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1. Introduction

The assessment of pavement conditions is the process of 
obtaining and processing information about road surface. 
The information is a set of operational parameters. Both 
the reliability and the accuracy are required to describe the 
conditions of road pavement.

Visual inspection of roads is the most popular met-
hod of monitoring the road pavement condition. Quali-
fied inspectors who either walk or drive along the road and 
count distresses in the road surface carry it out. Despite 
its popularity, this type of road inspection features some 
drawbacks. In practice, this method is very slow, labour-
consuming due to the visual measurement of damages and, 
consequently, it is costly. The description of road pavement 
condition is affected by the not fully objective approach 
of the inspectors who carry out the measurements. Such 
approach generates inconsistencies and inaccuracy of the 
representation. Furthermore, this type of road inspection 
represents a significant threat to the safety of inspectors be-
cause they work during high traffic intensity with vehicles 
often moving by at high speeds (Mustaffar et al. 2008).

In order to minimize the deficiencies of the visual 
method of collecting data on road pavement condition, it 
is necessary to implement automatic measurement systems. 
The application of modern technologies in road inspection 
appeared in a variety of studies. Yu et al. (2007) discussed a 

multi-sensor mobile system of laser scanning the road surfa-
ce, which covers the width of 8 m. The main weakness of the 
scanning system was irregularity of measurements, which 
had to be interpolated, particularly in the locations with the 
lack of representation i.e. too smooth or wet surfaces. 

Further, (Vilaça et al. 2010a, 2010b) the paper describes 
the solutions connected with the application of technologies 
of image processing and stereo vision for road inspection. 
Likewise, the studies presented a prototype of the device, 
which allows for acquisition of the data for the representa-
tion of the road surface using the system of two cameras and 
a laser pointer for evaluation of micro- and macrotexture of 
the road surface. The accuracy of measurements at the level 
of 0.5 mm was ensured by the proposed calibration proce-
dure, which is extended, though time-consuming.

Grace et al. (2000) and He et al. (2010) proposed ste-
reo vision methods for identification of the road potholes 
using a linear LED lighting or a projector that displays par-
ticular patterns. In the process of identification of dama-
ges, the deviations were measured between technical line 
obtained from an even surface and curved light line or de-
formed pattern. Measurement precision is maintained at 
the level of 5 mm. 

Publication (Wang et al. 2004) presented stereo vi-
sion techniques for assessment of road pavement con-
dition. It also demonstrated the opportunities of repre-
sentation of transverse and longitudinal profile as well 
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as identification of surface damages with the methods 
of area-based matching. The applied method of corner 
detection determined the measure of normalized cross-
correlation of image areas. The authors of the study 
emphasize that the presented solution cannot be fully im-
plemented in practice due to the equipment limitations. 

Salari et al. (2012) introduced the application of suita-
ble measures using the average sum of squares of intensity 
differences of corresponding pixels in matching stereo ima-
ges. He also introduced the algorithm of background filtra-
tion for identification of surface damages and morphologi-
cal transformations of images for the elimination of uneven 
illumination of the road. For identification of pavement da-
mage in the areas with different colour or texture the SVM 
model was used.

Wang et al. (2011) and Wang (2011) proposed hybrid 
solutions of 2D and 3D systems for identification of the con-
dition of road surface. The combination of linear 2D cameras, 
3D cameras, and laser pointers allowed for connecting 2D re-
presentation (1 mm resolution) with the 3D representation 
of images. The weakness of this solution is that it necessitates 
dry road pavement condition during the measurements.

Reeves (2011) described the methodology and the 
device for determination of high-resolution road pave-
ment maps, which provide input for the system of automa-
ted identification of road pavement condition i.e. identifi-
cation of cracking, ruts and the road structure. The device 
consisted of linear cameras, set of LED lamps for illumina-
tion of the surface analysed, and module of lighting synch-
ronization. To increase the accuracy of the map descrip-
tion, which represents road pavement condition, Reeves 
(2011) proposed both the system of surface condition iden-
tification and the system of model points determined with 
the use of the laser scanning. There was the suggestion to 
use the laser pointer for identification of the model points 
with the application of triangulation or LIDAR solution, 
which is a rotary laser-scanning device.

The following part of this article recommends using 
the stereo vision technique, which helps assess the road pa-
vement conditions. The test-bench for identification of the 
road pavement condition has been developed. The analysis 
of the required parameters describing the road pavement 
condition take place. For the analysis it is necessary to take 
into consideration not only the comments of the inspec-
tors who carry out measurements using different methods 
and measurement devices but also opportunities for using 
stereo vision techniques in the representation of road sur-
face. With all the requirements, expectations, limitations 
and possibilities in mind, it has been possible to develop a 
mobile stereo vision test-bench used for road inspection.

2. Stereo vision techniques

Digital stereo vision is a technique that allows the recov-
ery of 3D scenes from images (data set) obtained from at 
least two optoelectronic sensors. It is applied in industrial 
and medical diagnostics, vision quality control and manu-
facturing processes in industry, detection, and tracking of 

moving objects, in robotics, and virtual reality creations. 
The recent development in the field of Digital Signal Pro-
cessor has made it possible to construct agile methods for 
both the automatic scene mapping and the object recogni-
tion on the 3D scene in the real-time processing (Di Ste-
fano et al. 2004). 

Specific stages of operating algorithm were chosen, 
i.e., implementation of transformations and calculations 
in images, which significantly simplify the presentation of 
the stereo vision processing. Fig. 1 presents the stages of 
stereo vision processing. In the first stage, two CCD cam-
eras capture image sequences of the road surface. The cap-
ture parameters of the images are determined by a motion 
function of a measurement vehicle. The transfer of raw im-
ages to the pre-processing module takes place where two 
operations are executed (stage II): the lens distortion cor-
rection and the rectification of stereo images (Cyganek, 
Siebert 2009). To realize the second stage, it is necessary 
to perform the calibration process, which is carried out by 
the application of standard calibration pattern.

The method requires proper preparation of the pattern 
with defined dimensions and its description in the coordi-
nates system. The road pavement is an XY plane of the co-
ordinates system. Application of SUSAN edge detector (Qu 
et al. 2013) for the recognition procedure of reference points 
on the calibration pattern seems ideal. Locations of the re-
ference points in the stereo images allow determining the 
function parameters of both correction and rectification for 
the processed images. The application of filtration procedu-
re of stereo images by (Salari et al. 2012; Wang et al. 2011) 
is not appropriate for the described in this article solution. 
The use of filters changes the intensity values of pixels in the 
image (e.g. averaging for an area of the image), which con-
sequently leads to the increase of differences in the inten-
sity of the corresponding pixels of the stereo images. Such 
approach has a negative impact on matching procedure, 
which leads to incorrect mapping of the road surface.

Calculation of a disparity map of matching pixels is the 
third stage in stereo vision processing. The disparity map is 
a set of differences between each pair of pixels pL and pR for 
the reference image IL and for the analysed image IR. Gene-
rally, the two basic methods are used for determination of 
the disparity map: the direct method and the feature-based 
method. In the direct method, the function of image inten-
sity is a measurable value determined for each location of 
the image. In the feature-based method, the detection of es-
sential features of the image (e.g. corners or lines) follows. 
Then the objects recognized in stereo images are used in the 
process of determination of disparity maps. 

Fig. 1. The stages of stereo vision processing
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Due to the necessity of representation of the road 
surface with the assumption of 1 mm2 road equals 1 pixel 
of the image, it is necessary to adopt the direct method, 
which determines the dense disparity maps for the test-
bench. The use of matching measure CoVar (Cyganek, 
Siebert 2009) determines the disparity map. The solutions 
of Wang et al. (2011) and Salari et al. (2012) were based 
on the normalized cross-correlation and the average sum 
of squares of differences of the corresponding pixels in 
stereo images. Additionally, the matching is made only of 
the objects extracted from the images identified with the 
use of Harris corner detector. Therefore, neither the iden-
tification procedure of the objects from images nor the 
proposed laser light projectors described in works of He 
et al. (2010), Wang et al. (2011) nor Reeves (2011) appear 
in this study.

In the proposed solution, the disparity map is deter-
mined for all points in stereo images. The measure for each 
pixel of the reference image IL and the analysed image IR 
is given by: 

	
,	  (1)

where CoVar – matching measure; m – horizontal coordi-
nate of pixel; n – vertical coordinate of pixel; dm – shift for 
horizontal coordinate of pixel; dn – shift for vertical coor-
dinate of pixel; L – item determined by Eq (2); ML – item 
determined by Eq (3); MR – item determined by Eq (4):
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where IL – reference image; IR – analysed image;  –mean 
value of pixel for reference image area, Eq (6);  – mean 
value of pixel for analysed image area, Eq (7); U – deter-
mined image area:

	 ,	  (5)

where P – a set of integers.

	 ,	  (6)

, (7)

where W – determined set of coordinates:

	

	 .	  (8)

The search pixel with the coordinates m+Dm, n+Dn 
of the analysed image area is determined by the maximum 
value of the matching measure CoVar:

,	  (9)

where: S – analysed stereo image area:

	 .	  (10)

The proposed matching measure is more precise re-
gardless of an extracted objects from the image than the 
ones cited above. Moreover, it is so accurate due to the 
identification of entire study area. Such approach is equi-
valent to the elimination of corner detection procedures 
and additionally to the removal of image filtering, adopted 
at the stage of pre-processing of images. The elimination 
allows for using efficient computational matching mea-
sure CoVar, however computationally more demanding, 
without increasing the complexity of the stereo vision sys-
tem. Calculation of disparity maps, regardless of the adop-
ted matching measures, is computationally complex and 
considered as disadvantageous in stereo vision systems.

The fourth stage in the stereo vision processing is the 
calculation of spatial representation of the road. The ca-
nonical camera system seems a better choice in the com-
putational model, which means that the optical axes of 
the cameras are parallel and Z coordinate of the scheme is 
consistent with the focal length of one of the cameras. The 
road point  and its mapping points (pixels) pL and pR, for 
the reference image IL and for the analysed image IR res-
pectively, are marked in Fig. 2. Focal points cL, cR and the 
camera optical axes are marked in the figure as well. The 
information on the point projection of the stereo images 
is required to generate coordinates of road point H. With 
the disparity map, as well as the optical parameters of lens, 
and parameters of CCD matrices in use, it is possible to 
convert the stereo images into the spatial representation 
of road pavement. The coordinates of the road point H, 
which visible on the stereo images, are determined by:

	

	
,	  (11)

where H – coordinates of road point, mm; o – distance 
among the optical axes of the cameras, mm; r – focal 
length of the camera, mm; v – surface scaling coefficient.
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For established algorithm of road mapping, the reso-
lution of surface description equals 1 mm for each of three 
dimensions. Where necessary, the resolution is reduced or 
expanded by changing the parameters of mapping model 
(according to Eq (11)). However, the change affects the field 
size seen by cameras of the system. In basic image process-
ing, without stereo vision dependence, the images present 
road pavement in graphic form (colour) and do not con-
tain data relating to depth. In this case, the use of surface 
extraction filters on the image can lead to misidentification 
of plain dirt as the distress of road pavement. Stereo vision 
with the depth identification from images enables elimina-
tion of the extracted objects on the images (i.e. dirt sur-
face) where no distresses of road pavement exist.

3. Implementation of the stereo vision measurement 
method

The developed test-bench consists of a set of optoelec-
tronic devices, such as CCD cameras for the capture of 
stereo images of road pavement, and electronic devices 
for synchronization of the captured stereo images. In addi-
tion, electronic devices for identification of XYZ displace-
ment of the test-bench, and devices for identification of 
the distance covered by the measurement vehicle appear in 
the proposed solution. An additional element of the test-
bench is a GPS module for reading the current geographi-
cal location of the measurement vehicle and, combined 
with the system for road inspection, for determination of 
the distresses places in a road surface.

The frame of the test-bench is made of lightweight 
aluminium profiles with parts to help fix them to rear part 
of the bodywork of the measurement vehicle. The devices 
for identification of the distance covered are mounted on 
the wheel arch. The electronic devices for synchronization 
of stereo images and the device for recording the set of vid-
eo data (stereo images recorder) are in the boot compart-
ment of the vehicle. Fig. 3 shows the test-bench with one 
stereo cameras module for mapping the road pavement 
with the resolution of 1 mm in three dimensions. Red lines 
mark the field of view right side camera, the yellow lines ‒ 
field of view of left side camera. Dark blue lines mark the 
boundaries of road surface mapping.

The movement of stereo cameras module in the left or 
right direction about the measurement vehicle is possible 
due to the use of frame on the test-bench, which record 
the wheel path in the system. In addition, it is feasible to 
increase the field size seen by cameras (entire traffic lane), 
but it also forces the decrease of resolution. Furthermore, 
the next stereo cameras module (the same as in Fig.  3) 
could be used, concurrently in the proposed system. In 
this case, the significant changes to measurement algo-
rithm are not necessary. 

Digital cameras DFK 31BU03.H manufactured by 
Imaging Source Europe GmbH equipped with sensitive 
1/3˝ Sony CCD ICX204AK sensor are used to build the 
stereo vision test-bench for road inspection They find their 
application in many solutions like industrial automation, 

quality assurance, security, surveillance and medical ap-
plications. The main feature of such industrial camera is 
low-cost and additional highly versatile imaging solution. 
According to the specific nature of these devices, CCD 
matrices used in these cameras record images with a reso-
lution of 1024 pixels by 768 pixels of the image with the 
frame rate of 30 frames per second. The cameras have the 
external inputs for images triggering, and USB 2.0 inter-
faces for data transmission and work configuration of the 
device. The trigger inputs are crucial important because 
they allow for synchronized images capturing during road 
inspection while the measurement vehicle is moving.

The electronic device for synchronized stereo images 
capturing operates on the AVR microcontroller coupled 
with the device for identification of the distance covered. 
The rotation about the fixed angle of the vehicle wheel gen-
erates impulse for recording the next stereo images. The 
AVR microcontroller receives the impulses, codes them 
according to the specifications of the camera, and sends 
them to the trigger input for each camera at a particular 
point in time.

One defect of the test-bench is low parameters of 
the CCD matrices in the cameras, which record up to 30 
frames per second. Exceeding the number of impulses 
over the threshold of the frame rate does not allow the 
whole research section of road pavement to be recorded 

Fig. 2. Model of canonical system of stereo vision measurement

Fig. 3. Measurement vehicle with the stereo vision test-bench
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but registers only the selected fragments. The continuity 
problem of the measurement does not exist for the speed 
lower than 80 km/h of the measurement vehicle (assum-
ing the mapping of the road surface per image frame to be 
1 mm2 = 1 pixel). Once the speed of measurement vehicle 
is higher the mapping accuracy is not complete.

In case it is necessary to obtain the description of 
the whole 4 m long road cross section for the presented 
solution, the distance between cameras is stretched from 
90 cm to 140 cm. After the change, such measurements are 
effective, but the resolution of the vertical plane is equal 
to 3 mm (for the solution presented in the paper the reso-
lution is 1 mm). For the realization of measurements for 
the whole cross section (with resolution of 1 mm) the fol-
lowing two solutions are used: (1) replacement of the cam-
eras for use with cameras with resolution of 1920 pixels by 
1200 pixels or higher and (2) the use of two other modules 
mounted on the test-bench analogous to the one in Fig. 3.

The measurements of the road pavement condition are 
performed for selected sections of local roads during the pe-
riod of low traffic intensity. The following figures present the 
example of a  representation of the road surface using the 

stereo vision measurement method: Fig. 4a illustrates a di-
rect image of road distress captured by cameras measuring 
system. Red lines in the illustration determine the field for 
mapping road pavement, Fig. 4b shows the depth map of 
road distress. The gradient of colour determines the devia-
tion of an actual surface from the general plane, Fig. 4c pres-
ents the spatial model of mapped road pavement. 

Mapping the road pavement with resolution 1  mm 
in 3D space is high precision measurements and enables 
the detailed description of road pavement conditions. The 
needs for data averaging or predicting are not necessary. 
That is the reason why the assessment method of road pave-
ment conditions is practical and calls for direct measure-
ments. Analysis of one set of surface data (3D map of the 
road) enables the identification of many types of distresses 
like potholes, patches, deformation, bleeding, cracks and 
ruts.

Identification of road distresses, and description of 
road pavement evaluation depend upon determining the 
deviations between the theoretical state of the road at a 
high level and the actual state of the road regarding lin-
ear or surface analysis. The deviations of the real profile of 
road from the theoretical profile in cases of transverse and 
longitudinal measurements represent rutting and rough-
ness. The surface deviations represent distresses like pot-
holes, patches, cracks, and bleedings. The method helps 
determine the deviations of measured actual road surface, 
and theoretical surface without any road distresses. The 
deviations observed in a narrow range on the plane, de-
fine the cracks. The application of the least square method 
supports the identification of technological cracks. The ac-
cepted methods of calculation for federal restrictions work 
to analyse the deviations, for example at a certain distance 
when the measurement vehicle is in movement.

4. Evaluation of stereo vision measurement method

The evaluation of the proposed measurement method is 
possible only when all the reference data from other meas-
uring methods are gathered. They will constitute the base-
line for the results obtained from stereo vision method. 
The application of ‘yes’ or ‘no’ checking procedure in case 
of the inventoried distresses for both measurement meth-
ods is insufficient. The result of stereo vision mapping is 
the 3D surface. In that stage comparison with the 3D refer-
ence surface is necessary. Popular vision systems of roads 
assessment using the image processing for the distresses 
identification are based on the single frame and do make 
it possible to determine the depth of the image. Typical 
laser profilograph for the evaluation of transverse profile 
enables to obtain the results with a resolution of 100 mm. 
Given the above and the need to carry out research under 
field conditions, it became necessary to develop a tool to 
describe the road pavement accurately. The tool will pro-
vide the appropriate reference data for evaluation of the 
achieved results of proposed stereo vision method. 

The comparison of the obtained data set with the 
measurement data from the laser distance meter generates 
the evaluation of the stereo vision method of road surface 

Fig. 4. Representation of the road surface: a – example image 
of road distress; b – depth map of road distress; c – spatial 
representation of mapped road distress
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mapping. The reference test-bench design enables to carry 
out the measurements and mapping the road surface with 
high resolution in the XY plane on the road. Since experts 
conduct the road inspection during rush hours, short in-
spection and measurements time is advisable. Light-
weight aluminium is used as the material for the reference 
test-bench, which allows for smooth movement on the 
XY surface of the measuring module in the plane 1100 mm 
by 850  mm. The position of the measuring module can 
varies with the resolution of 1 mm in both X and Y-axes 
because of the specification of road surface mapping. Laser 
distance meter Leica DISTRO D3a manufactured by Leica 
Geosystems AG is used to build the reference test-bench. 
The distance meter is a low-cost tool with a typical accu-
racy of ±1 mm confirmed by the producer certificate M by 
DIN  55350-18-4.2.2. Emitted wavelength equals 635 nm 
with a maximum radiant power smaller than 1mW. In ad-
dition, the reference test-bench is equipped with regulated 
legs to allow precise positioning in the horizontal plane 
about a mapped road surface. Fig. 5 presents the reference 
test-bench made to carry out the road surface mapping 
with laser techniques.

For precise mapping of road pavement, the measure-
ments are performed when the vehicle is at a full stop i.e. 
there is no vibration of the test-bench. The vibration does 
not affect the description accuracy. In the evaluation pro-
cess, it was assumed that the spatial description of the road 
with the use of a laser distance meter is accurate enough 
to stand comparison with the space description obtained 
from stereo vision method.

The comparison of the data from two measurement 
methods was performed to determine the differences be-
tween the measurement values. Eq (12) expresses the dif-
ferences:

	 ,	  (12)

where ∆z(i, j) – difference between the values of two mea-
surements for the ith measurement in the jth measurement 
cross section, mm; zl (i, j) – result of the ith measurement 
in the jth measurement cross section for the laser distance 
meter, mm; zs (i, j) – result of the i-th measurement in the 
jth measurement cross section for the stereo vision meth-
od, mm.

The performed distribution analysis of differences 
between measurements of the stereo vision methods and 
measurements from the laser distance meter have made it 
possible to check random errors obtained from the map-
ping of the road pavement. The selected statistical Shapiro-
Wilk test has helped to verify the normal distribution of 
the differences between the two methods. Null hypothesis 
H0 assumed that the differences between the measure-
ments obtained with both methods have the normal dis-
tribution, whereas the alternative hypothesis H1 assumes 
that the differences between the measurements do not 
have a normal distribution.

The significance level is assumed to equal α = 0.05. 
Eq (13) gives the value of statistical test Un for the Shapiro-
Wilk test. The critical region in implementing the statisti-
cal test is the right side, defined as [0, Ucrit], where critical 
value is read from table (Taylor 1997).

	 ,	  (13)

where Un – statistical test of Shapiro-Wilk; Xi – number of 
differences ∆z of ith interval for ascending sorted elements; 
Xn–i+1 – number of differences ∆z of ith interval for de-
scending sorted elements;  – mean number of differenc-
es ∆z for all intervals; an–i+1 – Shapiro-Wilk coefficient for 
descending sorted elements, consistent with table (Taylor
1997);  – integer part of , n – number of intervals.

In addition, the correlation coefficient is determined 
for the measurements obtained from both measurement 
methods. The equation gives the coefficient for the jth mea-
surement cross section:

	 ,	  (14)

where r(j) – correlation coefficient of the measurements 
in the jth measurement cross section;  – mean of the 
measurements in the jth measurement cross section for 
laser distance meter, mm;  – mean of the measure-
ments in the jth measurement cross section for stereo vi-
sion method, mm.

For the evaluation of the stereo vision in road inspec-
tion, it was necessary to assume the two types of mea-
surements. The first type bases on measurements in a line 
according to the transverse profile of road and functions un-
der the name collinear type of measurements. The second 
type contains the set of measurements in a horizontal plane 
under the name coplanar type of measurements.

Fig. 5. Reference test-bench with the laser distance meter
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4.1. Collinear type of measurements 
The collinear type of measurements test 160 measure-
ment cross sections. The results of measurements come 
from the stereo vision method and the laser distance me-
ter. Fig. 6 shows the graphic interpretation of differences 
∆z(i, j) between the results of two measurement methods. 
The differences in collinear type of measurements are cal-
culated for a sample of measurement cross-section. Hori-
zontal axis describes set of locations of i-th measurements 
for the cross-section with resolution among successive 

measurement points of 5 mm. Vertical axis shows differ-
ences ∆z(i) for selected measurement cross section j.

Table 1 shows the verification of the statistical hy-
potheses for the selected measurement cross-sections, in 
the collinear type of measurements. 160 measurement 
cross sections are the subject of verification. However, 
the table presents only 27 most reliable and authoritative 
items. The  symbol indicates the mean value of the dif-
ferences between the two measurement methods and the 
φ∆zi symbol indicates the standard deviation of the mean 

Fig. 6. Differences of two measurements methods in a sample of measurement cross section

Table 1. The results of analysis of the 27 selected measurement cross sections in the collinear type of measurements 

j φ∆zi Un Ucrit n r

1 –0.67 1.19 –3 3 0.896 0.803 7 0.941
2 –0.66 1.71 –5 3 0.895 0.829 9 0.968
3 –0.58 1.06 –4 2 0.884 0.803 7 0.916
4 –0.50 1.14 –3 2 0.888 0.788 6 0.912
5 –0.41 1.29 –3 3 0.905 0.803 7 0.901
6 –0.37 1.08 –3 2 0.918 0.788 6 0.901
7 –0.36 1.47 5 2 0.839 0.818 8 0.913
8 –0.33 1.29 –3 3 0.896 0.803 7 0.937
9 –0.29 1.19 –4 3 0.852 0.818 8 0.955

10 –0.07 0.99 –2 2 0.82 0.762 5 0.949
11 –0.01 1.33 –2 3 0.926 0.788 6 0.946
12 0.01 1.07 –3 2 0.872 0.788 6 0.991
13 0.15 1.55 –5 3 0.833 0.829 9 0.927
14 0.15 0.76 –2 2 0.876 0.762 5 0.984
15 0.16 1.07 –2 3 0.872 0.788 6 0.983
16 0.17 1.13 –3 3 0.908 0.803 7 0.970
17 0.18 1.02 –2 3 0.931 0.788 6 0.992
18 0.21 1.30 –4 4 0.835 0.829 9 0.908
19 0.21 0.97 –2 3 0.837 0.788 6 0.996
20 0.23 0.88 –2 2 0.837 0.762 5 0.911
21 0.28 1.49 –3 4 0.852 0.818 8 0.989
22 0.32 0.96 –3 2 0.879 0.788 6 0.977
23 0.33 1.31 –3 3 0.879 0.803 7 0.992
24 0.43 1.35 –3 4 0.899 0.818 8 0.934
25 0.45 1.22 –3 3 0.906 0.803 7 0.904
26 0.72 1.16 –2 3 0.876 0.788 6 0.950
27 1.00 1.11 –2 4 0.827 0.803 7 0.986
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for the jth measurement cross section. The maximum dif-
ferences for the positive set and the negative set are indi-
cated as  and . The Un symbol indicates the calcu-
lated value of Shapiro-Wilk test and Ucrit symbol indicates 
critical value of test. The correlation coefficient is r.

The results for the verification of statistical hypotheses, 
in the collinear type of measurements, show that there is no 
evidence to reject the null hypothesis H0 of normal distribu-
tion differences of measurements for the analysed research 
sections. Thus, no gross or systematic errors occur and only 
random ones are found. The symmetric distribution of the 
mean around zero confirms the randomness of the resulting 
errors. The resulting average values differences  for the  
jth measurement cross section and the corresponding stan-
dard deviation φ∆zi confirm the precision of linear mapping 
in the stereo vision techniques of road inspection.

4.2. Coplanar type of measurements 

The second type of measurements the coplanar type takes 
place in 110 different road points. The results of measure-
ments for the horizontal plane come from the stereo vision 
method and the laser distance meter. The size of the plane 
is 800 mm by 500 mm with resolution 50 mm by 50 mm. 
Fig. 7 presents the example of the horizontal plane for 
measurements performed with laser distance meter where 
red lines mark the measurement surface. 

Figure 8 shows the grids of measurements for the ste-
reo vision method and the laser distance meter, respecti-
vely. In both figures presented below the horizontal plane 
(ij-plane) means the theoretical road surface without dis-
tresses (deviations) in the vertical direction (z-direction). 
The sample grids obtained with two measurement methods 
demonstrate the real road surface with a road distresses.

In the coplanar type of measurements, Fig. 9 shows 
the graphic interpretation of the differences ∆z  (i,  j) be-
tween the two measurement methods of the sampled ob-
tained grids. The values of differences ∆z (i, j) are the result 
of subtraction – the values of the stereo vision measure-
ment from the values of the laser distance meter. 

The obtained measurements of the coplanar type 
have undergone thorough analysis as in the collinear type 
of measurements. The verification of statistical hypotheses 
has taken place to check the random errors of the mea-
surements. Table 2 shows the analysis results of the se-
lected road pavements for the coplanar type of measure-
ments. The verification of 110 various places on roads has 
followed. However, the table presents only 17 most reliable 
and authoritative items. The symbols describe the same 
parameters as in the collinear type of measurements.

In the analysis, verification of statistical hypotheses 
for the coplanar type of measurements confirms normal 
distribution of the measurement differences. Thus, there 
are no gross errors or any systematic errors. There are only 
random errors with a symmetric distribution of the mean 
around zero (Taylor 1997). The obtained results confirm 
precision of the plane mapping in the proposed stereo vi-
sion method of road inspection.

Fig. 7. Researched surface of road pavement

Fig. 8. Sample grid of measurements from: a – stereo vision 
method; b – laser distance meter

Fig. 9. Measurement differences between stereo vision method 
and laser distance meter
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5. Conclusions

1. The proposed stereo vision method for road inspection 
successfully implements the matching measure CoVar. 
The application of the measure results in the elimination of 
both corner detection procedures and image filtering pro-
cedures. The elimination does not lead to malfunctioning 
of the road surface-mapping algorithm, which confirms 
the process of comparison measurements for two different 
types of measuring methods. The implementation of the 
matching measure CoVar does not lead to an increase in 
computational complexity of the whole measuring system 
due to the reserve of computational complexity, which is 
higher after the elimination of corner detection and image 
filtering procedures.

2. The constructed test-bench with cameras and de-
veloped algorithms for image processing for matching and 
mapping road pavement makes it possible to create a road 
map with a resolution of 1 mm in three dimensions. The 
obtained resolution provides high precision measurements 
and the possibility of the detailed description of road pave-
ment conditions. In the proposed solution, the laser light 
projectors do not find their application in describing the 
condition of the road pavement at high resolution.

3. The measurements evaluation of stereo vision 
method undergoes verification on the 270 measurement 
cross sections, out of which 160 focus on the collinear type 
of measurements and 110 on coplanar type of measure-
ments. Nearly 40 000 direct measurements are analysed. 
Irrespective of the measurement type, the means of dif-
ferences set between the two measurement methods are 
around zero. Additionally, the calculated standard devia-
tions for 270 measurement cross sections do not exceed 

2  mm. Verification of statistical hypotheses confirm the 
randomness of errors and the fact that there are no gross 
or systematic errors. The calculated correlation coefficients 
confirm the dependence between measurements from ste-
reo vision method and distance laser meter. For 270 re-
searched samples the coefficients are not lower than 0.9. 

4. The solution features high assessment speed, much 
lower time-consumption and lower costs per measure-
ment procedure in comparison with the conventional 
methods. It is so because the measurements are made 
when the measurement vehicle is in motion, and qualified 
inspectors are not necessary for direct measurements on 
the road, which further increases the level of safety during 
the measurement time.
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