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ABSTRACT
A new measuring method of mean texture depth of asphalt pavement is proposed based on the 
technology of multi-line laser and binocular vision. The developed method is incorporated with the profile 
method and the digital image technology. A three-dimensional mathematical model is established based 
on the triangulation measuring principle in order to implement the three-dimensional reconstruction of 
asphalt surface profile. Image processing technology helps locate the exact coordinates of each point on 
the model. In addition, the techniques of multi-line laser pairing and epipolar restriction are introduced 
for the image matching between multi-line laser and binocular vision. Through the model and the 
spatial equations obtained, the values of the mean profile depth of asphalt pavement can be figured out. 
According to the profile method, an integrated calculation procedure of texture depth is established. A set 
of sand patch field tests are implemented to verify the reliability of the developed method.
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1. Introduction

Mean texture depth (MTD) is an essential parameter that mainly 
reflects the asphalt pavement performances of skid-resistance 
and noise level (Adams and Richard Kim, 2014). Novel meas-
uring methods of MTD have been widely studied (Zelelew 
et al. 2013). Compared with the traditional contact measuring 
methods such as the sand patch test and the outflow meter, the 
advanced methods utilising non-contact techniques such as pho-
tometric stereo and laser techniques have demonstrated their 
advantages (Meegoda et al. 2013).

The photometric stereo technique, which has been used 
to recover three-dimensional shapes of objects, can be used 
to recover pavement surface texture (Ergun et al. 2005, 
El  Gendy and Shalaby 2007, 2008, El Gendy et al. 2011). 
The system consists of a light source, a camera, a monitor, a 
video printer, a scanner, a computer and an X–Y table. The 
light source is assumed to be a point source and illuminate 
the sample cores surface placed on the X–Y table, which is 
used to directionally move sample cores and position them 
accurately under the camera. The camera captures a surface 
profile and shows it on the monitor. Results could be printed 
by the video printer and stored by means of the scanner and 
the computer. This technique is mainly used in laboratory 
tests and is temporarily not suitable for practical field tests 
because it is vulnerable to variation of illumination intensity, 
angle of incidence, ambient light and the shadow produced 
by aggregates.

Laser technique is another major application of non-contact 
measuring methods on pavement texture measurement. The cir-
cular track meter (CTMeter) is a type of laser-based device which 
has been widely used in texture measurement (Henry 2000, Abe 
et al. 2001, Noyce et al. 2007). The CTMeter has a laser displace-
ment sensor mounted on an arm that rotates on a circumference 
with a 142  mm radius and measures the texture with a sam-
pling interval of approximately 0.9 mm (ASTM E2157 2001). 
The mean profile depth (MPD) obtained by CTMeter has high 
correlation with the MTD measured by the sand patch method 
(Henry 2000, Flintsch et al. 2005). Comparatively, CTMeter is 
relatively expensive and time-consuming. CTMeter is limited to 
measure on the static circular track on which the discrete fourier 
transformation measures the dynamic coefficient of friction. Due 
to the fixed and relatively large sampling interval, CTMeter can 
only measure texture with longer wavelengths. Previous studies 
(Hanson and Prowell 2004, Prowell and Hanson 2005) indicated 
that the coefficient of variation for the CTMeter was 3.2 and 5.9% 
for repeatability and reproducibility, respectively. In some cases, 
CTMeter could be more variable than the minimum reported 
precision for the sand patch method. The study also found that 
previously developed equations for the CTMeter to predict tex-
ture were inadequate for the wide range of mix types and aggre-
gate types, especially for the open-graded mixture pavement. 
Moreover, since the CTMeter measures texture in a circular ring, 
it is difficult to evaluate grooved surfaces with the CTMeter data 
(Byrum et al. 2010). Another practical obstacle of the CTMeter 
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2  X. CuI eT AL.

four or more multi-line laser generators and a computer. On the 
basis of the existing measuring technique of binocular vision, 
the introduction of multi-line laser aims to solve the problem 
of stereo matching.

Light planes intersect with the surface of asphalt pavement on 
which the multi-line striations are casted by the multi-line laser 
generators. As a result, a three-dimensional image of multi-line 
striations modulated by the texture forms on the surface. The 
three-dimensional image is shot, respectively, by the cameras 
on both sides, thus two-dimensional distorted images pair is 
captured and transmitted to the computer through a 1000 Mbps 
Ethernet port of the CCD cameras.

The image coordinates of the points on the contour of 
optical sections can be extracted in digital image processing. 
Homonymous image points, which mean the corresponding 
points, respectively, locate on the left and right images, are posi-
tioned by stereo matching utilising the multi-line laser. Based 
on the mathematical model established with the homonymous 
image points, a transfer functional relationship between the 
image coordinate system and the object coordinate system can 
be found. The optical sections are projected in Y-axis direc-
tion and the images of the profiles in which the optical sections 
locate can be obtained. According to the principle of the pro-
file method, the MPD can be measured and the MTD can be 
estimated.

In conclusion, the measuring system of multi-line laser and 
binocular vision includes the following key points:

(1)  Establishment of the mathematical model.
(2)  Digital image processing.
(3)  The algorithm of stereo matching.
(4)  Estimation of MTD from MPD.

3. Mathematical model

According to the perspective principle of CCD cameras, the 
mathematical model of the measurement can be established, as 
shown in Figure 2:

The centre of the measuring platform is set as the origin 
O of a right-handed world coordinate system O-XYZ. The 
local-coordinates systems Ol-XlYlZl (for the left camera) and 
Or-XrYrZr (for the right camera) are established with the optical 
axis of the camera lens setting as the Z axis. Cl and Cr represent 
the image planes of the cameras. Pl(xl,  yl) and Pr(xr,  yr) are 
assumed to be the image points that are corresponding to a 
random object point P(X, Y, Z) on the contour of the optical 
section.

In the imaging system of the two cameras, the object 
points are transformed into the camera coordinate system via  
the world coordinate system and then converted into the image 
coordinate system through the Equations (1) and (2):
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is that it cannot collect data along a linear wheel path at higher 
speeds, which leads to low test efficiency in the field test. It also 
increases the exposure of operators to vehicles and thus to the 
risk of injury while measuring texture (Pidwerbesky et al. 2006).

A standard method for determining the MPD of the pave-
ment texture from a pavement profile achieved by laser devices 
is provided in the ASTM Standard (ASTM E1845 2009).Vehicle-
mounted laser devices have been developed to measure texture 
along the linear wheel path at highway speeds without interfering 
with traffic. These devices improve testing efficiency to a great 
degree while maintaining well correlation with the sand patch 
method or the CTMeter (McGhee and Flintsch 2003). A high 
value of frames per second of the image system provide abun-
dant image samples and one clear image can be simultaneously 
recognised through computer. Therefore, vehicle-mounted laser 
devices are regarded as a good method to measure texture for 
pavement management from a practical perspective. However, 
it was not financially viable to develop a dedicated high-speed 
vehicle-mounted laser device for measuring texture (Vercoe 
2002). The price of the device is fairly high because of the vehicle 
cost and its additional functions, such as pavement unevenness 
inspection and pavement damage recognition. In addition, the 
severe vibration of the vehicle suspension system has significant 
effect on testing precision, especially at high speeds. Usually, an 
accelerometer is installed on vehicle-mounted laser devices to 
record the vertical acceleration, so that the displacement of laser 
senor caused by the vehicle suspension vibration could be com-
pensated. The attached accelerometer not only complicates the 
measuring system, but incurs the increasingly integral errors of 
the acceleration at low vibrating frequencies. Some existing vehi-
cle-mounted laser devices, e.g. the profiling vehicles with ICC sys-
tem (manufactured by International Cybernetics Corporation), 
employed lower-frequency lasers which failed in acquiring tex-
ture at a smaller sampling interval (McGhee and Flintsch 2003, 
Flintsch et al. 2005). It was also found that the profile meas-
urements from those devices were affected by the testing speed 
(Choubane et al. 2002). Moreover, this type of devices applied a 
root-mean-square-based proprietary algorithm to calculate the 
MPD, which is not fully consistent with ASTM E1845.

In this study, an innovative method of the MPD measure-
ment based on multi-line laser and binocular vision was pro-
posed. Incorporating the digital image processing technology, 
this study introduced the technique of multi-line laser pairing 
and the epipolar constraints as a solution to binocular stereo 
matching. MTD can be estimated through MPD based on the 
profile method, which includes an empirical algorithm of the 
estimation of MTD. This measurement method has the advan-
tages of three-dimensional digitisation, automation and simple 
operation. More than one 2D profiles of the pavement surface 
can be obtained to form a texture region. The vehicle-mounted 
device makes the measurement automatic and rapid. Field tests 
with the sand patch test were carried out in order to verify the 
feasibility of the proposed method.

2. Measuring system

The measuring system (as shown in Figure 1) consists of two 
charge-coupled device (CCD) cameras (installed at both sides), 
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Figure 1. measuring system of multi-line laser and binocular vision.

Figure 2. mathematical model of the measurement based on multi-line laser and binocular vision.

M1
1and M1

2 in the Equation (1) are the internal and external param-
eter matrices of the left camera, respectively. Ml is the projection 
matrix of the left camera. Similarly, Mr

1 and Mr
2 in the Equation (2) 

are the internal and external parameter matrices of the right cam-
era. Mr is the projection matrix of the right camera. M1and Mr can 
be calibrated directly according to the direct linear transformation 
method (Abdel-Aziz and Karara 1971, Tsai 1986, Qu et al. 2012).
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4  X. CuI eT AL.

4.1. Preprocessing

The two-dimensional distorted image of the multi-line striation 
(as shown in Figure 3) captured by the CCD cameras can be 
abstracted into a two-dimensional function f(x, y), which can 
be represented by a matrix, as shown in the Equation (4). In the 
Equation (4), x and y are the image coordinates; the amplitude 
of f of any point (x, y) is the brightness of the corresponding 
position on the image (Ruan et al. 2005).
 

Preprocessing is mainly to enhance resolution of the orig-
inal image and remove the noise signals so as to highlight the 
multi-line striation signals, making the image clearer for the 
sake of subsequent processing. It involves the procedures of 
brightness transformation and spatial filtering of any point 
(x, y).

Brightness transformation mainly depends on the brightness 
value (f) of the point (x, y). The transformation function is shown 
as below.

 

The function IMADJUST in the tool IPT of MATLAB software 
can be directly used to implement brightness transformation. 
Figure 4 shows the result of brightness transformation when γ = 
1, in which the optical striation is more obvious and conducive 

(4)f (x, y) =

⎛
⎜⎜⎜⎜⎝

f (0, 0) f (0, 1) ⋯ f (0,N − 1)

f (1, 0) f (1, 1) ⋯ f (1,N − 1)

⋮ ⋮ ⋮

f (M − 1, 0) f (M − 1, 1) ⋯ f (M − 1,N − 1)

⎞⎟⎟⎟⎟⎠

(5)g(x, y) = T[f (x, y)]

Further deducing the Equation (1) and the Equation (2), 
the image coordinate P(X, Y, Z) can be obtained, as shown in 
Equation (3).

 

The least square method is used to solve the Equation (3), by 
which the three-dimensional coordinates of the object point 
P(X, Y, Z) on the contour of the optical section can be obtained. 
The profile of the optical section can be three-dimensionally 
reconstructed through interpolation and fitting of all the object 
points on it.

4. Image processing technology

Image processing is the core technology of MTD measure-
ment based on the multi-line laser and binocular vision. The 
pairs of two-dimensional distorted images not only contain 
the striation signals modulated by the section contour, but 
also carry interference signals caused by ambient factors. To 
ensure the measuring accuracy, it is necessary to reduce noise 
signals and precisely extract the optical striation. Procedures 
of image preprocessing, threshold segmentation and extraction 
of striation centrelines and image coordinates are involved in 
this technology.
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Figure 3. original two-dimensional multi-line striation distorted image.
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In order to get a high precision, noise signals must be suppressed. 
Generally, the median filtering is a good choice for smoothing with 
good robustness and resolution. In the test, the median filtering 
image exhibited a group of smooth lines, as shown in Figure 5.

to subsequent procedures of recognition and extraction of the 
target signals.

In addition, the interference of ambient light, instability of the 
system and vibration of devices introduce a variety of noise signals. 

Figure 4. Brightness transformation.

Figure 5. median filtering.
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6  X. CuI eT AL.

4.3. Extraction of the striation centreline and image 
coordinates

Although the striation signals are extracted after the preprocess-
ing and threshold segmentation, the stripes on the image are too 
thick and uneven to be accurately positioned on the coordinate 
system. A further process of extraction for the striation centre-
line is supposed to be carried out. Refinement method, grav-
ity method and horizontal median method are three common 
approaches of centreline extraction. Among them, the gravity 
method is selected for this procedure for its capability of accurate 
positioning for the Gaussian distribution centre. This method is 

4.2. Threshold segmentation

In the two-dimensional multi-line striation distorted image, mul-
ti-line striation is the only signal belongs to the region of interest 
(ROI). Therefore, it is needed to transform the greyscale image 
to binary image by a proper process of threshold segmentation. 
As the laser is the infrared light which exhibits strong contrast to 
asphalt pavement and the target signals just account for a small 
proportion, the ROI can be found out on the grey histogram 
and the light signal can be segmented. The grey histogram and 
threshold segmentation result of the distorted image are shown 
in Figures 6 and 7, respectively.

Figure 6. grey histogram.

Figure 7. threshold segmentation result.
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InTeRnATIonAL JouRnAL of PAveMenT engIneeRIng  7

on the centrelines of the kth optical striation. Figure 8 shows the 
effect of the centreline extraction.

5. Stereo matching algorithm

Stereo matching algorithm of the MTD measurement method 
based on multi-line laser and binocular vision takes the pixels on 
the striation centreline as the matching primitives. The matching 
process includes the pairing of the same striations in physical 
sense and the homonymous point pairs on the same striation 
on the image planes on both sides.

The pairing of the same striations in physical sense is imple-
mented through the eight-neighbourhood-labelled algorithm by 
which the connected regions of the striations are marked out. 
The same marked region indicates the same striation.

The pairing of the homonymous point just needs to search for 
the matching point on the linear equations L1

k and Lr
k. According 

to the epipolar restriction criterion, the matching points must 
be located in the corresponding epipolars, which simplifies the 
procedure from two-dimension to one-dimension and further 
reduces the target range of the candidate matching points. As a 
result, the homonymous points locate exactly in the intersection 
point of the corresponding striation and epipolar.

The epipolar restriction principle is shown in Figure 9. The 
homonymous point Pr (xr, yr) of the projection point Pl (xl, yl) on 
the left image of a random point P(X, Y, Z) on the kth striation 
definitely locates in the epipolar on the right image that is cor-
responding to Pl and cross through the right epipole er.

The matching principle of the homonymous point Pr (xr, yr) of 
the point Pl (xl, yl) on the kth striation of the left image is shown 
in Figure 10. It satisfies the Equation (7).

based on the permutation of the grey level of the striations in a 
certain interval. The grey centroids on the abscissa represent the 
position of the striation centres.

Specifically, the extraction can be divided into two steps:

(1)  Through binarisation, binary image matrix BW is 
obtained from the image f(i, j) after threshold segmen-
tation. The eight-neighbourhood-labelled algorithm is 
used to mark out k (k = 1, 2, 3, 4, …) connected regions 
of the striations and define the labelling matrix L, 
whose dimensionality is the same as the matrix BW. 
The function bwlabel in the tool box IPT of MATLAB 
software can be used for this procedure.

(2)  The sub-pixel coordinates of the centre of each row 
in the striation connected regions can be figured out 
by the gravity method. Given the ith line of non-zero 
interval in the kth connected region of the image 
matrix f  (i, j) is (mk,  nk), the corresponding centre 
coordinate (xk, yk) is shown in the Equation (6):

 

The set of the centre coordinates (xk, yk) of each line in the kth 
connected region makes up the centreline of the kth optical stri-
ation. (xk, yk) is the image coordinates of the points on the stria-
tion. The image linear equation L1

k (or Lr
k) of the striation can be 

obtained by linear fitting to the image coordinates of the points 

(6)

⎧⎪⎪⎨⎪⎪⎩

xk = i

yk =

nk∑
j=mk

jf (i,j)

nk∑
j=mk

f (i,j)

Figure 8.  Centerline extraction by the gravity method.
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8  X. CuI eT AL.

6. Calculation of the MTD

Through the image processing, the three-dimensional 
mathematical model established and the stereo match-
ing algorithm, the profile of the section in which the kth  
(k = 1, 2, 3, … m) optical striation lies can be reconstructed 
rapidly and accurately. Further, the MPD of the kth (k = 
1,  2,  3,  …  m) asphalt pavement profile can be confirmed. 
According to the profile method, specific steps of MTD cal-
culation are as follow:

(1)  Select a 100-mm baseline from the kth optical section 
contour and calculate the average value of Z-coordinates 
of all the point on the baseline.

 

(9)avgk =
1

n

n∑
i=1

Zi

 

In the Equation (7), the linear equations L1
k and Lr

k are obtained 
via the extraction of the striation centreline. The corresponding 
epipolar equation LPl

er
 can be figured out as the Equation (8).

 

In the Equation (8), F is a 3 × 3 fundamental matrix of the bin-
ocular vision model which is only relevant to the internal param-
eters and the relative position of the two CCD cameras in the 
model. It can be derived from the calibration matrices Ml and Mr.

(7)Pl(xl , yl) ∈ Ll
k ⇒ Pr(xr , yr) ∈

{
Lr
k

L
Pl

er

(8)L
Pl

er
= F ×

⎡
⎢⎢⎣

xl
yl
1

⎤
⎥⎥⎦
= 0 → L

Pl

er
: a × xl + b × yl + c = 0

Figure 9. Centreline extraction by the gravity method.

Figure 10. Principle of the homonymous points matching.D
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ratio is 4.8%, the mineral powder content is 1%. The aggregate 
grading of the two pavement materials are shown in Figure 11, 
respectively. All the tests were conducted under similar weather 
and atmospheric conditions, which were sunny in winter with 
the illumination intensity of about 6000–8000 lx.

7.1. The measurement method based on multi-line laser 
and binocular vision

Taking one measure point on the G2 Expressway in Shandong 
for example, the original image pair acquired based on multi-line 
laser and binocular vision and the four profile images recon-
structed are, respectively, shown in Figures 12 and 13. The light 
source was gas laser.

Table 1 exhibits the sample data and the calculation process 
of MTD on the selected test point.

7.2. Sand patch test

The sand patch test is to sand the road on the test points using 
standard sand, and measure the area of the sand round (as shown 
in Figure 14) formed on pavement surface. The ratio of the sand 
volume to the sand round area is exactly the value of MTD, as 
shown in the Equation (9).
 

7.3. Results analyses

The values of the MTDs from two measurement methods pres-
ent a perfect linear correlation, as shown in Figure 15–18. Each 
ordinate and abscissa of the scatter plots represents the value of 
MTD for the two methods at one test point, respectively. The 
high correlation coefficients have confirmed reliability of the 
laser-vision based measuring method.

8. Conclusions

The proposed measurement method meets the need to measure 
the MTD of asphalt pavement both in field and in laboratory 
according to ASTM standards. The profile method and the image 

(13)MTD =
1000V

�D2∕4

(2)  Symmetrically divide the baseline into 2 sections and, 
respectively, get the max Z-coordinate value Max1 and 
Max2 of the points in each section, then the MPDk of 
this asphalt pavement profile can be figured out through 
the Equation (10).

 

(3)  Calculate the average value of all the MPDk above to 
obtain the MPD of the whole pavement:

 

(4)  Estimate MTD from MPD
MPD and MTD are both the evaluation indexes of 
pavement surface macro-texture. Previous researchers 
(Wambold et al. 1994) found that MPD has good linear 
relationship with MTD, which conform to that developed 
by ASTM E1845, as shown in Equation (12).

 MPD = f(MPD) = 0.8 × MPD + 0.2

7. Field tests

A set of field tests was implemented in order to verify reliability 
of the new measurement method, in which the sand patch test 
functions as the reference standard. A total of 4 km long test 
sections on 4 expressways (1 km for each) with different kinds 
of pavement materials were taken as the samples in this arti-
cle. The expressways located in Shandong (G2, G35) and Hubei 
(G4,  G50), respectively. The test points were laid out accord-
ing to a separation of 2 m. The test section of G2 Expressway 
uses SMA-13 as the material of pavement surface, of which the 
asphalt-aggregate ratio is 6%, the mineral powder content is 8%. 
The test section of G35 Expressway uses AC-16C as the mate-
rial of pavement surface, of which the asphalt-aggregate ratio is 
4.5%, the mineral powder content is 3.5%. The test section of G4 
Expressway uses SMA-13 as the material of pavement surface, of 
which the asphalt-aggregate ratio is 5.2%, the mineral powder 
content is 4%. The test section of G50 Expressway uses AC-20C as 
the material of pavement surface, of which the asphalt-aggregate 

(10)MPDk = (Max1 +Max2)∕2 − avgk

(11)MPD =
1

m

m∑
k=1

MPDk

(12)

Figure 11. aggregate grading curves of the pavement surface of the test sections.
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10  X. CuI eT AL.

order to achieve fast matching of binocular vision. The feasibility 
of the method is expounded with the description of the theoretical 
system of this study, including the mathematical model, the image 
processing and the stereo matching algorithm. The three-dimen-
sional reconstruction of the optical section profiles is implemented.

MTD was estimated through MPD according to the principle 
of the profile method. A set of field tests was carried out to verify 

processing technology constitute the theoretical foundation of the 
proposed method. Multi-line laser and binocular vision are the 
core techniques that have been applied in the measurement. To 
be specific, the eight-neighbourhood-labelled algorithm and the 
gravity method are applied in this study for the extraction of mul-
ti-line laser striation centrelines. The combinative technology of 
multi-line laser paring and epipolar restriction was put forward in 

Figure 12. original image pair.

Figure 13. Profile images.

Table 1. the mtD calculation.

k parameter （mm） no.1 profile k = 1 no.2 profile k = 2 no.3 profile k = 3 no.4 profile k = 4
avgk 8.5396 8.5205 8.3711 8.6364
max1 8.9351 8.7612 8.6737 9.0173
max2 9.1175 9.1430 8.8749 9.0809
mPDk 0.4867 0.4316 0.4031 0.4126
mPD 1

4
(0.4867 + 0.4316 + 0.4031 + 0.4126)= 0.4335

mtD 0.8MPD + 0.2 = 0.5468
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Figure 14. the sand round.

Figure 15. the mtD correlation between the two methods (g2 expressway, Shandong).

Figure 16. the mtD correlation between the two methods (g35 expressway, Shandong).
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Abe, H., Henry, J.J., Tamai, A., and Wambold, J., 2001. Measurement of 
pavement macrotexture with circular texture meter. Transportation 
Research Record: Journal of the Transportation Research Board, 1764, 
201–209.

Adams, J.M. and Richard Kim, Y., 2014. Mean profile depth analysis of field 
and laboratory traffic-loaded chip seal surface treatments. International 
Journal of Pavement Engineering, 15 (7), 645–656.

ASTM E1845-09, 2009. Standard practice of the calculating pavement 
macrotexture mean profile depth. West Conshohocken, PA: American 
Society for Testing and Materials.

ASTM, E 2157–01, 2001. Road and paving materials; vehicle-pavement 
systems. West Conshohocken, PA: Annual Book of ASTM Standards.

Byrum, C.R., et al., 2010. Experimental short-wavelength surface textures 
in Portland cement concrete pavements. Transportation Research 
Record: Journal of the Transportation Research Board, 2155, 170–178.

Choubane, B., McNamara, R.L., and Page, G.C., 2002. Evaluation of high-
speed profilers for measurement of asphalt pavement smoothness in 
Florida. Transportation Research Record: Journal of the Transportation 
Research Board, 1813, 62–67.

El Gendy, A. and Shalaby, A., 2007. Mean profile depth of pavement 
surface macrotexture using photometric stereo techniques. Journal of 
Transportation Engineering, 133 (7), 433–440.

El Gendy, A. and Shalaby, A., 2008. Image requirements for three-dimensional 
measurements of pavement macrotexture. Transportation Research 
Record: Journal of the Transportation Research Board, 2068, 126–134.

El Gendy, A., et al., 2011. Stereo-vision applications to reconstruct the 
3D texture of pavement surface. International Journal of Pavement 
Engineering, 12 (3), 263–273.

reliability of the developed measurement method. The result of 
the advanced method shows good consistency with the sand 
patch method.
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