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RINGKASAN: Kertas kerja ini mencadangkan dua kaedah untuk mencari diameter paip 
yang separa boleh nampak berasaskan bentuk bahagian yang boleh di nampak apabila 
dilihat melalui tetingkap saiz tetap. Dalam salah satu kaedah, jalur-jalur menegak diunjurkan 
ke atas silinder-si/inder yang diletakkan mendatar dalam kajian simulasi. Ofset sisi bayangan 
setiap jalur pada silinder yang diukur dari jarak tetap dari paksinya digunakan sebagai 
parameter ( dinamai pembolehubah Xp) untuk mencari diameter. Dalam kaedah kedua, corak 
moire simulasi dijanakan pada permukaan silinder berasaskan konsep moire bayangan dan 
jarak di antara pinggir-pinggir moire kedua, diukur secara simetri dari tengah, digunakan 
sebagai parameter input (dinamai pemboleh jp). Apabila diameter paip berubah sebanyak 
2 mm, Xp berubah hanya sebanyak 0.1 mm, manakalajp berubah sebanyak 1.0 mm. Maka, 
kaedah kedua lebih peka kepada perubahan dalam diameter paip, dan oleh yang demikian, 
kurang peka kepada ralat. Pinggir-pinggir moire simulasi kemudian dibandingkan dengan 
pinggir-pinggir yang didapati daripada eksperimen untuk paip berdiameter 56 mm. Ralat 
dalam jp didapati kurang daripada 5%. lni mengesahkan bahawa data simulasi boleh 
digunakan untuk menentukan diameter paip sebenar berasaskan jarak pinggir moire. 
Keputusan kami menunjukkan bahawa diameter sebenar paip boleh ditentukan dengan 
kejituan sebanyak ±2% dengan menggunakan kaedah yang dicadangkan. 

ABSTRACT: This paper proposes two techniques for finding the diameters of partially visible 
pipes based on the shapes of the visible portion of the surface as seen through a fixed-size 
window. In one method, vertical stripes are projected onto horizontally positioned cylinders 
in a simulation study. The lateral offset of the shadow of the individual stripes on the cylinder 
measured from a fixed distance from the axis is used as the parameter (known as variable xp) 
for finding the diameter. In the second method, simulated moire fringes were generated onto 
the surface based on the shadow moire concept and the distance between the second moire 
fringes, measured symmetrically from the center, is used as the input parameter (known as 
variable jp). When the pipe diameter varied by 2 mm, Xp varied by only 0.1 mm whereas jp 
varied by 1.0 mm. The second method is therefore more sensitive to variations in pipe 
diameters and, hence, less sensitive to errors. The simulated moire fringes were then compared 
to experimentally obtained fringes for a pipe of diameter 56 mm. The error in jp was found 
to be less than 5%. This verified that simulated data could be used to determine actual pipe 
diameters based on the moire fringe spacing. Our results showed that the diameter of the 
actual pipes could be determined to within an accuracy of ±2% using the proposed method. 
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INTRODUCTION 

The diameter d of a partially visible pipe, such as a partially buried pipe, may be determined 

by measuring the coordinates of any three points on its surface and either geometrically 

reconstructing the circle representing section of the pipe or by evaluating d from the 

equation of a circle. However, as the size of the visible portion decreases, the distances 

between the three points decrease and therefore the error in d increases. The error can 

be reduced by using an over-determined set of data, i.e. by taking measurement at more 

than three points on the surface. Accurate measurement of the coordinates of the surface 

points is, however, not always feasible in real situations. This is mainly due to the difficulty 

in establishing a reference coordinate. Therefore, a non-contact technique for finding the 

diameter based on the visible portion of the pipe will be of significant practical value. In 

such a technique, shape parameters that depend on the pipe diameter can be extracted 

using any of the established shape measurement methods such as laser scanning, moire 

contouring or structured lighting (Loncaric, 1998; Hu et al., 1997; Sig Roh et al., 1998 and 

Hrabovsky et al., 1999). 

This paper describes two methods of finding the diameters of pipes by integrating simulated 

and experimental data. It is assumed that only a portion of the pipe is visible through a 

fixed-size window along the surface. The first technique is based on the structured lighting 

method (Hansjoerg et al., 1999). In this method, vertical stripes are projected onto the 

surfaces of pipes having different diameters from an angle different from the viewing 

direction. The lateral offset of the individual stripes on the surface measured from a fixed 

distance from the axis is used as the measuring parameter from which d can be determined. 

The second method is based on shadow moire concept (Harding et al., 1998). In this 

method, moire fringes are generated on the surface based on the shadow moire concept 

and the distance between the second moire fringes, measured symmetrically from the 

center, is used as the measuring parameter. From simulation studies the first method was 

found to be more sensitive to errors and hence, the second method was adopted for 

experimental work. The simulated moire fringes were compared with experimentally obtained 

fringes for a pipe of diameter 56 mm and the error was found to be less than 5%. This 

verified that simulated data could be used to determine actual cylinder diameters based 

on the moire fringe spacing. 

SIMULATION STUDY 

Two basic parameters can be used to identify the pipe diameter when only a portion of 

its surface is visible. The first parameter X p is obtained from stripe projection method and 

refers to the lateral offset of the stripes on the surface measured from a fixed distance 

from the reference axis. This is illustrated in Figure 1. 
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Figure 1. Schematic of stripe projection and viewing directions 

For a pipe of radius r the distance zr of a point P(xr, Yr, zr) on the shadow of the stripe can 
be determined from the equation of circle given by 

(zr - a)2 + (yr - b)2 = r 2 (1) 

for a fixed value of Yr, where (a, b) is the center of the circle. Parameter xr can then be 
obtained by triangulation as follows: 

Xr = Zr tanO (2) 

where 8 is the angle between the stripe projection and viewing directions. xr can then be 
plotted against Yr for each value of zr to obtain the projection of the grating (collection of 
stripes) on the surface of the cylinder. Moire fringes can then be easily generated by 
superimposing a vertical reference grating of the same pitch onto the projected grating. 
Figure 2(a) shows the simulated projected grating for d=56 and Figure 2(b) shows the 
simulated moire pattern generated on the surface of the pipe. For establishing the pipe 
diameters using moire fringes a second parameter jr is used. jr is the distance between the 
second moire fringes counted from the center as shown in Figure 2(b) on the 2-D image. 
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Figure 2. (a) Simulated projected grating on the pipe surface, 
(b) simulated moire pattern, (c) simulated moire fringes after averaging 

For the simulation study, pipes of diameters 40 mm, 44 mm, 48 mm, 52 mm, 56 mm and 60 mm 
were considered. The values of xr and zr for values of Yr from -20 mm to 20 mm were calculated 
for each pipe. Based on the data, a CAD software was used to plot a single projected stripe and 
the stripe was duplicated to form the projected grating as shown in Figure 2(a). In order to generate 
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moire pattern, vertical stripes of the same width and pitch were superimposed onto the projected 

grating. The drawing was then converted into a TIFF image for further processing. 

In order to remove the vertical stripes from the image containing moire patterns, the image 

was averaged horizontally by applying the following equation : 

k=m-1 

LG(k, j) 
G(i, j ) = _ k=-'--o __ 

m 
(3) 

where G(i, j) is the grayscale intensity at (i, j) and m is the width of the image in pixels. 

This is possible because the moire fringes are horizontal and their positions are therefore 

not affected by the averaging. The resulting image is a moire pattern with the original 

reference grating removed [Figure 2(c)]. 

The parameter for finding the diameter of pipes based on the stripe projection method, i.e. 

Xp, can be determined directly by calculation from equation (2) without having to generate 

the simulated images. The parameter based on the moire method, i.e. jp, can be determined 

from the simulated moire pattern such as in Figure 2(b)-(c) or by calculation. We used the 

former method because no assumption is necessary when the parameter is determined from 

the moire pattern, whereas in calculation the depth of the fringes from the plane of grating 

must be known. In addition, the simulated patterns can be directly compared to those 

obtained experimentally. A scaling factor of 0.215 mm/pixel obtained by calibration was used 

to convert pixel distance from the moire pattern image to actual length in millimeters. The 

simulated moire patterns for pipes of diameter 40 mm to 60 mm are shown in Figures 3(a)

(f). As can be seen from Figure 3 when the diameter increases the number of moire fringes 

decreases. When the diameter is maximum, i.e. 60 mm, only two fringes are visible when 

counted from the centre. Thus, parameter jp is based on the second moire fringe. 
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Figure 3. (a)-(f) Simulated moire fringes ford= 40, 44, 48, 52, 56 and 60 mm respectively 
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The variation of xr and jp with the pipe diameter is shown in Figure 4. 
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Figure 4. Variation of Xp and jp with pipe diameter 

From the analysis it was found that when the pipe diameter varied by 2 mm, xr varied only 
by about 0.1 mm whereas jp varied by 1.0 mm. Thus, for an error of± 1 pixel in xr the error 
in radius is 7% to 10% whereas for the same error in jp the error in diameter is less than 
2%. Thus, evaluation of pipe diameter based on jp is less sensitive to errors and therefore 
produces more accurate results. 

EXPERIMENTAL WORK 

The first part of the experimental work entails a study to verify that (a) experimentally 
obtained moire fringes are equivalent to those obtained by simulation and (b) the error in 
the grating projection angle has minimal effect on the moire pattern. For the experimental 
work, the well-established shadow moire technique was used. A schematic layout of the 
experimental setup is shown in Figure 5. 

Slide 
projector 

Mirror 

Cylinder 

~ 

\ D 
~ter 

Digital camera 

Figure 5. Schematic of the experimental setup 
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A standard slide projector was used to provide the illumination and project the grating onto 

the surface of a pipe of diameter 56 mm. The illumination was projected via a rotatable mirror 

so that the angle of shadow projected could be altered. The grating used had a width of 

1 mm and pitch of 2 mm. When viewed through the same grating, the pipe will appear to 

be covered with moire fringes. An image of the pipe, covered with the fringes, was captured 

using Kodak DC120 digital camera with a resolution of 640x480 pixels. The angle () between 

the camera direction and illumination projection direction was set at 30°. The image was 

converted to a pixel data file using Matrox image processing libraries and averaged using 

equation (3) to remove the original grating so that only the moire fringes remain. The 

experiment was repeated using 8=28° and 8=32°. The results before and after averaging 

are shown in Figures 6(a)-(f). 

(a) (b) (c) 

(d) (e) (f) 

Figure 6. (a)-(c) Moire patterns on pipe for 0=2B°, 0=3()J and 0=32" 

before averaging, (d)-(f) corresponding moire patterns after averaging 

RESULTS AND DISCUSSION 

In order to compare the experimentally obtained moire fringe pattern with that obtained by 

simulation, the intensity across the image was plotted and is shown in Figure 7. From 

Figure 7 the position of the moire fringes (at minimum intensity) were found to agree closely 

between the two results up to the 41h fringe from the centre. The difference in the position 

of the 2"d fringe between the simulated and experimental results is 2.6%. This difference 
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is considered acceptable and therefore this part of the work confirms that moire fringes 
generated by simulation are equivalent to those obtained by experiment. 

The effect of error in the projection direction on the position of the moire fringes was 
investigated by plotting the intensity profiles for 8=28° and 8=32° as shown in Figure 8. The 
error in the position of the second fringe was found to be less than 3%. This result confirms 
that a deviation of ±2° in 8 has negligible effect in the fringe location, and hence, on the 
diameter of the pipe. 
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Figure 7. Plot of intensity across image for experimental and simulated data 
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Figure 8. Plot of intensity profiles tor 8=28°and 8=32° 

In the second part of the experimental work the actual diameters of pipes were determined 
based on simulated data obtained earlier. Pipes of diameters 42.75 mm and 56.00 mm were 
used and the moire fringes were obtained experimentally as described above. Parameter 
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jp was determined from the images and a modified form of the plot shown in Figure 4 was 

used to estimate the diameters. The modification took into account the parabolic relationship 

between jp and diameter d given by the following equation, 

jp = 2(dh - h2) 112 (4) 

where h is the depth of the second fringe from the plane of the grating. The modified graph 

is shown in Figure 9 and the results are shown in Table 1. The error in diameters determined 

using the simulated data are 0.82% and 1.43% for the pipes of diameters 42.75 mm and 

56.00 mm respectively. 
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Figure 9. Plot of jp against diameter of pipe 

Table 1. Comparison of actual and experimentally obtained diameter 

Actual pipe diameter (mm) 42.75 56.00 

Parameter jr 27.26 31.66 

Diameter from simulated 42.4 55.2 
data (mm) 

Error(%) 0.82 1.43 
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CONCLUSION 

Two methods of identifying pipe diameters based on 2-D images of the partially visible pipe 
surface are proposed. The moire method is shown to be superior compared to the grating 
projection method in terms of accuracy when errors in the identifying parameters occur. We 
have shown that diameters of pipes can be determined by combining experimental and 
simulated data. The experimental data is used to determine the identifying parameters and 
the simulated data can be used to identify the pipe diameter. The advantage of the proposed 
technique is that the diameters of partially visible pipes can be determined based on the 
shape of the visible portion by implementing the moire method. 
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