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ABSTRACT

The dense and accurate measurement of 3D texture is helpful in evaluating the pavement function. To form dense
mandatory constraints and improve matching accuracy, the traditional binocular reconstruction technology was
improved threefold. First, a single moving laser line was introduced to carry out global scanning constraints on the
target, which would well overcome the difficulty of installing and recognizing excessive laser lines. Second, four
kinds of improved algorithms, namely, disparity replacement, superposition synthesis, subregion segmentation,
and subregion segmentation centroid enhancement, were established based on different constraint mechanism.
Last, the improved binocular reconstruction test device was developed to realize the dual functions of 3D
texture measurement and precision self-evaluation. Results show that compared with traditional algorithms, the
introduction of a single laser line scanning constraint is helpful in improving the measurement’s accuracy. Among
various improved algorithms, the improvement effect of the subregion segmentation centroid enhancement method
is the best. It has a good effect on both overall measurement and single point measurement, which can be considered
to be used in pavement function evaluation.

KEYWORDS
3D pavement texture; binocular reconstruction algorithm; single laser line scanning constraint; improved stereo
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1 Introduction

As an intuitive external natural attribute, the 3D pavement texture is closely related to driving
comfort, tire-road noise, and skid resistance. Poor driving comfort and noise pollution have a
serious effect on public health, resulting in insomnia, learning disabilities, emotional irritability, and
hypertension [1,2]. Skid resistance is one of the most important factors in driving safety, especially
under wet or ice conditions [3,4]. A statistically significant correlation has been observed between skid
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resistance and pavement crash rates, and average reduction of wet-pavement crash rates can reach 68%
by improving the skid resistance [5]. The statistical results of national road traffic accidents show that a
total of 248,000 traffic accidents occurred in 2019, resulting in 63,000 deaths and a direct property loss
of 134 million Yuan [6]. In general, texture and friction coefficient are the two most commonly used
methods to evaluate pavement skid resistance. A large number of studies have shown that pavement
skid resistance is closely related to the texture characteristics [7,8]. Moreover, the friction coefficient
measured by skid resistant test is easy to be affected by the dry or wet road conditions and the test
speed, which leads to the problems such as strong restrictive conditions and hard to control in the
field. Therefore, in view of the close relationship between 3D texture and road function, research on
the accurate measurement of 3D pavement texture can enrich the research scope of road function and
reduce the impact of the road function on public health and driving safety.

According to the undulation degree of road surface, pavement texture could be divided into
four categories: unevenness, mega texture, macro texture, and micro texture [7,9]. Among them, the
structure size of unevenness and mega texture is larger, and the vertical size is larger than 20 mm,
so the requirements for both measurement accuracy and resolution are relatively low. Using only
common equipment such as total station, laser profilometer, and ultrasonic detector could meet
the measurement needs. However, the structure size of macro texture and micro texture is small.
Specifically, the vertical size of micro texture is less than 0.5 mm, which requires very high measurement
accuracy. Both macro texture and micro texture have an important effect on pavement function. Macro
texture not only affects the vibration and acoustic characteristics of tire-road [10,11], but also directly
determines the retardation component of tire due to elastic deformation lag, which can remove the
water between contact surfaces, increase the real contact area, and improve the skid resistance in rainy
days [12,13]. Micro texture can increase the occlusion degree between tire and pavement, which is the
main cause of friction at low speeds [14].

At present, the practical methods used to detect pavement texture mainly include sand patch
and circular track texture meter [15]. Due to the limitation of measurement accuracy, the above two
methods are mainly used for the measurement of macro texture, which are difficult to reach the scale
level of micro texture. But for the measurement of micro texture, pendulum friction coefficient method
and surface profiler method are commonly used [16,17]. The sand patch method and the pendulum
friction coefficient method are greatly affected by human factors, resulting in poor repeatability
and low measurement accuracy. Although the surface profiler method has high precision and good
reproducibility, it is a two-dimensional linear measurement, so it is difficult to obtain high-resolution
3D measurement results. Thus, developing a high-resolution and high-precision 3D pavement texture
detection method is needed to realize the synchronous 3D measurement of macro texture and micro-
texture.

With the development of modern measurement technology, non-contact measurement meth-
ods, especially computer vision technology based on digital image processing, have attracted much
attention due to the advantages of digitization and non-contact. The commonly used computer
vision technology mainly includes photogrammetry, structured light measurement, photometric stereo
reconstruction, and binocular reconstruction [18–21]. In contrast, binocular reconstruction has the
advantages of simple operation, low cost and strong anti-light interference ability, and has been
widely used in building materials. Binocular reconstruction aims to calculate the disparity of the
same name pixels between the left and right images, according to the rigorous geometric relationship
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to complete the calculation of 3D texture. The biggest limitation of binocular reconstruction is the
accurate matching of the same name pixels, especially for objects with weak textures or fewer feature
points, such as asphalt pavement. Due to the influence of matching accuracy, the measurement results
of the traditional binocular reconstruction technology were only limited to the macro texture.

Gendy et al. [22] applied binocular reconstruction to measure concrete pavement texture. Due to
the influence of matching accuracy, the measurement results were only limited to the macro texture
under the premise of a global statistical average, while the results were not ideal for local single point
measurement or micro texture.

Dunford et al. [23] measured 3D characterization of surface texture for road stones undergoing
simulated traffic wear. The surface was finally successfully characterized at each stage using the
measured texture data.

Moreover, binocular reconstruction was also used for crack observation of concrete bridges.
Compared with monocular measurement, binocular reconstruction is more robust that has less
influence on the change of shooting angle [24].

In order to improve the matching effect, several fixed laser lines were introduced into traditional
binocular reconstruction technology to form forced matching by Liu et al. [25]. The results showed
that the addition of laser lines improved the measurement accuracy of the whole and single point.
However, excessive laser lines not only brought difficulties to the installation of laser emitters, but also
affected the recognition and matching effect of laser lines.

In summary, introducing fixed laser lines can improve the measurement effect to a certain extent,
but the number of laser lines has become the key problem. Therefore, in this study, a single moving
laser line was used to improve the traditional binocular reconstruction. And the improved binocular
reconstruction test device was also developed. Furthermore, four kinds of improved algorithms were
established based on different constraint mechanism. The main contributions of this study are as
follows: first, by introducing the constraint of laser line, the feature points are artificially constructed
to narrow the matching range and improve the matching accuracy; second, only one moving laser line
is used to carry out global scanning constraints, which not only construct the dense surface constraints
but also overcome the difficulty of installing and recognizing excessive laser lines; third, the dual
functions of 3D texture measurement and precision self-evaluation are realized through developing
the measuring device.

2 Proposed Improved Binocular Reconstruction Algorithms

Traditional binocular reconstruction mainly includes four operation steps: camera calibration,
stereo image correction, stereo matching, and 3D reconstruction [26]. The improved algorithms are
based on the traditional algorithm to add a single moving laser line to form global scanning constraint.
Then, video image shooting, frame by frame reading of left and right images, laser line recognition,
stereo matching, and other operations are carried out to form forced matching and improve matching
accuracy. The basic flow of different improved algorithms is shown in Fig. 1. The processing flow
of improved algorithms is roughly the same as that of traditional binocular reconstruction, but the
essential differences exist in the step of stereo matching. In the traditional binocular reconstruction,
stereo matching cost is calculated according to the characteristic statistics of image gray information.
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However, the improved algorithms introduce a single moving laser line and discuss the matching effect
under different constraint mechanisms. Aimed at the global scanning constraints, this study proposes
four improved stereo matching algorithms: disparity replacement, superposition synthesis, subregion
segmentation, and subregion segmentation centroid enhancement.

Stereo image correction

Camera calibration

Stereo matching

3D reconstruction

According to the imaging theory,
the checkerboard method is used to
calculate the internal parameters,
external parameters and distortion
parameters.

The video image is read frame by
frame, and the image correction is
completed according to the
calibration parameters, so that the
left and right images meet the limit
constraints and line parallelism.

According to the disparity matrix,
the 3D texture information of the
target is solved.

Video image shooting: A single
moving laser line is used to carry
out global scanning constraint on
the target, and the video image is
captured under the scanning
constraint mode.

Four different improved stereo
matching algorithms are used to
carry out stereo matching and the
disparity matrix is solved.

Figure 1: Flow chart of improved algorithms

2.1 Disparity Replacement
In the disparity replacement method, initial stereo matching is first performed on the first frame of

video image according to the traditional algorithm, and the original disparity matrix of the whole test
area is solved. Then, the video image is read frame by frame, and the laser line in each corrected image
is extracted based on color difference. According to the extracted laser line, the pixel coordinates of
the laser line constraint in the left and right images are calculated, and the constraint disparity of each
laser line is calculated according to the pixel coordinates (Eq. (1)). Furthermore, the disparity value
in the original disparity matrix is replaced by the constraint disparity frame by frame. Finally, a new
disparity matrix modified by a single laser line scanning constraint is produced according to Eq. (2),
and then the improved stereo matching algorithm based on disparity replacement is completed. The
matching process of this algorithm is shown in Fig. 2. The advantage of disparity replacement method
is that it is simple to operate and can ensure the accurate matching at all constraint positions. But in
practice, it is difficult to achieve accurate matching at pixel level on the whole measurement surface.

dc (i, j) = Xl − Xr (1)

DF = DI ; when M (i, j) = true, do DF (i, j) = dc (i, j) (2)

where dc(i, j) is the constraint disparity at pixel coordinate (i, j); Xl is the abscissa of the left image at
pixel coordinate (i, j), Xl = i; X r is the abscissa of the same name pixel about the pixel (i, j) in the left
image; DF is the final disparity matrix; DI is the initial disparity matrix; M(i, j) is the binary expression
of laser line.
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Calculation of pixel coordinates of
laser line in left and right image

Image background
removal

Recognition and extraction
of laser line

Calculate the disparity
at the laser line position

Replacement of the disparity
at the same position

Complete stereo matching

Read the video image
frame by frame

Stereo image correction

Whether the
frame count is 1

Solve the original disparity matrix

Based on the traditional algorithm, the
left and right images are matched by
semi-global matching search mode.

Yes

No

According to the different color
components, combined with
morphological operations, the
background is removed.

Perform the relevant color
stretching operation, the laser
line is identified and extracted
using the color difference.

Calculate the constraint disparity
based on the Euclidean distance
between the pixels with the
same name.

The disparity values in original
disparity matrix are replaced
one by one with the constraint
disparity.

Initial stereo matching

Constraint disparity solution

Figure 2: Matching process of disparity replacement method

2.2 Superposition Synthesis
The superposition synthesis method aims to recognize and extract the laser line from the corrected

video image frame by frame, and to concentrate all the laser lines from different images onto the same
image (Eq. (3)). On this basis, the traditional stereo matching algorithm is used to perform the step
of stereo matching. The matching process of superposition synthesis method is shown in Fig. 3. The
superposition synthesis method is simple to operate. The matching feature points can be artificially
created to improve the matching efficiency.

IC = IF; for k = 1:N {when Mk (i, j) = true, do ∼ IC (i, j) = Ik (i, j)} (3)

In Eq. (3), IC means the brightness of composite image; IF means the brightness of the first frame;
Mk (i, j) is the binary expression of the laser line in the image of frame k; (i, j) is the pixel coordinates;
N is the total number of frames of video image.

In the step of recognition and extraction of laser line, the laser line marking template is to set the
pixel value at the laser line position to 1, and the other positions are set to 0. Then the basic image is a
constantly updated image matrix, which means the superposition of the basic image with background
removal and all previous extracted laser lines.
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Read the video image
frame by frame

Stereo image correction
Image background

removal

Superposition synthesis of
laser lines and basic image

Stereo matching

According to the different color
components R, G and B of image ,
combined with morphological
operations such as expansion, filling
and corrosion, the background other
than the target is removed.

Recognition and extraction
of laser line

Add above two dot multiply matrices
to complete the superposition
synthesis.

The relevant color stretching
operation was carried out on the
image, and the red laser line was
identified and extracted by
combining the color difference of
R and G.

Based on the traditional algorithm,
the left and right images are
matched by semi-global matching
search mode.

Create the laser line marking template.

Dot multiply the template with the
current image.

Dot multiply the inverse template with
the basic image.

Figure 3: Matching process of superposition synthesis method

2.3 Subregion Segmentation
On the basis of the extracted laser line, the subregion segmentation method divides the target

into different subregions according to the constraint position of laser line, Eqs. (4) and (5). First, the
range of stereo matching is reduced to each subregion, and the matching disparity of each subregion
is solved. Then, the matching disparity of all subregions are combined and superimposed to obtain
the disparity matrix of the whole target according to Eq. (6). The matching process of the subregion
segmentation method is shown in Fig. 4. The particularity of this method is to narrow the matching
range and reduce the probability of wrong matching.

Sk = IF . ∗ Tk (4)

SR = IF −
∑N

k=1
Sk (5)

DF =
∑N

k=1
DS,k + DR (6)

where Sk is the brightness of the subregion segmentation of the video image at frame k; Tk is
segmentation template of the video image at frame k; DS,k is the disparity matrix of the subregion
segmentation calculated from Sk through semi-global matching algorithm; DR is the residual disparity
matrix calculated from residual subregion segmentation SR.
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Read the video image
frame by frame

Stereo image correction

Image background
removal

Subregion segmentation

Solution and combination
of subregion disparity

According to the different color
components R, G and B of image ,
combined with morphological
operations such as expansion, filling
and corrosion, the background other
than the target is removed.

Recognition and extraction
of laser line

The relevant color stretching
operation was carried out on the
image, and the red laser line was
identified and extracted by
combining the color difference of
R and G.

For each subregion, the semi-
global matching algorithm is used
to calculate the matching
disparity, and then the matching
disparity of all subregions are
combined to obtain the disparity
matrix.

Record the position of the laser
line in each frame.

The segmentation template is set
as follows: the unextracted
regions on the left of laser line
are set to 1, and the remaining
regions are set to 0.

The first frame image with the
background removed is
successively multiplied by each
segmentation template.

A series of subregions are
finally obtained.

Figure 4: Matching process of subregion segmentation method

2.4 Subregion Segmentation Centroid Enhancement
The subregion segmentation centroid enhancement method is a further upgrade of the subregion

segmentation method, which creates more favorable conditions for the accurate matching of sub-
regions with a small area. The matching process of the subregion segmentation centroid enhancement
method is basically the same as that of the subregion segmentation method. The only difference lies
in the step of centroid enhancement. To clearly delimit the subregion boundary and achieve accurate
matching, the centroid of the laser line at the subregion boundary is enhanced, and its gray value is
directly set as 255 (Eq. (7)). The matching process of this method is shown in Fig. 5. In contrast, the
subregion segmentation centroid enhancement method not only reduces the matching range, but also
strengthens the mandatory matching of subregion boundaries.

when Mk (i, j) = true, do Sk

(
i,

ji,min + ji,max

2

)
= 255 (7)

In Eq. (7), when Mk (i, j) = true, i and j belong to the laser line target area, i∈Area and j∈Area;
ji,min means the minimum value of the number of columns in row i of the laser line target area; ji,max

means the maximum value of the number of columns in row i of the laser line target area.
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Image background
removal

Sub-region segmentation

Solution and combination
of subregion disparity

According to the different color
components R, G and B of image ,
combined with morphological
operations such as expansion, filling
and corrosion, the background other
than the target is removed.

Recognition and extraction
of laser line

The relevant color stretching
operation was carried out on the
image, and the red laser line was
identified and extracted by
combining the color difference of
R and G.

For each subregion, the semi-
global matching algorithm is used
to calculate the matching
disparity, and then the matching
disparity of all subregions are
combined to obtain the disparity
matrix.

Centroid enhancement

Solve the centroid coordinate of
the laser line and replace its pixel
value with 255. Then subregion
boundary is enhanced.

Read the video image
frame by frame

Stereo image correction

Record the position of the laser
line in each frame.

The segmentation template is set
as follows: the unextracted
regions on the left of laser line
are set to 1, and the remaining
regions are set to 0.

The first frame image with the
background removed is
successively multiplied by each
segmentation template.

A series of subregions are
finally obtained.

Figure 5: Matching process of subregion segmentation centroid enhancement method

3 Testing Methods

At present, the measurement accuracy of the 3D texture is mainly evaluated by high-precision and
high-resolution test equipment. However, due to the different resolutions of the test equipment, the
statistical average index is often used to evaluate the measurement accuracy, which not only weakens
the influence of noise, but also interferes with the real evaluation of measurement accuracy of single
point.

In addition, although the measurement accuracy of binocular reconstruction technology is
affected by system structure parameters (SSPs) and camera calibration parameters (CCPs), it can
be improved by optimizing equipment performance, adjusting component collocation and increasing
the number of correction images, etc. [27]. The biggest difficulty of measurement accuracy lies in the
accurate matching of pixels with the same name, especially for this study with the fixed constraint mode
and the same operating equipment. The main aims in this study are to explore the measurement effects
of different algorithms under different constraint mechanisms. Therefore, the laser points positioning
system is introduced to randomly select different laser marking points. And the matching effect on
laser marking points is used to represent the measurement accuracy. Then the goal of self-evaluation
of measurement accuracy is achieved through evaluating the matching effect. This evaluation method
of measurement accuracy does not need high precision and high resolution measurement equipment,
and uses low cost to realize the real evaluation of measurement accuracy of single point.

To synchronously realize the dual functions of 3D texture measurement and precision self-
evaluation, an improved binocular reconstruction test device is developed in this study, as shown in
Fig. 6.
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Figure 6: Structure diagram of improved binocular reconstruction test device

The test device is mainly composed of the binocular camera, moving laser line, laser points
positioning system, and bracket. The binocular camera (Lena Machine Vision Technology Co., Ltd.,
Wuhan, China) with resolution and frame rate of 2560 × 960 @ 24 fps is composed of two lenses with
the same specification assembled on one circuit board to achieve simultaneous shooting of the same
object at the same time. As for each lens, the single pixel size is 3.0 μm × 3.0 μm and the focal length is
3.1 mm.The outer diameters of the two lenses are 15 mm and the center spacing is 6 cm. Furthermore,
the outer side of each lens is provided with a hollow circular reinforcing light source; the moving laser
line is a rigid hose high-intensity magnetic frame laser line emitter (Xinkunyang Technology Co., Ltd.,
Shenzhen, China). It is connected to the slider through strong magnetic adsorption. By moving, the
slider can complete the global scanning constraint. The laser point positioning system is composed
of seven rigid hose high-intensity magnetic frame laser point emitters (Xinkunyang Technology Co.,
Ltd., Shenzhen, China). The bracket is made of steel through self-processing, and the mechanical
connection between the guide rail, slide block, column, roof, and other parts is realized through bolts.

The operational process of the improved binocular reconstruction test device is as follows:

1) The reinforcing light sources are adjusted to keep the illumination intensity at 200–400 Lux,
and the binocular camera calibration is completed using the checkerboard method.

2) The laser line emitter is moved at a linear speed of 2.5 mm/s to perform the global scanning
constraint. At the same time, the binocular camera is controlled to synchronously shoot video
images under the scanning constraint.

3) The video images are read frame by frame, and four improved binocular reconstruction algo-
rithms are used to conduct stereo image correction, stereo matching, and 3D reconstruction
successively. Then, the disparity matrix and 3D texture information of the target are obtained.

4) The laser line emitter is turned off, the dot laser emitter is turned on, seven points to be
measured are randomly assigned, and the image is obtained through the binocular camera.
Combined with image processing, the assigned laser points are recognized and the position
coordinates of the laser points are solved. Then, the pixel disparity between the left and right
images is calculated for each assigned laser point. The calculated pixel disparity is recorded
as reference disparity. Furthermore, the reference elevation of each assigned laser point is
calculated based on reference disparity and camera calibration parameters. Taking the 1#
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assigned laser point as the reference point, the elevation difference between other points and
the 1# point is solved, which is recorded as reference elevation difference.

5) According to the disparity matrix and 3D texture information solved in step 3, the measured
disparity and measured elevation at the coordinate positions of seven assigned laser points is
obtained.

6) Based on the disparity and elevation difference information of the assigned laser points, the
average deviation and maximum deviation between the measured and reference values are
calculated to realize the independent evaluation of measurement accuracy.

4 Test Results and Discussion
4.1 Measurement Process Analysis of Different Improved Algorithms

A core sample of ϕ 10 cm × 3 cm was arbitrarily taken from the actual asphalt pavement, which
was used as the target to examine the measurement effect of improved algorithms on 3D pavement
texture. Following the operating procedure of the improved binocular reconstruction test device, the
laser line emitter was switched on and the global scanning constraint on the target was completed at
a moving speed of 2.5 mm/s. The binocular camera was also used to capture the video image at the
same time. With computer programming, the video image was read and corrected frame by frame, and
the laser line in every frame image was recognized and extracted (Fig. 7). Thus, all the laser lines in
the entire video image are extracted to form a global dense constraint on the target (Fig. 8). Finally,
based on four different stereo matching mechanisms of disparity replacement, superposition synthesis,
subregion segmentation, and subregion segmentation centroid enhancement, the improved binocular
reconstruction algorithm was used to measure the 3D pavement texture. The measurement results of
different algorithms are shown in Fig. 9.

Fig. 7 shows the recognition and extraction process of the laser line in a single frame image. In this
study, there is only one laser line in each frame image, which avoids the interference between multiple
fixed laser lines and greatly reduces the difficulty of recognition and extraction. The results of Fig. 7
show that the laser line recognition and extraction algorithm adopted in this paper is effective and can
clearly and completely extract the whole laser line constrained target.

Figure 7: Laser line recognition and extraction process of single frame image in left view

In Fig. 8, the video image under the global scanning constraint is captured using only one moving
laser line. The results show that although a single laser line is used, dense forced constraints are
still artificially constructed on the surface of the sample, which provides conditions for the accurate
matching between same name pixels. The accumulation of the constraint line in each frame not only
overcomes the difficulty of installing multiple laser line emitters, but also forms a good global dense
constraint.
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Figure 8: Global scanning constraint process of moving laser line

Fig. 9 describes the measurement effect of the different improved algorithm. The measurement
surface using the disparity replacement method is not smooth, with many fine structural peaks and
diffuses the whole surface, which means that the matching effect of the disparity replacement method
is not ideal and contains a lot of noise. By contrast, the results using the superposition synthesis
method, subregion segmentation method, and subregion segmentation centroid enhancement method
are significantly improved. The overall visual effect is good, but a few structural peaks remain in the
local area, especially near the boundary area. To further quantitatively analyze the testing effects
of different improved algorithms, the following part applies the measurement accuracy evaluation
function of the improved binocular reconstruction test device to conduct follow-up research.

Figure 9: (Continued)
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Figure 9: (Continued)
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Figure 9: Measurement effect of various improved algorithms

4.2 Test Results of Improved Binocular Reconstruction Test Device
Following the operating procedure of the improved binocular reconstruction test device, seven

laser points were randomly assigned on the surface of the target specimen. Combined with computer
programming, the assigned laser points were identified and extracted, as shown in Fig. 10.

Figure 10: Extraction process of assigned laser points

In Fig. 10, the background of the sample images are removed successfully and all assigned laser
points are correctly identified and extracted. The results show that the algorithms of background
removal and laser points’ extraction are effective. The successful extraction of assigned laser points
provides the basis for calculating reference elevation and reference disparity, and makes the self-
evaluation of measurement accuracy possible. Based on the identified and extracted results, pixel
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coordinates, reference disparity, reference elevation, and reference elevation difference of the assigned
laser points were further calculated. The results are shown in Table 1.

Table 1: Calculation results of reference parameters of assigned laser points

No. Pixel coordinates in
left image (pixel)

Pixel coordinates in
right image (pixel)

Reference
disparity
(pixel)

Reference
elevation
(mm)

Reference
elevation
difference (mm)

X Y X Y

1# 787 309 329 309 457.29 113.44 -
2# 663 476 203 475 460.32 112.69 −0.75
3# 665 302 206 302 459.22 112.96 −0.48
4# 751 582 295 582 455.88 113.79 0.35
5# 826 453 369 454 457.02 113.51 0.07
6# 903 342 447 342 456.62 113.61 0.17
7# 927 465 471 465 456.34 113.68 0.24

In Table 1, the pixel coordinate Y in the left and right images for the same assigned laser point
is almost the same and the maximum deviation is only 1 pixel. Importantly, the essence of one pixel
deviation comes from the data processing rules of rounding. The results show that the image correction
algorithm used in this study is effective and the image shows good line parallelism after correction.
Due to the character of line parallelism, only the change of pixel coordinates in the column needs to
be considered when calculating the reference disparity. The reference disparity in Table 1 is a sub-pixel
solution based on the centroid position of the assigned laser points, and the results retain two decimal
places.

4.3 Comparison of Measurement Results Using Different Improved Matching Algorithms
With computer programming, the disparity matrix and 3D texture information of the specimen

surface were acquired by using traditional binocular reconstruction algorithm (TBRA) and four
improved binocular reconstruction algorithms (IBRA). According to independent evaluation proce-
dure of the measuring accuracy in Section 4, combined with the pixel coordinates of the assigned laser
points in Table 1, the measured disparity and measured elevation of each algorithm at the assigned
laser points were solved, and the average deviation and maximum deviation between the reference value
and measured value were calculated to complete the comparison of measurement accuracy between
different algorithms. The results are shown in Table 2.
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The results in Table 2 show that for the traditional binocular reconstruction without laser line
constraint, the average absolute deviation of disparity and elevation difference is 0.40 pixel and
0.22 mm, respectively. However, the maximum absolute deviation of parallax is 2.82 pixel, and the
maximum relative deviation of elevation difference is as high as 105.33%. The traditional binocular
reconstruction algorithm shows a certain overall effect, but it is the result of statistical average.
Overall, the mean absolute deviation of the traditional binocular reconstruction algorithm is the
largest among all of the algorithms. In particular, the error of the local single point is extremely
large, so meeting the requirements of 3D pavement texture measurement is difficult. After introducing
the moving laser line scanning constraint, all the algorithms have improved. The average deviation
of disparity of all improved algorithms is within 1 pixel. Among the four improved algorithms, the
disparity replacement method has the worst improvement effect, followed by superposition synthesis
method and subregion segmentation method. The improved algorithm with subregion segmentation
centroid enhancement has the best measurement effect. The maximum absolute deviation of disparity
in the disparity replacement method is 2.38 pixel, and the maximum absolute deviation of elevation
difference is 0.69 mm (greater than 0.5 mm), which also has the problem of large error in local
areas. The maximum deviations of the elevation difference of the superposition synthesis method
and subregion segmentation method are 0.41 and 0.30 mm, respectively, and the maximum relative
deviations of the elevation difference are 71.43% and 100%, respectively. The measurement accuracy
of the two methods is better than that of the disparity replacement method, but it is still limited.
The reason may be that the local accurate and effective matching ability of these two algorithms is
still limited, especially in the subregion boundary matching. For the subregion segmentation centroid
enhancement method, both the mean absolute deviation and maximum absolute deviation of disparity
are less than 1 pixel; and the mean absolute deviation and maximum absolute deviation of elevation
difference are 0.03 and 0.17 mm, respectively; in particular, the mean relative deviation of elevation
difference is only 2.79%. In conclusion, no matter the overall measurement accuracy or single point
measurement accuracy, the improved algorithm with subregion segmentation centroid enhancement
can exhibit a good effect.

4.4 Validation Study in Real Environment
Considering the good measurement effect, the improved algorithm with subregion segmentation

centroid enhancement is further examined in real road environment. One campus Road, who has
served for six years, was chosen. The paving material used for the road surface is AC-13 that is one
typical continuous dense-graded hot-mix asphalt mixture. Three measurement positions representing
different test conditions were selected to analyze the measurement effect, as shown in Fig. 11. Where,
test position I is located in the carriageway traffic lane without obvious pavement diseases; test position
II is also located in the carriageway traffic lane, but there is a transverse crack in the test range; As for
test position III, it is located on a walking path and has not been subjected to vehicle load.

The measurement results for each test position are shown in Fig. 11. The improved algorithm
shows good overall effect in test positions. To further quantitatively analyze the test accuracy, the
improved binocular reconstruction test device is further used to randomly assign seven laser points for
each test position. And the reference disparity and the measured disparity are solved. The calculation
results are shown in Table 3.
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Figure 11: Schematic diagram of the improved algorithm examined in a real environment

Table 3: Quantitative analysis of test accuracy in real environment

Positions Indicators Serial number of assigned laser points

1# 2# 3# 4# 5# 6# 7#

I Reference disparity (pixel) 420.99 419.97 419.79 419.72 419.91 419.64 419.36
Measured disparity (pixel) 421.06 420.44 420.00 419.00 420.00 419.06 419.00
Absolute deviation (pixel) 0.07 0.47 0.21 −0.72 0.09 −0.58 −0.36

Average −0.12 Maximum −0.72

II Reference disparity (pixel) 420.32 420.49 418.49 420.55 421.65 421.35 421.18
Measured disparity (pixel) 421.13 420.13 419.06 420.38 421.94 421.69 420.88
Absolute deviation (pixel) 0.81 −0.36 0.57 −0.17 0.29 0.34 −0.3

Average 0.17 Maximum 0.81

III Reference disparity (pixel) 419.64 419.87 420.27 419.78 420.76 421.86 421.92
Measured disparity (pixel) 419.94 420.13 420.94 419.06 420.00 421.00 421.31
Absolute deviation (pixel) 0.30 0.26 0.67 −0.72 −0.76 −0.86 −0.61

Average −0.25 Maximum −0.86

In Table 3, taking the randomly assigned laser point as a reference, the average absolute deviation
of the measured disparity in three test positions are 0.12, 0.17 and 0.25 pixels, respectively. Even the
maximum absolute deviations are all less than 1 pixel, which are 0.72, 0.81 and 0.86 pixels, respectively.
The results show that the improved algorithm with subregion segmentation centroid enhancement can
also achieve ideal measurement accuracy in real road environment.

5 Conclusions

Focusing on solving the problem of dense and accurate matching of pixels with the same name,
this study introduced a single moving laser line. The video images were also captured under the global
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scanning constraint generated by moving the laser line. In response to the global scanning constraint,
four different improved algorithms were proposed. The effect of different improved algorithms on the
measurement accuracy was further analyzed. The following conclusions can be drawn:

(1) Aiming at the improved algorithms, a set of measuring devices are developed to realize the
dual functions of 3D texture measurement and precision self-evaluation. With the help of
computer programming, this device can complete operations such as background removal,
laser line recognition and extraction, subregion segmentation, laser line centroid enhancement,
and reference disparity solution.

(2) Four kinds of improved algorithms are established based on different constraint mechanisms.
Among them, the subregion segmentation centroid enhancement method has the best measure-
ment effect, followed by the superposition synthesis and subregion segmentation methods, and
the disparity replacement method has the worst improvement effect. The first three algorithms
have a better overall visual effect, but the last algorithm contains a lot of noise and presents
more small structural peaks on the surface.

(3) The introduction of a single laser line scanning constraint is helpful in improving the measure-
ment accuracy. Compared with traditional binocular reconstruction, the improved algorithms
have better measurement accuracy in both overall and local single points. Especially for the
subregion segmentation centroid enhancement method, the average deviation and maximum
deviation of the elevation difference are 0.03 and 0.17 mm. Using only one moving laser
line, and the mandatory dense surface constraints are artificially constructed to narrow the
matching range and improve the matching accuracy. Moreover, one moving laser line can also
overcome the difficulty of installing and recognizing excessive laser lines.

(4) Although the proposed methods have achieved satisfactory test results, there are still some
practical challenges, such as the automatic with-traffic continuous measurement, the stability
in complex environments, and the more application in different road environments, etc. All
these challenges need further research and analysis.
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