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a b s t r a c t 

A multicolor digital holographic inspection system achieving both automatic scanning sensing head and automatic 

correction of a distortion in the profile due to positional error of a sensing head has been applied to the inner 

surface of a straight brass pipe having artificial defects on its wall. To investigate the inner surface of the pipe, 

the sensing head consisting of a cone-shaped mirror (CSM) glued to an aluminum base in the pipe is illuminated 

by the collimated RGB laser beams from the outside of the pipe. In the system, by changing the wavelength of 

the illumination light and scanning the CSM in the pipe, data acquisitions and analysis are performed using a 

personal computer. It is shown that the pipe inspection, including a classification of defects, can be successfully 

conducted by comparing the multicolor intensity images and the height profile of inner surface of pipe. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Maintenance of pipes used in our living environment is necessary
or their stable operations. For ensuring the safety of pipe systems, mea-
urement of the inner surfaces of pipes should be conducted periodi-
ally to assess their conditions. In addition, the investigation of inner
ylindrical surfaces such as engine cylinders or barrels is also an impor-
ant demand for many fields in industry. For this purpose, many optical
ethods have been proposed to measure the inner surface of pipes in-

luding both straight and curved ones [1–4] . In the single spot scanning
ethod, the location of a light spot projected on the pipe inner wall is
etected using a position sensing device, and three- dimensional coor-
inates of the inner wall can be constructed by helically rotating the
ight spot [1] . Optical sectioning methods using a specific pattern such
s helical fringes [2] or a single ring [3] have been proposed for pipe
nspection. In the above methods, the wireframe image of the pipe inner
urface can be obtained and used to detect both the inner diameter and
urface defects. An optical stylus method using white-light interferom-
try has been applied to the inspection of engine cylinder walls [4] . A
ertical resolution of 1 nm rms has been achieved with the optical stylus
easurement system. However, both the visualization and profilometry

f the inner wall of pipes or cylinders have not been realized in the
roposed optical methods. 

To achieve the imaging and profile measurement of the pipe inner
all, we have introduced digital holography for straight pipe inspec-

ion [5–7] . In digital holography [8,9] , the external appearance of ob-
ects can be confirmed in the focused reconstructed intensity image of
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igital holograms. For surface shape measurements, digital holographic
nterferometry can be used, in which two-wavelength method using the
njection-current induced wavelength change of laser diode has been
dopted in our system. 

To inspect the pipe inner wall, a cone-shaped mirror (CSM) is in-
erted into the pipe and then illuminated by a collimated laser beam. In
he first manuscript [5] , it was suggested that the distorted surface pro-
le due to the deviation of CSM from the pipe axis could be corrected by
ubtracting an asymmetrical distribution of optical path length around
he CSM in the pipe. Next, the efficacy of the proposed correction pro-
ess using the asymmetrical optical path length distribution has been
xperimentally verified by adding a known deviation to the CSM mir-
or in the pipe [6] . Recently, the multiwavelength digital holographic
ethod using two red laser diodes has been proposed for the pipe in-

pection [7] . In the method, both the imaging and profile measurement
f artificial defects on the inner wall of a copper pipe has been demon-
trated by connecting 31 reconstructed images at the different positions
f the CSM in the pipe. To scan all the defects in the pipe, the CSM in
he pipe was shifted manually using a mechanical stage. The classifica-
ion of defects using the difference in the spectral reflectance obtained
or the reconstructed intensity images was not succeeded due to small
avelength difference in two red laser diodes. To correct the distortion
f the height profile, the calculation of an optical path length between
he CSM surface and the corresponding pipe wall is required. However,
he correction process requires the coordinates of the center point of the
SM in reconstructed images, which we have estimated visually so far
7] . 

http://dx.doi.org/10.1016/j.optlaseng.2017.05.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/optlaseng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2017.05.012&domain=pdf
mailto:yokota@ecs.shimane-u.ac.jp
http://dx.doi.org/10.1016/j.optlaseng.2017.05.012


M. Yokota et al. Optics and Lasers in Engineering 97 (2017) 62–70 

 

t  

p  

t  

r  

p  

t  

c  

d  

w  

c  

T  

(  

u  

a  

d

2

2

 

f  

l  

c  

t  

o  

c

𝑈

w  

n  

I  

𝛿  

e
 

U  

c

𝑈

w  

m  

i  

i

Δ  

 

i  

F  

s  

r  

z  

b  

t

𝑁  

 

o
 

m  

w  

t  

o  

h

Δ  

w  

a  

s  

a  

e  

r  

2

 

c  

C  

a  

n  

g  

m  

c  

u  

f  

m
 

m  

d  

t  

t  

c  

n
 

o  

w  

t  

c  

i

𝑂

w  

b  

(  

a

𝐿  

 

p  

e  

t  

r

⎧⎪⎨⎪⎩
w  

t  

l  

b  

t  

a  

p

In this paper, we describe the novel automatic measurement sys-
em for a straight pipe inner surface using both multiwavelength color
hase-shifting digital holography and holographic interferometry. Fur-
her, the pattern matching technique to estimate the center point of the
econstructed CSM image has been newly introduced into the correction
rocess for the inner surface profile. By virtue of the pattern matching
echnique, the signal processing for obtaining a corrected surface profile
an be automatically performed using a personal computer (PC). In ad-
ition, data acquisition in which phase shifting holograms of the inner
all are recorded for four wavelength has been conducted automati-

ally by shifting the CSM position with a PC-controlled stepping motor.
he system has been applied to the inspection of a straight brass pipe
14.0 mm inner diameter) having artificial defects on its inner wall. By
sing both differences in the spectral reflectance of RGB-intensity im-
ges and a surface profile image of the inner wall, discrimination of
efects has been successfully demonstrated. 

. Signal processing 

.1. Surface contouring by digital holographic interferometry 

In phase-shifting digital holography [10] , the light wave reflected
rom an object surface is interfered with the phase-shifted reference
ight wave at an imaging device such as a charge coupled device (CCD)
amera. When the interference pattern of the hologram is digitized by
he CCD having N × N pixels and pixel pitches of Δx ×Δy along the co-
rdinates, the complex amplitude of the object wave U ( m Δx, n Δy ) is
alculated by using four phase-shifting holograms as 

 ( 𝑚 Δ𝑥, 𝑛 Δ𝑦 ) = 

1 
4 𝑈 

∗ 
𝑟 
( 𝑚 Δ𝑥, 𝑛 Δ𝑦 ) 

{ 

𝐼 ( 𝑚 Δ𝑥, 𝑛 Δ𝑦 ; 0 ) − 𝐼 ( 𝑚 Δ𝑥, 𝑛 Δ𝑦 ; 𝜋) 

+ 𝑖 

[
𝐼 

(
𝑚 Δ𝑥, 𝑛 Δ𝑦 ; 𝜋

2 

)
− 𝐼 

(
𝑚 Δ𝑥, 𝑛 Δ𝑦 ; 3 𝜋

2 

)]} 

, (1) 

here m and n are integers varying from − N /2 to N /2 − 1, U r 
∗ ( m Δx,

 Δy ) is the complex conjugate of the amplitude of reference wave,
 ( m Δx, n Δy; 𝛿) denotes the hologram intensity at the CCD plane, and
= 0, 𝜋/2, 𝜋, and 3 𝜋/2 is the magnitude of the phase shift for the refer-
nce wave. 

For the reconstruction of the object wave, the complex amplitude
 I ( l ΔX,p ΔY;Z ) at a distance Z from the CCD surface can be obtained by
alculating the numerical Fresnel transformation of 

 𝐼 ( 𝑙Δ𝑋, 𝑝 Δ𝑌 ; 𝑍 ) = 𝑒𝑥𝑝 

[
𝑖 

𝜋

𝜆𝑍 

(
𝑙 2 Δ𝑋 

2 + 𝑝 2 Δ𝑌 2 
)]

𝐷𝐹 𝑇 

×
{ 

𝑈 ( 𝑚 Δ𝑥, 𝑛 Δ𝑦 ; 0 ) 𝑒𝑥𝑝 
[
𝑖 

𝜋

𝜆𝑍 

(
𝑚 Δ𝑥 2 + 𝑛 Δ𝑦 2 

)]} 

, (2) 

here l and p are integers varying from − N /2 to N /2 − 1, and DFT {}
eans discrete Fourier transformation. In hologram reconstruction us-

ng Eq. (2) , the pixel pitches of both ΔX and ΔY at the reconstructed
mage plane along X and Y axis, respectively, become 

𝑋 = 

𝜆𝑍 

𝑁Δ𝑥 
, Δ𝑌 = 

𝜆𝑍 

𝑁Δ𝑦 
. (3)

Therefore, the magnitude of the pixel pitches at the reconstructed
mage plane depends on both the wavelength 𝜆 and the distance Z [11] .
or further analysis of the images reconstructed at different 𝜆 or Z , the
ize of the pixel pitches of the images should be equalized among all the
econstructed images. To achieve equalization of the pixel pitches, the
ero-padding method has been used [12] . To equalize the pixel pitches
etween the reconstructed images for both 𝜆1 and 𝜆2 , where 𝜆2 > 𝜆1 ,
he pixel number N 2 of the image for 𝜆2 should be adjusted to 

 2 = 𝑁 1 
𝜆2 
𝜆1 

. (4)

The number of pixels can be easily modified by padding zeros to the
riginal image matrix. 

For surface contouring of a pipe inner wall using the two-wavelength
ethod [13–20] , four phase-shifting holograms are recorded for two
63 
avelengths of 𝜆1 and 𝜆2 . When the laser beam normally illuminates
he inner wall of the pipe, the phase difference Δ𝜙 between the phases
f the object waves reconstructed individually for 𝜆1 and 𝜆2 expresses a
eight profile of the wall as 

𝜙( 𝑙Δ𝑋, 𝑝 Δ𝑌 ) = 𝑎𝑟𝑔 
⟨
𝑈 𝐼1 ( 𝑙Δ𝑋, 𝑝 Δ𝑌 ) 𝑈 

∗ 
𝐼2 ( 𝑙Δ𝑋, 𝑝 Δ𝑌 ) 

⟩
= 

4 𝜋ℎ ( 𝑙Δ𝑋, 𝑝 Δ𝑌 ) 
Λ

,

(5) 

here U I 1 ( l ΔX,p ΔY ) and U I 2 ( l ΔX,p ΔY ) are the reconstructed complex
mplitudes for the wavelength 𝜆1 and 𝜆2 , respectively, h ( l ΔX,p ΔY ) is the
urface height of object, Λ = 

𝜆1 𝜆2 |𝜆1 − 𝜆2 | is the synthetic wavelength, ⟨⟩ is the

veraging, and the phase difference is obtained as the phase of the av-
raged conjugate product for a speckle noise reduction [21] . The height
ange corresponding to Δ𝜙 = 2 𝜋 is given by Δh = Λ/2 = 𝜆1 𝜆2 /2| 𝜆1 − 𝜆2 |.

.2. Correction process for a height profile 

To obtain a precise profile of the inner wall of straight pipes, the
enter of CSM must be scanned along the pipe axis. When the center of
SM coincides with the pipe axis, the distance between the mirror edge
nd the pipe inner wall becomes constant. However, in the actual scan-
ing process, the center of the CSM deviates from the pipe axis, which
enerates an asymmetrical optical path length distribution between the
irror surface and the inner wall of the pipe. The resultant asymmetri-

al optical path length distribution is added to the value Δ𝜙 in Eq. (5) as
nwanted bias. To correct the distorted inner surface profile obtained
rom the biased Δ𝜙, the optical path length distribution between the
irror surface and the inner wall is required. 

For the purpose, a simple model in Fig. 1 representing the arrange-
ent of the CSM in the straight pipe in which the center O ’ of the CSM
eviates from the pipe axis O by d is considered. In the configuration,
he optical path length L ( m,n ) between a point P ( m,n ) on the observa-
ion plane S and the corresponding point R on the pipe inner wall is
onsidered. When the inclination of the CSM towards the pipe axis is
eglected, the optical path length L ( m,n ) is equal to 𝑃 𝑄 + 𝑄𝑅 . 

Considering the case where the observation plane S is set on the top
f the CSM in Fig. 1 (b), the optical path length L ( m,n ) equals to r + L e ( 𝜃),
here r is the radius of the CSM and L e ( 𝜃) is the distance UT between

he edges of the CSM and the pipe inner wall along the orientation 𝜃. For
alculating L e ( 𝜃), a theorem of cosines is applied to the triangle OO’U
n Fig. 1 (a). 

 𝑈 

2 = 𝑂 𝑂 

′2 + 𝑂 

′𝑈 

2 − 2 𝑂 𝑂 

′ ⋅ 𝑂 

′𝑈𝑐𝑜𝑠 
(
∠𝑂 𝑂 

′𝑇 
)

= 𝑑 2 + 

[
𝑟 + 𝐿 𝑒 ( 𝜃) 

]2 − 2 𝑑 
[
𝑟 + 𝐿 𝑒 ( 𝜃) 

]
𝑐𝑜𝑠 ( 𝜋 − 𝜃) (6) 

here OU = R p is the radius of the pipe, d is the center-to-center distance
etween O(0, 0) and O ’( 𝜀 x , 𝜀 y ) obtained as ( 𝜀 x 

2 + 𝜀 y 
2 ) 1/2 . Solving Eq.

6) for r + L e ( 𝜃), the optical path length L ( m,n ) between the points P ( m,n )
nd R ( m,n ) can be obtained as 

 ( 𝑚, 𝑛 ) = 𝑟 + 𝐿 𝑒 ( 𝜃) = − 𝑑 cos 𝜃 + 

√ 

𝑅 

2 
𝑝 
− 𝑑 2 si n 2 𝜃. (7)

As seen in both Fig. 1 (a) and Eq. (7) , the magnitude of L ( m,n ) de-
ends directly on the value of L e ( 𝜃). Therefore, the value of L e ( 𝜃) can be
valuated from the distorted experimental profile including the varia-
ion of L e ( 𝜃). Both the values of 𝜀 x and 𝜀 y can be obtained from the next
elationship 

 

 

 

 

 

𝑑 = 

(
𝐿 emax − 𝐿 emin 

)
∕2 

𝜀 𝑥 = 𝑑 cos 
(
𝜃𝑚 

)
𝜀 𝑦 = 𝑑 sin 

(
𝜃𝑚 

) , (8) 

here L emax(emin) is the maximum or minimum value of L e , and 𝜃m 

is
he orientation angle giving the value of L emin . For calculating the path
ength distribution L ( m,n ), both the values of d and 𝜃m 

must be estimated
y fitting the curve of Eq. (7) to the experimental height variation along
he circumference of circular CSM image [7] . To complete the process
utomatically, the center of the CSM image is obtained by the newly
roposed pattern matching method described in Section 4 . 
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Fig. 1. Arrangement of the CSM deviating ( 𝜀 x , 𝜀 y ) from the pipe axis in plane S : (a) view from plane S and (b) the CSM head in the pipe and the optical path length L ( m,n ) = PQ ( m,n ) 

+ QR ( m,n ) at the point P ( m,n ) on plane S . 

Fig. 2. Configuration of the measurement system for a pipe: (a) experimental setup; LD, laser diode; DPSS, diode pumped solid state laser; L , lens; Q, 𝜆/4 plate; P , polarizer; CCD, charge 

coupled device; PBS, polarization beam splitter; CSM, cone-shaped mirror; PC, personal computer; PZT, piezo-electric transducer, (b) CSM sensing head used in the system. 
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. Experimental configuration 

.1. Optical setup of digital holographic system 

Fig. 2 (a) shows the experimental setup for inspecting an inner wall
f a straight pipe. To obtain both a multiwavelength intensity image
nd a surface profile of the pipe inner wall, two diode-pumped solid
tate (DPSS) lasers having different wavelengths and a laser diode (LD)
re used as the light sources in the system. The DPSS lasers have wave-
engths of 𝜆3 = 532.5 nm for DPSS1 (CNI, MSL-3-532) and 𝜆4 = 473.2 nm
or DPSS2 (CNI, MSL-FN-473). The injection current of LD (Hitachi,
L6362MG) is changed by a modulation signal producing a wavelength
f either 𝜆1 = 639.1 nm or 𝜆2 = 639.2 nm. Thus, using a pair of 𝜆1 and

2 , the synthetic wavelength of Λ12 =𝜆1 𝜆2 /| 𝜆1 − 𝜆2 |= 4.09 mm can be
btained for digital holographic contouring of the pipe inner wall. When
64 
he other wavelength pairs including either 𝜆3 or 𝜆4 are used for a sur-
ace contouring, the synthetic wavelength Λ becomes less than 10 μm
ue to the large wavelength difference of more than 60 nm. Therefore,
or the surface contouring of the pipe inner wall having artificial defects,
nly the pair of 𝜆1 and 𝜆2 has been adopted for analysis. 

The output beams from the three lasers are combined using two
ingle-mode fiber couplers. The output beam from the end of the fiber
oupler is collimated and then divided by a polarization beam splitter
PBS) into two optical paths. The beam reflected from a piezoelectric
ransducer (PZT: P.I., P-753.12C) mirror acts as a reference beam. The
ther beam incident on the CSM in the straight pipe illuminates the in-
er wall of the pipe. The beam reflected from the inner wall becomes an
bject beam. Quarter-wave plates (Q 2,3 ) and polarizers (P 2,3 ) are used to
educe the reflected beams from the surface of the optical components.
n measurements, a straight brass pipe of 100 mm length and 14.0 mm

~_^
Highlight
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Fig. 3. Flow chart of the measurement process for a pipe inspection: V 1(2) , modulation voltage for the laser diode driver; VS 1(2) , control voltage for the electromagnetic shutter; S1(2), 

electromagnetic shutter. 

i  

e  

l  

w  

o  

w  

m  

b
 

l  

c  

t  

b  

i  

p  

q  

h  

g  

g  

r  

t
 

p  

b  

p  

o  

o  

t  

S  

t  

a  

s  

A  

i  

a  

a

3

 

t  

t  

Δ  

t  

t  

r  

T  

h  

s  

o  

a  

1  

p  

n

4

4

a

 

l  

m  

t  

b  

t  

m
 

i  

m  

Δ  

t  
nner diameter was used. As shown in Fig. 2 (b), the CSM glued to the
nd surface of an aluminum base with 13.6 mm diameter and 37.0 mm
ength becomes a sensing head. For the measurement, the sensing head
as inserted into the pipe and scanned along the pipe axis. The end
f the aluminum base was connected with a line 0.26 mm in diameter,
hich was wound using a bobbin rotated by a PC-controlled stepping
otor. Thus, the location of the sensing head in the pipe was decided

y controlling the rotation of the stepping motor. 
The wavelength of the light illuminating the pipe inner wall was se-

ected by using a PC-controlled modulation signal. Both the injection
urrent for the LD and the operation of the electromagnetic shutter for
he DPSS lasers are controlled by supplying a voltage signal from a D/A
oard (Interface, PCI-3336) in the PC. The wavelength of the LD is mon-
tored using an optical spectrum analyzer (Advantest, Q8344A). Four
hase-shifting holograms formed with each laser beam are captured se-
uentially by a CCD camera (Hamamatsu photonics, C4742-95-12ER)
aving 1024 ×1024 pixels with a pixel size of 6.45 ×6.45 μm and 12-bit
rayscale, and then stored in a frame grabber of the PC. After the holo-
ram recordings, the sensing probe was moved to the next position by
otating the PC-controlled stepping motor. The process of data acquisi-
ion was automatically repeated for inspecting the pipe inner wall. 

Fig. 3 shows a flow chart of hologram recording processes for the
ipe inspection. At first, the wavelength of LD is set to 𝜆1 = 639.1 nm
y applying the voltage V 1 = 1.188 V to a laser driver for LD and four
hase-shifting holograms are captured by the CCD. Then, another set
f phase-shifting holograms are recorded by changing the wavelength
f LD to 𝜆2 = 639.2 nm with the application of voltage V 2 = 1.089 V for
he laser driver. After turning off the LD, the electromagnetic shutter
1 for DPSS1 is opened by supplying the signal VS 1 to the shutter and
hen phase-shifting holograms are recorded for 𝜆3 = 532.5 nm. Finally,
fter closing the shutter S1, the shutter S2 for DPSS2 is opened by the
ignal VS 2 and phase-shifting holograms for 𝜆4 = 473.2 nm are recorded.
fter completing the above hologram recording process, the CSM rod

s pulled by 1.0 mm using the stepping motor. All the processes were
utomatically performed by the PC and repeated N = 63 times to detect
ll the artificial defects on the inner wall of a pipe. 
I  

65 
.2. Configuration of the straight brass pipe for test 

Fig. 4 shows the configuration of the brass pipe having the ar-
ificial defects on its inner wall and the pictures of them. At first,
he top of the CSM rod inserted in the pipe was set at a position of
z = 0.0 mm in Fig. 4 (a). The recording distance of the hologram be-

ween the CCD plane and the CSM rod for Δz = 0.0 mm corresponded
o z 0 = 280 mm. The measurement was conducted by moving the CSM
od along the direction of the arrow with a constant step of 1.0 mm.
he artificial defects of 1, scratch_1; 2, scratch_2; 3, an aluminum sheet
aving a size of 3.36 ×11.92 ×0.36 mm; 4, a copper sheet having a
ize of 2.68 ×8.34 ×0.27 mm; and 5, verdigris, were pasted or made
n the inner wall, as shown in Fig. 4 (a). The pictures of the defects
re shown in Fig. 4 (b). To detect all the defects, the CSM was moved
.0 ×63 = 63.0 mm along the direction of the arrow by rotating the step-
ing motor driving bobbin. In that case, the defect could be detected in
umerical order. 

. Experimental results 

.1. New automatic correction method using the pattern matching 

lgorithm for detecting the image center 

As post signal processing to remove the asymmetric optical path
ength distribution due to misalignment of the CSM from the experi-
ental height profile, a novel automatic correction method using pat-

ern matching algorithm for detecting the center of the CSM image has
een introduced. For calculating the optical path length distribution,
he center of the CSM image has to be detected, which was conducted
anually in the past method [6,7] . 

To detect the center of the CSM image, a template circle image hav-
ng the same diameter as that of the CSM image was used for the pattern
atching process. As an example, the experimental results obtained for
z = 35.0 mm are used as shown in Fig. 5 (a). The recording distance be-

ween the top of the CSM and the CCD plane was z 0 + Δz = 315.0 mm.
n the reconstructed intensity image with Δz = 35.0 mm, no defect was
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Fig. 4. Defects of the brass pipe under test: (a) relative position of defects on the inner surface of pipe, 1, scratch_1; 2, scratch_2; 3, aluminum sheet; 4, copper sheet; 5, verdigris and (b) 

picture of the artificial defects: (1) scratch_1, (2) scratch_2, (3) metal sheets. 

Fig. 5. Example for evaluating the center of the reconstructed image using template matching technique: (a) reconstructed intensity image for 𝜆1 at Δz = 35.0 mm, (b) binarized image 

of (a), and (c) template image for (b). 
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bserved. In the system, the pixel pitches in the reconstructed images de-
end on the wavelength because of Fourier transformation of hologram
econstruction [10,11] . To adjust the size of the pixel pitches for the re-
onstructed images with different wavelengths and distances Z , the zero-
adding method was applied [12] , and the size of pixel pitches were
djusted to the pixel size obtained for Δz = 0.0 mm (i.e., z 0 = 280.0 mm)
ith a wavelength 𝜆4 = 473.2 nm. In this case, the pixel pitch was cal-

ulated as ΔX = ΔY = 20.1 μm. 
Fig. 5 (b) shows the binarized image of the reconstructed intensity in

ig. 5 (a). For binarizing the image, the threshold intensity value for bi-
arization was decided using the p-tile method based on the histogram
f the intensity values [22] . By performing pattern matching between
he binarized image and the template one, it was possible to detect the
osition of the center of the CSM image ( O x , O y ) = (496, 554). Fig. 6 (a)
hows the experimental height profile with a distortion due to the mis-
lignment of the CSM. In Fig. 6 (a), the white dotted circle with a radius
0% of the circular image radius was illustrated using the evaluated im-
ge center (496, 554). The height variation along the dotted circle is
hown in Fig. 6 (b) with solid line. The dotted curve in Fig. 6 (b) is the
east square fitting curve of Eq. (7) to the experimental height variation
hown as solid line. By applying the same procedure described in the
 t  

66 
revious work [7] and Eq. (8) , the positional misalignment of both 𝜀 x 
nd 𝜀 y can be evaluated as − 0.0387 mm and − 0.0101 mm, respectively.
ig. 6 (c) and (d) shows the calculated optical path length distribution
 ( X,Y ) using the positional misalignment of the CSM and the corrected
eight profile h c ( X,Y ), respectively. As seen in Fig. 6 (e), the distortion
ccurring in the surface profile due to the positional misalignment of
he CSM can be effectively reduced by the new automatic correcting
rocedure. Finally, the corrected height profile is transformed to the
ectangular image corresponding to the illuminated inner surface by us-
ng simple image processing, as shown in Fig. 7 [6,7] . For connecting
ll the experimental profiles, a part of the rectangular image having a
idth of 1.0 mm within the dotted rectangular was used for the further
rocess. 

.2. Analysis of artificial defects on the inner wall using both intensity 

mages and height profile 

To visualize all the defects, the rectangular intensity images were
ombined to show the entire measured area of the pipe inner sur-
ace. Fig. 8 shows the combined intensity images from Δz = 0.0 mm
o 63.0 mm for three wavelengths 𝜆1 = 639.1 nm, 𝜆3 = 532.5 nm, and
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Fig. 6. Experimental height profiles obtained for the brass pipe at Δz = 35.0 mm: (a) the original experimental height profile h ( X,Y ), (b) cross-sectional profile along the dotted line, (c) 

calculated optical path length L ( X,Y ), (d) corrected height profile h c ( X,Y ) = h ( X,Y )- L ( X,Y ), (e) cross-sectional profiles before and after correction. 

Fig. 7. Transformed rectangular image for Δz = 35.0 mm: the rectangular area having a width of 1.0 mm shown as dotted line was used for further analysis. 
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4 = 473.2 nm. Therefore, the area of 63.0 mm in length and 44.0 mm
n width of the inner wall is displayed in Fig. 8 . In Fig. 8 (a), the white
otted areas show the artificial defects described in Fig. 4 . As can be
een, all the defects can be recognized in all intensity images for differ-
nt wavelengths. Bright areas are visible in both the left and right sides
f the image. The areas might have smooth surfaces to reflect maximum
mount of illuminating beams. As seen in the three intensity images,
he intensity of 5: verdigris becomes lower than the other area. While
67 
he defects can be recognized in all the intensity images, it is difficult
o classify them by using an intensity image obtained by a single wave-
ength. 

To investigate the differences in the spectral reflectance of the two
etal sheets and verdigris, the intensity ratio 𝐼 defect ∕ 𝐼 surface between the
efect and the inner surface without a defect are calculated and shown
n Fig. 9 . For averaging the intensity I surface , two areas within the dotted
ines in Fig. 8 (b) were used. In the area of verdigris, all the intensity
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Fig. 8. Combined intensity images corresponding to the developed view of the inner surface of the brass pipe: (a) image for 𝜆1 , (b) image for 𝜆3 , and (c) image for 𝜆4 . 

Fig. 9. Intensity ratio of 𝐼 𝑑𝑒𝑓𝑒𝑐𝑡 ∕ 𝐼 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 calculated within the area of the artificial defects 

in the intensity images with wavelengths of 𝜆1 , 𝜆3 , and 𝜆4 . 
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Fig. 10. Combined height profile image corresponding to the developed view of the inner 

surface of the brass pipe. 
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e  

fi  
atios for the three wavelengths become less than 0.1 and no significant
avelength dependence is observed in the results. This is because the

urface of verdigris became rough due to erosion, and scattered the inci-
ent light much more than the other surface. In comparison between the
l and the Cu sheets, the intensity ratios of the Al sheet for both blue
nd green wavelengths become more than twice that of the Cu sheet.
he results seem to be reasonable by considering the difference in spec-
ral reflectance for aluminum and copper. By means of the wavelength
ependence in spectral reflectance of objects, it is possible to classify
he defects on the inner wall of the pipe. 

Fig. 10 shows the combined height profile displaying the same ar-
as of intensity images in Fig. 8 . While the defect 2: scratch_2 can be
68 
bserved in all the intensity images in Fig. 8 , it is difficult to recog-
ize scratch_2 in the height profile image. The depth of the groove in
cratch_2 might be too small to be detected in the height profile. Both
he height profile and the relative position of the other defects are ad-
quately reconstructed in Fig. 10 . The relatively rough surface is con-
rmed in the area between X = 1500 and 2000 pixels. The area of the
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(a) X = 630

(b) X = 1400

(c) Y = 345

(d) Y = 1100

(e) Y = 3000

(f) Y = 3300

Fig. 11. Cross-sectional height profiles for the artificial defects in Fig. 9 . 
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v  
ough surface in Fig. 10 almost corresponds to the dark portion of the
ntensity images in Fig. 8 . Part of the reason for the rough surface might
e a low reliability of the phase value at the low amplitude of the object
ave. The same roughness and low reliability of the phase can be ob-

erved in the area of 5: verdigris. The height profile of verdigris becomes
ncorrect, as seen in Fig. 10 . 

To investigate the height profile of each defect, several cross-
ectional height variations are obtained along X or Y direction, as shown
n Fig. 11 . As seen in both Fig. 11 (a) and (d), the height profile of the
l sheet can be evaluated from the result, and the surface profile of
erdigris becomes less reliable due to the same reason described above.
he depth of scratch_1 is well represented and recognized in Fig. 11 (c).
n Fig. 11 (b), the height profile along X = 1400 becomes rough in com-
arison with that along X = 630 in Fig. 11 (a). The area of X = 1400 is
ncluded within the dark portion of the intensity images and that proba-
ly degrades the height profile. While the profile of the Cu sheet can be
etected in both Fig. 11 (b) and (e), the shape of the Cu sheet is blurred
n comparison with that of the Al sheet. The degradation of the profile of
he Cu sheet can be attributed to both low reflectivity of the Cu sheet in
ig. 9 and the low intensity distribution of the pipe surface in Fig. 8 (a).
he length of the metal sheets along the longer direction of the pipe is
ver estimated by about 10% as compared with the original size shown
n Fig. 4 (b). This over estimation in size might be due to the positional
ncertainty of the CSM sensing head. The accuracy of the movement
f the CSM sensing head by the stepping motor system was estimated
o be 0.97 ± 0.09 mm, obtained by averaging 28 steps of 1.0 mm-step
ovement. The accumulation of the positional error resulted in the over

stimation of the length of the metal sheets. 
The discontinuity in the Y-direction seen in a previous work with a

tep of 3.0 mm [7] is not clearly seen in the results of both Figs. 8 and
0 . Since the lower part of the rectangular images shown in Fig. 7 can
 m  

69 
void the highly distorted area due to the rectangular-to-circular image
onversion [6,7] , the combined images effectively represent a structure
f the surface. In addition, the new correction process can effectively
ork to reduce the distortion in height profiles. 

Fig. 12 shows the evaluated positional error of the CSM obtained
ith the new pattern matching method. Most of the error exists within
 0.2 mm for both 𝜀 x and 𝜀 y . Some of the detected errors having the num-
er of 4 or 5 in Fig. 12 exceed 0.2 mm. These errors correspond to the
reas including the defect of 4: Cu sheet or 5: verdigris. To evaluate the
rror from the experimental height profile, it is difficult to completely
t the curve of Eq. (7) to the profile curve having a large defect, which
esults in misleading the correction process. For further analysis, the
orrection for such an area becomes a problem. As seen in the results,
ll the defects can be detected and classified by using both the height
rofile and the intensity images reconstructed with three wavelength. 

. Conclusions 

We have presented a multiwavelength digital holographic inspection
ystem for the inner surfaces of straight pipes. To achieve automatic
ata acquisition for a pipe inner wall, the position of the cone-shaped
irror sensing head in the pipe is controlled by newly developed step-
ing motor system. In addition, the new pattern matching method has
een introduced into the correction process for inner surface profiles.
y virtue of both the developed data acquisition system and analysis,
he measurement of a straight pipe inner wall can be automatically per-
ormed. 

By applying the system to the inspection of a straight brass pipe hav-
ng several artificial defects on its inner wall, some applications and ad-
antages are shown in the experimental results. To classify the defects,
ultiwavelength intensity images play an important role to investigate
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Fig. 12. Evaluated positional error of the CSM obtained by the new signal processing 

using the pattern matching method. The data having the number of 4 or 5 correspond to 

the areas including the defect of 4: Cu sheet or 5: verdigris. 
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he difference in their spectral reflectivity. For a precise measurement of
nner surface, digital holographic interferometry can increase the use-
ulness of the inspection system. 

For further analysis, both fast data acquisition and color estimation
re highly important to strengthen the advantages of the system [23,24] .
n addition, the correction process considering the inclination of the
SM to the pipe axis will be quite useful to increase the accuracy of
rofile measurements. 
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