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Abstract. This paper analyses the statements of video imaging, CT, infrared thermography and
radiography applied in the road nondestructive testing, and design a path planning mobile robot
with GPS positioning which can remarkably increase the efficient of road nondestructive testing.
Besides, appropriate algorithm for nondestructive testing on the road autonomous mobile robot
path planning is given. This method is simplicity, versatility, and efficiency. The mobile robot are
selected for example and the simulation results represent the effectiveness of this method
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1. Introduction

Because of the natural factor and long-term used, roads may be damaged. The
damaged road is harmful to the safety of vehicles, so the regular road testing is necessary.

While testing the road’s structure, the destructive testing may descend the traffic
capacity and waste a lot of money and time. So, to meet the requirements of road
development and ensure road traffic safety, nondestructive testing (NDT) is becoming
more and more important. But the traditional method of road nondestructive testing is
manual operation, which can only carry out a limited number of testing, and may not
achieve long-term monitoring. In addition, traffic flow on major highways, testing
personnel may be braved danger. Therefore, making the manual testing developed to
automated testing technology, and low-speed, low accuracy developed to high-speed, high
precision is critical important. So, a fast, accurate and nondestructive road testing method
is needed urgently.

The constant improvement of science and technology promotes the growth of mobile

robot for road nondestructive testing. Instead of human beings, mobile robot for road
nondestructive testing can suffer a large number of works with strong intensity, long time,
high repeatability and terrible environment. These objective requirements propel the
widely development in the study of mobile robot.
Path planning is one of the important core problem and technique in the research area of
mobile robot that not only develops fast but also contributes a lot [1]. Path planning by
mobile robot refers that it can search for the best (or second-best) and reasonable moving
strategy from the initial status (including position and angle) to the final status by
following the planed path. It is the foundation for the mobile robot to execute different
kinds of tasks. In this paper, appropriate algorithm for nondestructive testing on the road
autonomous mobile robot path planning is given .The feasibility of the scheme and
algorithm proposed in this paper was verified by the experimental prototype test data.

2. Current Statements of Road NDT



Currently, the major testing methods of nondestructive testing methods are including
video imaging, CT, infrared thermography and radiography. The introductions of all of the
methods are as follows:

2.1 Video imaging

Video imaging systems have become versatile data-gathering tools because of their
high spatial resolution, near real-time image availability and computer compatibility.
Current video imaging is widely used for non- Destructive testing. There are a lot of
digital video imaging systems which can be used for the pavement broken testing such as
PAVUE and WiseCrax [2].

These systems are widely used for Nondestructive testing; the steps of using these
systems are as flows:
1.  Get the image of the pavement, and then input this digital images into computer;
2. Change the consecutive images into still images, use the image processing
technology to analyze and classify the still images.
3. Evaluate the road damage level and parameter such as crack breadth, length and
square and so on. Meanwhile, according to the GPS, passion the damage section.

2.2 Computed tomography (CT)

In highway construction, to ensure the quality of engineering, relative mass detection
is needed in a wide range including tamping foundation, rolling sub grade and paving
pavement. The traditional detection is to on-site observe the roads and sample from
drilling for the laboratory analysis, so that the control parameter of engineering quality,
such as thickness, depth, degree of compaction and strength, can be obtained. However,
this routine method has some limitation. First, it can be omitted easily although the
measured points are selected randomly so that they should be representative to some
extent. Second, the problems about the damage of the pavement, such as crack and sag,
can be easily found, while the inner problems of the roads are difficult to find out.
Therefore, some nondestructive, fast and direct test equipment and technique that can
show the inner status of the roads is necessary for the improvement of highway
construction and maintenance level.

CT was invented in 1972. In the early stage it was only applied in X-ray, then the
application was widely extended, including emission computed tomography (ECT),
ultrasound computed tomography, magnetic resonance imaging (MRI) and so on. This
technique was at first applied in the field of biomedicine. The basic method of CT is
image reconstruction, which refers to the reconstruction of the cross-section image
obtained from projections of measured objects by the computer. Application of CT in road
quality testing is like perspective diagnosis of the roads, which can help us to detect the
diseases promptly and have a direct view. This technique has been used in the pavement
detection by ground penetrating radar. The road radar, which is based on the use of



transient electromagnetic waves, emits high-frequency spike pulse electromagnetic waves
to the underground by wide time-domain transmitting antenna. When waves meet different
interfaces of dielectric during the underground transmission, reflection happens. Then it is
received by receiving antenna and handled by the computer, which can analyze the
obtained digital signal, so that we can get three dimensional computed tomography
imaging for the underground target. Accordingly, we are able to clearly observe the cavity
of sub grade, thickness and deformation of the pavement structural layer, even the water
under the surface.

2.3 Infrared thermography (IRT)

Infrared thermography (IRT) has established as a fast and reliable tool in many areas
of non destructive testing. In recent years, IRT has emerged as a widely used method for
road nondestructive testing. The IRT is bound up with thermal conductivity. With the
influence of heat source, objects’ surface will have some thermal spread. The difference
of the thermal distribution can be used to detect the material difference under the objects’
surface. IRT can image and orient horizontal plane and holes under the road efficiently.

Compare with other NDT methods, IRT has following advantages:

1. Fast inspection rate, which can up to a few m? at a time;

2. No contact. No couplant needed although in some cases a black painting step is
required to perform the inspection so that strictly speaking, a contact is thus
present in this case;

3. Security of personnel. Since there is no harmful radiation involved, however high
power external stimulation-such as powerful flashes-requires a shroud;

4. Results are relatively easy to interpret;

5. Unique inspection tool for some inspection tasks.

But on the other hand, there are some difficulties specific to IR thermography as

follows:

1. Difficulty in obtaining a quick, uniform and highly energetic thermal stimulation
over a large surface;

2. Effects of thermal losses (convective, radiative) which induce spurious contrasts

affecting the reliability of the interpretation;

Cost of the equipment;

4. Capability of detecting only defects resulting in a measurable change of the
thermal properties;

5. Ability to inspect a limited thickness of material under the surface;

6. Emissivity problems.

w

2.4 Radiography

Radiography is a method that makes use of strong radiation, such as X-ray, to detect
the inner situation of the object. Now this technique has been applied in the



nondestructive test of the concrete. According to the sensitive photograph obtained from
the steel bar and its defect inside the concrete, quantitative assessment is available by
using the digital image analytical technique.

Besides, other imaging technique, such as ultrasonic imaging, interference imaging, is
widely used in the test of road material. The application of these technique remarkably
increases the quality of the road nondestructive testing, thus has an important role in
enhancement of the development of our highway and transportation.

3. The System and Mechanical Structure of the Mobile Robot
3.1 The system in introduction

The system structure of autonomous path planning mobile robot for road NDT shows in
the Figure 1. The whole system using distributed control mode. First of all, used the GPS
coordinate acquisition equipments to get the path information, then according to the
coordinate information and the initial and final statement of the mobile robot, get robot
motion curve function, and use the PC to figure out the kinematic parameter from the
motion curve and kinematic model, send the parameter to the lower computer, which use
AT89C51 single chip to control the step motors. Meanwhile, the NDT equipments on the
robot sent the road information to the lower computer. After finish the whole route, the
robot sent the road testing data back to the PC.
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Fig.1. The system structure of autonomous path planning mobile robot for road NDT
3.2 The structure of the mobile robot
The research object of this paper is based on the mobile robot which is researched and

designed by SCUT. The mobile robot use differential drive method, there are three wheels
on the robot, two wheels are controlled by two step motors at front of the robot, which are



as the drive wheels, the other rear wheel using flexible wheel at back to support the body
of the robot. The moving direction is controlled by speed differential of the front two
wheels.

4. Fitting for the Path Moving Function

Here, we use the regression equation to fit the moving function of the planed path.
Regression equation is a statistical technique which can be used to predict the value of one
variable using the value of one or a quantitative variable. According to the relationship
between the two variables, regression equation can be divided into linear and nonlinear.
According to the number of the variable, regression equation can be divided into unary
and multiple.

4.1 Linear multiple regression equation

Supposing Y is a random scalar, which has linear relationship with independent
variables x;,X,...,X, , and according to the value of n samples (x x,..x ;y) (i=12,.n),
we can get the least squares estimation b,b,b,,...b, . A multiple regression equation for

predicting Y can be expressed as follows:
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Where Q is the function ofbg,b;,b,,...,b, . According to the extreme value theory of
multivariable function [7], when Q get the minimum value:
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With above, (1) can be rewritten as :
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Where:

Iuv = z(xiu _Yu)(xiv _Yv)

T i,u,v=[L,m]

Iuy = Z(Xiu _Yu)(y| _7 )
After this, the value of b, can be got when substituting b, ,b,,..h, into equation (5).
So the linear multiple regression equation can be got as (1) shows.

4.2 Nonlinear regression equation

In statistics, nonlinear regression is a form of regression analysis in which
observational data are modeled by a function which is a nonlinear combination of the
model parameters and depends on one or more independent variables. The data are fitted
by a method of successive approximations.

Some nonlinear regression problems, such as hyperbola regression model,
logarithmic regression model and polynomial regression model can be moved to a linear



domain by a suitable transformation of the model formulation [8]. But others have to deal
with nonlinear regression model such as exponential model and S curve model.

5. Kinematic Modeling for the Road NDT Mobile Robot

Mobile robot kinematic modeling is the foundation of its motor system control.
Accurate kinematic model plays a key role in the motion control system.

5.1 Curve fitting of moving mobile robot

It can be seen from Figure.2, when robot reached the point n, the track for robot
moving from point n to point n+1 can be derived by fitting the robot moving function
based on point N to point N+ K . In this paper, we takes k=5, and only use 3 order
polynomial regression models to fit the curve. So, the form of the moving function is as
follow:

y(n) = bOn +blnx+b2nX2 +b3nX3 (7)

At this time, we can calculate the mobile control mode according to (7). When the robot
reached point N+1 from pointn, the new track for robot moving from point n+1 to
point n+2 can be derived by fitting the robot moving function based on pointn+1
ton+k+1. The form of the moving function is as follow:

y(n +1) = bom+1) + bl(n+1)x + b2(n+1) X? + b3(n+1) x° (8)
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Fig.2. Curve fitting of the mobile robot



Just like formula (7), we can calculate the mobile control mode according to formula (8),
and so on.

As above done, the mobile robot can move along the track which is planned beforehand
by adjusting the robot curve.

5.2 Moving modeling for the mobile robot

A

Fig.3. Mobile robot’s moving curve is a circle with radius R.

Figure.3 shows that the mobile robot’s moving curve is a circle with radius R.

Suppose that at the moment n, the robot’s centroid is at the point O, the coordinate of O
is(x,,y,), and the angel of the robot and the horizontal plane is¢@(n). In the ideal case,

the direction of the moving velocity is the same as the moving curve tangent line. So:

dx, sing, —dy(n)cosg, =0 9)
from (9) , we can get:
sin dy(n
tan ¢, _sing, _dy(n) (10)
cosg,  dx,

At the moment of N +1, the mobile robot moves from O to O’, and the coordinate of O
iS (X1, ¥n.1) » and the angel between the robot and the horizontal plane is p(n+1).



As shown in Figure.3, @is the turning angel of the mobile robot, according to the lane
Analytic Geometry [9], we can get:

0= [ arctan M —arctan —dy(n) (11)
d n+l an
(11)
Use the Pythagorean theorem, we can get :
AX® +AY? = (2Rsin§)2 12)
Then
AX® + Ay?
R=41 2sin ) (13)
+0 6=0
Where
AX= Xy =X, = 2Rsingcos(§+(ﬂn)
(14)

Ay =Yoa =Y = 2RSin§sin(§+ ¢n)

6. Method of Calculating the Kinematic Parameter for the Mobile
Robot

Kinematic system is one of the important core problems and technique in the research
area of differential drive mobile robot control system, and the moving curve of the robot is
decided by the robot moving system.

Generally speaking, all the moving tracks of the robot are made up of straight lines and
curves. So even if the robot moves in different route, the control method is the same. Just
like above, the robot’s moving tracks can be control accuracy by controlling the ratio of
the two driving wheels well.

6.1 The kinematic parameter of the robot when straight-line moving



As shown in Figure.4, in the case of straight-line moving, ¢,,, =¢,,6 =0, and the
speed of the left wheel is the same as the right one. If taking the speed ratio of the left
wheel and right wheel ask , then k =1 in this case.

A

y

X
Fig. 4.The robot is in the case of straight-line moving

At this time, the distance of the robot moved is:

S+,
2

S

=35, =5, (15)

In (15), S, is the distance the left wheel moved, and S, is the right one.

6.2 The kinematic parameter of the robot when curvilinear moving
As shown in the Figure.3, in the case of curvilinear moving, when the robot is turning
left, ., # ¢, ,0=0the speed of the left wheel is not the same as the right one. So, at
this time, from the meaning of K , we can get:

v, _vl-t_i:(R—b)ezl_E (16)
v,-t S, RO R

Where: V, ——the speed of the left wheel;
S, ——the distance of the left wheel moved

V, ——the speed of the right wheel;



S, ——the distance of the right wheel moved;

b ——the distance from the left wheel to the right one.
Use (13) input (16) can get:

2bsing
k=l-— 2 (17)

Jac
Use (11) input (17) can get:
2bsin[arctan w /2 —arctan dy7>((n) /2]

k :1_ Xn+1 d n (18)
JAE + AY?

When the robot is turning right:

k=t et S _REDG B gy 2 (19)

v, Vit S, RO R JAX +AY?

Use (11) input (19) can get:

2bsin[arctan dy(n+1) /2 —arctan ay(n) 12]
k=1+ dx, dx, (20)
A + Ay

When the mobile robot is curvilinear moving, the distance of the robot moved is:

S +S, (R=b)0+(R+b)o
2 2

S

RO (21)

7. Example

In order to prove the accuracy of the model set above, we used the mobile robot and PC
to simulate this kinematic model. Fist of all, got the information of the moving path, the
sampling of the coordinate information is as shown in Figure.5.



Sampling of the coordinate information
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Fig.5. Sampling of the coordinate information

Then input the initial statement of the mobile robot which is (X,, Y,,®,) = (0,0,0),

' . x .
and the final statement is (y (/7”):(27%1,5) .we got the distance from the left wheel to

the right one isb = 0.295m , the radius of the drive wheels isr =0.0375m.

First of all, use nonlinear multiple regression equation to fit out the next moving
function according to the next 5 points’ coordinates, The least squares estimation
parameters b,b,b,,b,, as shown in Tab 1:

Table 1. Fitting out the moving function
Function b0 bl b2 b3

1 1 1.02 -0.07 -0.11
2 0.97 115 -0.22 -0.06
3 0.83 148 -047 0

4 0.53 2.04 -0.8 0.06
5 0.03 275 -113 011
6 -0.52 3.43 -1.4 0.15
7 -0.83 375 -151 0.16
8 -0.4 335 -139 015
9 1.34 1.92 -1 0.11
10 491 -0.71  -0.36 0.06
11 1047  -4.44 047 0

12 1763 -885 137 -0.06

13 2532 -13.2 22 011
After this, use the kinematic model to get the kinematic parameters; the PC simulates
picture shows in the Figure.6.



The path of the robot moves
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Fig.6. The path of the robot moves

Because of the road friction, there is error exist during the testing. But the error is
less than 0.2%. So, the model can be thought accuracy.

8. Conclusion

This paper analyses the situation about the methods of video imaging, CT, infrared
thermography and radiography applied in the road nondestructive testing. Besides,
appropriate algorithm for nondestructive testing on the road autonomous mobile robot
path planning is given .The feasibility of the scheme and algorithm proposed in this paper
was verified by the experimental prototype test data.
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