
1. INTRODUCTION

The storage for spent fuel assembly is made of concrete and

waterproofed with epoxy. Also, in order to prevent radioactive

rays from escaping, the storage is filled with water. The storage

is designed to have 30~40 years life span, but, as time goes, it is

probable that defects can form on the wall. In order to prevent

the leakage due to the defects, the growing progress of defects on

the epoxy coating has been monitored. Until now, the defects

have not formed on the concrete wall itself, but the epoxy

coatings have been worn off by flames. The present method of

measuring the length of defects is using a long beam with

underwater camera installed at the bottom. The beam is

connected to a crane on the ceiling of the storage. And, by

observing the images from the underwater camera, the moving

distance of camera(crane's moving distance) is measured. The

moving distance of the crane can be measured in the following

method. First, the center of the monitor is aligned with one end

of the defect, and the position of the crane is measured. Then,

the crane is moved so that the center of the monitor is aligned

with the other end of the defect, and the distance is measured.

This method, however, has disadvantages. First, when the crane

is moved by hands, because the beam that supports the camera

can rotate, the lens and the wall can not be kept parallel to each

other. This decreases the accuracy of the measurement, and takes

too much time.

The size of the object used in industry can be measured by

several ways: ultrasonic-wave sensor[1], stereo camera, laser slit

beam[2],[3]. But due to the radioactive rays inside the storage,

the uses of sensors are avoided. In the case of the stereo

camera, it is hard to measure defects in a small space, and it has

a structural limitation, which requires the use of previously

equipped radioactive-proof CCD camera. Especially, the stereo

camera has difficulties in distinguishing spots formed on two

screen from actual object's spot[4], and in order to match the

coordinates of the spots on the two screen, iteration method must

be carried out.

In this paper, the laser slit beam generator is set on the front

part of camera in order to eliminate the calibration error and by

doing so, it suggests the estimation algorithm of camera

horizontal angle, which can estimate the cameras position that is

always horizontal to the wall. By applying this algorithm, the

actual length of the defect on the wall is measured by using

image rotation and measuring the distance along the viewing

direction.

Also, since the camera hanged from the hook of the crane's

rope can rotate in vertical direction, camera is fastened vertically

and a weight is put on the bottom part of the camera. In

addition, the vibration of the rope, when crane is moving, is a

problem. But this can be eventually reduced in a short time by

water in water-tank. By initial assumption, the vertical level of

the camera is detected by Horizontal & Vertical Level Indicator,

and it is presumed to have a constant value in gravitational

direction. In the experiment, from the relationship among the

inclination angle of slit beam, horizontal angle of camera, and

beam generator, horizontal-angle estimation algorithm is suggested

and verified. Also, using the suggested algorithm, horizontally

inclined angle of camera is found and applied to the measurement

of defects' length.

2. GEOMETRICAL ALGORITHM of CAMERA and LASER

SLIT BEAM

2.1 Rotational angle estimation algorithm of camera by using

slit beam

An algorithm that can recognize the sizes and shapes of 3-D

objects using CCD camera, angle of laser slit beam, and image is

introduced. This algorithm consists of geometric equations that

convert 2-D image on CCD camera into 3-D coordinates. The

system with CCD camera, defect length measurement device, and

slit beam has the following advantages.

(1) The center of gravity of the device that has the infinite

degree of freedom acts down, parallel with the direction of

gravity.

(2) The vibration of the device is decreased by the damping

effect of water.

(3) The directions of gravity and the viewing direction of camera

are perpendicular to each other.

Assuming the above three advantages are true, the variable that

affects the measurement of defects is the inclination angle of

camera toward the wall. This angle is a rotational value, which

is used to align the viewing direction of camera and the obtained

image of the defects. Thus, constant value of horizontal angle of
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camera is needed to rotate the image as if it is seen from the

top. Fig.1 shows the inclination angle of the slit beam toward

the vertical center axis of the wall, and also shows that both the

camera and slit beam generator are facing toward the wall at

degrees. Fig.1 is the diagram when the camera and slit beam

scan the right section of the wall. In the diagram, is the

horizontal distance from the wall to the camera, is the

length of the slit beam. and is the distance between

each end of the slit beam when it is rotated by , which is

the same as f, the field of view angle. As shown in Fig.1,

is rotated as much as the field of view angle, f. Thus, if the

angle of the camera, , is rotated by f, and the beam

generator is lowered by , the initial length and the angle of

slit beam by the field of view angle increase as much as

. The Fig.2 and 3 show the

increase of and .
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Fig. 1. Relationship of 1, 2 to 3.

Fig. 2 shows the view from the top. By letting L=1 and

1= f, the increased length, L1=(LS2-LS1) can be found as

follows.

Fig. 2. The increase rate of the projected slit beam length due

to the camera inclined horizontally to the wall.

The length of the slit beam onto the wall, LS0, is

, and the increased

length of the slit beam when it is rotated by 1( f= 1) is LS1.

The length of the slit beam onto the wall is shown in equation

(1).

(1)

The increased length of the slit beam is shown in equation(2).

(2)

The increasing rate of the slit beam is shown in equation (3).

(3)

The increased length of the slit beam, L1, is shown in

equation (4).

( )

(4)

From the Fig.2, when the slit beam is rotated by 1 from LS1,

the increased length( L2=LS2-LS1) is represented as equation (5)

(5)

Using the results of (4) and (5), the increased length of the

slit beam according to the change in 1 is represent as equation

(6).

(6)

In Fig.3, the increased length of the slit beam is the same as

equation (6). Considering that the field of view angle is 30°,

when the slit beam is rotated by 1, the inclination angle of the

slit beam is increased by . The reason is that even though the

actual angle of camera, 1, is facing B in Fig.3, the center of

rotated slit beam is facing C. The increased angle, , can be

formulated as equation (7) and (8).

If as shown in equation (6),

(7)
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(8)

From the relationship between equation (6) and (8), the angle

of slit beam, is found and converted to 1. The inclination

angle of slit beam, , can be found as follows. In Fig.1,

when the beam generator is rotated by 1, the distance from the

center of the wall, 0 to B is equal to the equation (9).

(9)

In Fig.1 when the beam generator is rotated by 1 , the

distance from the center of the wall, 0 to C is equal to the

equation (10).

(10)

In equation (10), when the beam generator is rotated by 1, as

shown in equation (6), the rotated angle of the camera is

increased by . L5 in equation (11) is the distance from

B to D when the beam generator that is roated by is

lowered by .

(11)

L4 in equation (12) is the distance from C to F when the beam

generator that is rotated by is lowered by

(12)

L3 in equation (13) is the increased length, , when

it is rotated by 1

(13)

L6 in Fig.1 is the increased length when the beam generator is

rotated to the right by 1 and lowered by 3. It is shown in

equation (14)

(14)

The inclination angle, 2, of the slit beam onto the wall is

equal to the equation (15).

(15)

By substituting equation (13) and (14) into the equation (15),

equation (16) is formed.

(16)

By substituting equation (11) and (12) into the equation (16),

equation (17) is formed.

(17)

By substituting equation (17) and (10) into the equation (17),

the inclination angle, 2, of the slit beam on the wall is equal to

the equation (18).

(18) By converting the equation (18) into the third-order

polynomials, the inclination angle, 1 of CCD camera by slit beam

is equal to the equation (19). In equation (19), the coefficients, a,

b, c, and d are function of 3i. Fig.4 is a graph that shows the

relationship.

(19)

0

20

40

60

80

0 5 10 15 20 25 30 35 40 45

2
o

7
o 12

o
17

o 22
o

27
o 32

o
37

o 42
o

2

o

  
  
 , 1

o

3

o

2.2 3-D coordinates conversion

Fig. 5-(a) shows the geometric relationship between work space

coordinate for 3-D coordinate conversion and CCD coordinates.[7]

The following are the assumptions for the position equations.

First, the distortion of camera is ignored. Second, the camera is

an ideal pin-hole model. And, third, the center of CCD camera

lens exists on the axis. The point of laser slit beam

formed on the object's surface, is mapped onto

the on image coordinates. The conversion from

to can be formulated using the relationship of , the distance

between the center of lens and CCD device. As shown in fig.

5, the conversion from the point, to is as follows.

i) In - plane

(20)

ii) In the ZcXc - plane

(21)

iii) Considering the plane including laser slit beam.

It is .

By simplifying the equation and moving z to left side,

(22)

From the equations (20) and (22),

(23)

(24)

By substituting the equation (24) into the equations (20) and (21)
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and simplifying it, the equation (25) is formed.

(25)

If the camera frame coordinate system is converted into the

camera coordinate system,

(26)
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Fig. 5. Camera coordinate system model. where the scale factor of

each direction, Su and Sv, are as the following

(27)

2.3 The compensation of rotational angle of 3-D coordinate

conversion according to viewing direction

Fig.6 shows the viewing vector defined on the object

coordinate system. The end point of the viewing vector, F, is

the camera's viewing position of defects on the wall. The X and

Y planes on the viewing coordinate system are the transparent

plane. The Y axis on the viewing coordinate system is

perpendicular to the viewing vector at the starting point, T. It is

fixed facing upward. Converting the object's coordinate that

defined on the object coordinate system into the coordinate on

the viewing coordinate system is called the viewing

transformation. As shown in Fig. 6, for the viewing

transformation, since the force of the beam fixed with camera,

Y-axis, acts the same direction as the gravity, only the rotational

coordinate conversion about Y-axis is needed.

If the end point, F, and the starting point, T, of the viewing

vector are as follows,

(28)

then, the veiwing vector can be defined as the following

(29)

Fig. 6. Rotational transformation of observing vector.

Actually, the viewing transformation undergo

2 step viewing transformation from the inital assumption. i)

The starting point, T, of the viewing vector is moved to the

origin of the object coordinate system. ii) As shown in Fig.6, in

order for the veiwing vector to align with YZ plane, it is rotated

by about Y-axis.

The same-order transformation matrix about the coordinate

conversion is as the following.

(30)

(31)

,

When the defect on the wall is image-transformed, and

are zero, and considering the rotation of about Y-axis,

, translation of image point, T, and magnification, S, q is as

follows

(32)

3. EXPERIMENT

3.1. Experimental apparatus and procedure

In this research, experimental apparatus was set up for the

measurement of defect inside the wall of storage tank. Fig.7

shows the flow chart of the defect-measurement device.
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Fig . 7 The measurement unit among the whole system.

Fig.8 shows the measurement unit among the whole system.

The system consisted of CCD camera, light, control unit, beam

generator, weight for supporting camera, and mock defects on the

wall. Camera was equipped with matrox board with 4 frame

grabbers that had 8 bit grey level for image processing. Line

laser slit beam was structured to have non gaussian beam with

670nm and 10mW. The obtained image was, first,

image-processed through the image board. During the

image-processing, the area in interest was selected through binary

conversion. Then, with the information about camera angle and

the distance from the wall, the length of the defect was measured

by rotating the camera to the viewing direction.[8] As shown in

Fig.9, the defects are grouped into two: vertical and horizontal.

This is because most defects are in either shape[9]. In this

paper, the image of the defect was converted to binary image

data by using the threshold processing of the grey image data

that had contrast value, and in order to estimate the angle and

length of the slit beam, Hough transformation was used.
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Fig. 8. Experimental setup for the wall defect measurement

system.

4. EXPERIMENTAL RESULTS

4.1. Experiment of camera's estimation angle onto the wall

In this paper, in order to estimate the rotational angle of the

camera, mathematical modelling such as equation (18), (19) were

done, and checked through experiments. This experiment

investigated the effects of the inclination angle( 3) of beam

generator and horizontal angle of camera from certain

distance(30cm) on the inclination angle( 2) on the wall. For this

experiment, the inclination angle( 3) of beam generator and

horizontal angle of camera were varied within 0 45° and 0 80°

respectively. As a result, it became clear that as the inclination

angle( 3) of the beam generator and horizontal angle of the

camera increased, the inclination angle( 1) of the slit beam on the

wall also increased. In addition, if the camera was assumed to

face the wall vertically, the results agreed with the equation (19).

Fig.10 shows the 3-D representation of the relationship among the

beam generator, left and right horizontal angle of the camera, and

the inclination angle of the slit beam. This shows that as the

inclination angle of the beam generator and the horizontal angle

of the camera increase, the inclination angle of the slit beam

eventually forms a curved surface.

4.2. Rotation of the image of the defects using

Fig.11 is the diagram that shows, according to the change of

camera angle, the reconstructed defect images by using

decimal-to-binary conversion, outline processing, and rotation to

the viewing direction. Fig.11 also shows that it is impossible to

measure the defects with the angle greater than 80°, since it is

hard to get the image information of each defect. Fig.11-(a)

shows the reconstructed image of the vertical defect inclined by

horizontal angle of the camera.
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Fig. 10. Theoretical results of the projected beam angle ( 2)

obtained with 1 , 3 on the right section.

It was reconstructed by using decimal-to-binary conversion and

rotation. As a result, it turned out that, since the image data

was lost before the image rotation at the 60°and 70°in left and

right section of the wall, decimal-to-binary conversion,

reconstruction in the viewing direction, and accuracy of measuring

the defects were affected. Fig.11-(b) shows the image of the

vertical defects reconstructed by decimal-to-binary conversion and

rotation. The results showed that, for the angle in the left and

right section which was greater than 60°, image data was lost

during rotation to the viewing direction, and the shapes of the

horizontal defects were preserved better than that of the vertical

defects. But, after observation on the mock defects, it was

known that the important variables for rotational reconstruction

were the orientation of each defect, the inclination angle, depth of

the defect, and shape.

4.3. Measurement of defects according to the change in

the angle of camera

For this experiment, the inclination angle of the beam generator

was fixed as 37°, since the range of the distance for

measurement was between 20 cm and 40 cm. This was because

when the distance was between 20 cm and 40 cm, the pixel of

the laser slit beam could have the maximum, 640 x 480. The

third order polynomial and its coefficient in equation (33)

represent the inclination angle( 1) of the camera on the wall.

(33)
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Fig. 11. Image reconstruction for vertical, horizontal defect shapes

viewed at right section with various angles( 1).

Fig. 12 and 13 show the lengths of the vertical and horizontal

defects in the left and right side of the wall by applying the

limited estimation algorithm of the horizontal angle of the

camera. Fig. 12 shows the results of the measurement of the

lengths of the vertical defects. Between 0°and 30°of the

horizontal angle of the camera, the average percentage error was

0.6%, and for the angles, greater than 30°, the percentage error

increased by 1% for every 10°increase. As shown in Fig.11, for

the inclination angle of camera greater than 60°, the horizontal

defect can be reconstructed better by rotation than vertical

defects. But, since the blind spot of the horizontal defect by the

depth of the defect during rotational reconstruction was larger

than that of the vertical defect, it became clear that the horizontal

defect resulted in more measurement errors.
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Fig. 12. Result of length estimation of vertical shape defect in

the position tracking algorithm of the camera right

angle.
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Fig. 13. Result of length estimation of horizontal shape defect in

the position tracking algorithm of the camera right angle.

5. CONCULSION

This paper introduced an estimation algorithm of camera's

rotational angle using the inclination angle of slit beam. This

algorithm had two advantages. First, the volume of the system

was reduced to fit the structural limitation. And second, it

eliminated the correspondence problem that is which spot is the

same object's image spot. This paper, also, suggested the method

of defect measurement by defect image reconstruction. This

paper suggested an estimation algorithm of camera horizontal

angle and verified it with an experiment. Also, the rotated

defects were reconstructed by 3-D transformation and rotation to

the viewing direction. In addition, according to the type and size

of the defects, the range of error was investigated. We obtained

the following conclusions from the defects size measurement

experiment by using the inclination angle of the laser slit beam

and the estimation algorithm of CCD camera's horizontal angle.

1. The numerical formulas and its coefficients to estimate

camera's horizontal angle( 1) were derived from inclination angle

data of the slit beam( 2).

2. By reconstructing the defect image with different angle to the

viewing direction, this paper showed that the estimation algorithm

of camera position was reasonable.

3. By using the estimation algorithm of camera position that used

the inclination angle of the slit beam, the percentage errors for

defects with different angle were obtained. And, from the fact

that the error was only 0.6% for angles less than 30°, the

numerical expression turned out to be correct.

4. This paper suggested the method of defects' size measurement

by applying the estimation algorithm of camera's rotational angle

using the inclination angle of line slit beam and using the

rotation of defect image.
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