together can improve the performance of lane line detection.

Figure 28 shows the performance of this experimental model in different
scenarios with different colors for different lane line instances. The top row
shows the true value of the lane line labels, and the bottom row shows the pre-

dicted lane line results of this experimental model.

Table 4. Comparison of ablation experiments.

Network Accuracy (%) FPR FENR F Score
Base 0.9224 0.1785 0.1133 0.8538
Base + T 0.9532 0.0956 0.0666 0.9220
Base + T+ H 0.9652 0.0791 0.0567 0.9289
Ours 0.9644 0.0561 0.0502 0.9415
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Figure 28. Experimental results.

4.3. Conclusion

In this paper, information closely related to lane lines such as the virtual and real
properties of lane lines, the parallel structure of lane lines, and the distant inter-
section of lane lines are utilized to constrain the structure of lane line perception
in multiple layers, and through ablation experimental comparison, it is shown
that the method in this paper is effective and can improve the accuracy of lane
line detection and significantly reduce the error detection rate, thus ensuring the
safety of unmanned vehicles. However, there is still much room for improve-
ment in the accuracy of the lane detection task. The current model performs well
in most scenarios, but underperforms in complex scenarios where lanes cross
and merge into and out of each other, and such complex road scenarios are also

accident-prone, requiring more accurate predictions.
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