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Abstract:    An integrated and reliable phase unwrapping algorithm is proposed based on residues and blocking-lines detection, 
closed contour extraction and quality map ordering for the measurement of 3D shapes by Fourier-transform profilometry (FTP). 
The proposed algorithm first detects the residues on the wrapped phase image, applies wavelet analysis to generate the blocking- 
lines that can just connect the residues of opposite polarity, then carries out the morphology operation to extract the closed contour 
of the shape, and finally uses the modulation intensity information and the Laplacian of Gaussian operation of the wrapped phase 
image as the quality map. The unwrapping process is completed from a region of high reliability to that of low reliability and the 
blocking-lines can prevent the phase error propagation effectively. Furthermore, by using the extracted closed contour to exclude 
the invalid areas from the phase unwrapping process, the algorithm becomes more efficient. The experiment shows the effec-
tiveness of the new algorithm. 
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INTRODUCTION 

 
Optical 3D sensing techniques based on 

structured illumination have been widely studied in 
scientific fields and can be applied to surface 
topography, industrial inspection, quality control, 
biomedicine, machine vision, and so on (Huang et al., 
1999; 2002; Chen et al., 2000; Dipanda and Woo, 
2005; Zhang and Yau, 2006; Su et al., 2008). 
Fourier-transform profilometry (FTP) is one of the 
most popular optical 3D sensing techniques. It has the 
advantages of full-field acquisition, fast processing, 
high resolution, non-contact operation, and only one 
fringe pattern is needed (Takeda and Mutoh, 1983; Su 
and Chen, 2001; Kemao, 2007; Iwata et al., 2008). 

The phase information modulated in the fringe 

pattern corresponds to the shape (height) of the object 
under measurement in FTP. However, the phase 
obtained is a wrapped phase whose principal value 
ranges from −π to π, so phase unwrapping should be 
carried out to restore the unknown multiple of 2π to 
each pixel to retrieve the natural phase. The key to 
reliable phase unwrapping is the ability to detect the 
2π jumps in the wrapped phase image accurately. The 
speckle-like noise, local shadow and the excessive 
density or sparsity of the fringe distribution are the 
major obstacles to correct phase unwrapping. Phase 
unwrapping remains a crucial and challenging 
problem in the accurate measurement of 3D shapes.  

Goldstein et al.(1988)’s branch cut algorithm 
defined branch cuts between all detected residues to 
prevent any phase unwrapping path from crossing 
these cuts. Gutmann and Weber (2000), Lu et 
al.(2005), and Karout et al.(2007) also applied the 
detected branch cuts to set barriers for the phase 
unwrapping process. These path-following algorithms 
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lack the weighting factors that could be used for 
guiding the placement of branch cuts and would result 
in a poor performance in areas of low coherence and 
in areas with densely placed branch cuts.  

The quality guide algorithms do not identify 
residues at all; they rely completely on a quality map 
to determine the order in which the phase data are 
unwrapped. The quality map can be defined as the 
phase derivative variances (Herráez et al., 2002; 
Zhang et al., 2007), modulation intensity (Su and Xue, 
2001; Quan et al., 2003; Su and Chen, 2004), and the 
amplitude of wavelet transform coefficients at the 
wavelet-ridge position (Li et al., 2008). 

Ghiglia and Pritt (1998) provided a review of 
phase unwrapping algorithms. In (Zappa and Busca, 
2008) the performances of eight different phase un-
wrapping algorithms (representative of the two main 
unwrapping methodologies) in the specific applica-
tion of FTP are compared according to the phase 
unwrapping errors, execution time, and the accuracy 
of the reconstructed shape in comparison with the real 
objects.  

The integrated and reliable phase unwrapping 
algorithm proposed in this paper can be regarded as a 
cross between the path-following algorithm and the 
quality guide algorithm. The characteristics and con-
tributions of this method are summarized as follows. 

(1) The application of the correlation between 
the local modulus maxima of wavelet coefficients and 
the local singularity to trace the blocking-lines in the 
wrapped phase image, which can effectively balance 
the detected residues of opposite polarity and prevent 
the phase error propagation. 

(2) The application of the wavelet analysis and 
morphology operation to extract the closed contour of 
the shape so as to exclude invalid areas from the phase 
unwrapping process to make the algorithm more ef-
ficient. 

(3) Using the modulation intensity information 
and the Laplacian of Gaussian operation of the 
wrapped phase image to guide phase unwrapping, the 
phase unwrapping process is completed from a region 
of high reliability to a region of low reliability. 

The remainder of the paper is organized as fol-
lows. Section 2 introduces the basic principle of FTP. 
The detailed description of the proposed integrated 
and reliable phase unwrapping algorithm for the 
measurement of 3D shapes by FTP is introduced in 

Section 3. Section 4 gives the experiment result of the 
proposed algorithm applied to the measurement of 3D 
shapes by FTP. We summarize the conclusions in 
Section 5. 

 
 

PRINCIPLE OF FTP 
 
Here we briefly review the fundamental princi-

ple of the FTP,  which was first introduced by Takeda 
and Mutoh (1983). In the FTP, a grating image is 
projected to a reference plane, and the image on the 
reference plane obtained by the CCD camera can be 
written as 

 

[ ]{ }0 0 0( ,  ) exp j 2π ( , ) ,n
n

g x y A nf x n x yϕ
∞

=−∞

= +∑   (1) 

 
where An is the frequency intensity, the x axis is per-
pendicular to the direction of the grating fringes, the y 
axis is parallel to that direction, f0 is the fundamental 
frequency of the grating image, f0=1/p0=cos θ/p, and 
φ0(x, y) is the initial phase modulation. Then the same 
grating image is projected to the 3D shape which is 
placed on the reference plane, and the deformed 
grating image obtained by the CCD camera can be 
written as 

 

[ ]{ }0( ,  ) ( , ) exp j 2π ( , ) ,n
n

g x y r x y A nf x n x yϕ
∞

=−∞

= +∑   (2) 

 
where r(x, y) represents the reflecting property of the 
surface of the object under measurement. 

Applying the Fourier transformation to g(x, y) to 
compute its frequency spectrum, of which the zero 
frequency represents the background illumination and 
the fundamental frequency contains the shape (height) 
information of the object under measurement. By 
using a proper digital filter, the fundamental fre-
quency can be retrieved. Then compute its inverse 
Fourier transform to obtain the following signal that 
contains the fundamental frequency: 

 

{ }1 0( , ) ( , )exp j[2π ( , )] .g x y A r x y f x x yϕ′ = +     (3) 
 

The same operation is applied to g0(x, y) and we 
obtain 
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{ }0 1 0 0( , ) exp j[2π ( , )] .g x y A f x x yϕ′ = +         (4) 

 
The phase difference is Δφ(x, y)=φ(x, y)−φ0(x, y). 
Through system calibration we can finally establish 
the mapping relation between the phase and height 
(Legarda-Sáenz et al., 2004; Zhang and Huang, 
2006). 

However, the phase difference calculated above 
is a wrapped phase, whose principal value ranges 
from −π to π. Before system calibration, phase un-
wrapping should be carried out to restore the un-
known multiple of 2π to each pixel to retrieve the 
natural phase. 

 
 

INTEGRATED PHASE UNWRAPPING ALGO-
RITHM  

 
The phase unwrapping algorithm proposed in 

this research consists of three main parts: residues and 
blocking-lines detection to prevent the phase error 
propagation, closed contour extraction to exclude the 
invalid areas from the phase unwrapping, and the 
modulation intensity information and the Laplacian of 
Gaussian operation of the wrapped phase image or-
dering to guide the direction of the phase unwrapping. 

 
Residues and blocking-lines detection 

1. Residues detection 
The residue concept forms the basis for virtually 

all path-following phase unwrapping methods. From 
Green’s function in calculus theory and 2D phase 
unwrapping theory, phase unwrapping aims at cal-
culating the line integral formula: 

 
                         
 

 
where C is a random path in the domain D that con-
nects the point r and the point r0, and Δφ is the gra-
dient of the phase value φ. 

According to the residue theorem of 2D phase 
unwrapping, we can judge whether a point is a residue 
or not by selecting a path C that contains its 3×3 
neighbor as shown in Fig.1. 

Calculate the gradient of the wrapped phase 
image along the path C, which is expressed as 

 
 
 
 
 
 
 
 
 
 
 

1

2

3

16

(( ( , ) ( 1, )) / (2π)),
(( ( 1, ) ( 1, 1)) / (2π)),
(( ( 1, 1) ( , 1)) / (2π)),

...
(( ( , 1) ( , )) / (2π)),

R x y x y
R x y x y
R x y x y

R x y x y

Δ ϕ ϕ
Δ ϕ ϕ
Δ ϕ ϕ

Δ ϕ ϕ

= − −
= − − − −

= − − − −

= + −

   (6) 

 
where R(x) means the nearest integer of x. Finally, 
calculate the integral value S, which is expressed as 

 
16

1
.i

i
S Δ

=

=∑                                   (7) 

 
The pixel on the wrapped phase image is a residue if S 
is not equal to 0. If S>0, then the pixel is a positive 
residue; if S<0, it is a negative residue. 

Fig.2a is a simulated peak mesh with shadow, 
distortion and noise, and Figs.2b and 2c show its 
deformed grating image and the detected residues 
distribution on the wrapped phase image, respec-
tively. 

In the path-following phase unwrapping algo-
rithms, if the residues can be balanced by connecting 
the residue of opposite polarity, phase unwrapping 
can be carried out along any path that does not cross 
these connecting lines. However, it is still a very 
difficult task to connect the residues of opposite po-
larity either by the cut-lines or by the curve-lines. 

2. Blocking-lines detection 
The blocking-lines correspond to the unreliable 

regions of the wrapped phase image due to the 
speckle-like noise, local shadow or abrupt changes in 
the height, and so on. So there is a strong correlation 
between the local spatial frequency of the wrapped 
phase image and the position of the blocking-lines. 

In our method, the correlation between the local 
modulus maxima of wavelet coefficients and the local  

0( ) d ( ),                  (5)
C

r r rϕ ϕ ϕ= Δ +∫
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Fig.1  Path for residues detection 
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singularity is applied to trace the blocking-lines that 
can effectively balance the residues with opposite 
polarity. The Morlet wavelet consisting of a sine 
wave and cosine wave modulated by a Gaussian 
function can provide better localization in both spatial 
and frequency domains (Gdeisat et al., 2006). The 1D 
complex Morlet wavelet could be expressed as 

 
2 2

4

1 2π (2π / )( ) exp j2π ,
2π

xx xσϕ
σ

⎡ ⎤
= − +⎢ ⎥

⎣ ⎦
     (8) 

 
where σ=(2/ln 2)1/2π, and the daughter wavelets φa,b(x) 
are built by translation on the x axis by b and dilation 
by a of the mother wavelet, which is given by 

 

,

22

24

1( )

1 2π 2πexp j2π exp .
π

a b
x bx

aa

x b x b
a a a

ϕ ϕ

σ σ

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

⎡ ⎤⎡ − ⎤ −⎛ ⎞ ⎛ ⎞= −⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎢ ⎥⎣ ⎦

(9) 

 
The continuous wavelet transform for the signal f(x) 
can be expressed as 

,
1( , ) ( )d ,a b

x bW a b f x x
aa

ϕ
+∞ ∗

−∞

−⎛ ⎞= ⎜ ⎟
⎝ ⎠∫      (10) 

 

where , ( )a b xϕ∗  denotes the complex conjugate of the 
mother wavelet. 

Apply the 2D wavelet transform to the wrapped 
phase image. The threshold of the wavelet coeffi-
cients is determined by residues distribution, to make 
the blocking-lines balance the detected residues of 
opposite polarity, that is to locate the detected resi-
dues just on the two side ends of the blocking-lines. 
Figs.3a and 3b show the detected blocking-lines and 
the residues distribution corresponding to the simu-
lated peak mesh, respectively. 

 
 
 
 
 
 
 
 
 
 
 

 
 
In order to prevent the phase error propagating 

through the unwrapping path, we set a binary mask 
m1(x, y) defined in Eq.(11) that has the same size as 
the wrapped phase image to separate the regions 
corresponding to the blocking-lines, of which the 
phase cannot be properly unwrapped. The points 
whose mask value equals one indicate the blocking- 
line regions. 

 

1

1, blocking-line region,
( , )

0, other region.
m x y

⎧
= ⎨
⎩

      (11) 

 
Closed contour extraction 

In the optical 3D sensing techniques based on 
structured illumination including the FTP method, the 
deformed grating image captured by the CCD camera 
usually contains some invalid background areas. 
Before phase unwrapping we should exclude these 
areas by extracting the closed contour of the shape 
under measurement. Zhang et al.(2007) extracted the 
background mask by setting the threshold value for 

(a)                                              (b) 

Fig.3  (a) Detected blocking-lines of the wrapped phase 
image; (b) Residues distribution 
The points indicate the positive residues and the circles indicate the 
negative residues 

(b)                                           (c) 

Fig.2  Residues detection 
(a) A simulated peak mesh with shadow, distortion and noise; (b) 
The deformed grating image; (c) The detected residues distribution 
on the wrapped phase image, of which the points indicate the posi-
tive residues and the circles indicate the negative residues 
 

(a) 
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the histogram of the modulation intensity. The closed 
contour extraction is also a necessary and critical 
procedure in the multi-view 3D registration of range 
images. 

The contour of the shape usually corresponds to 
the abrupt change in the height and can cause an 
abrupt change of the phase in the wrapped phase 
image. The Morlet wavelet introduced above is ap-
plied to extract the contour of the shape. The thresh-
old of the wavelet coefficients is decreased gradually, 
until the contour of the shape has already been ap-
parently detected. 

The contour detected by the wavelet usually 
contains many isolated short sections. The image 
processing method of the morphological operation 
that handles the interior geometrical structure of the 
image is applied to form a closed contour (Baek et al., 
2003). The closing operation composed of dilation 
and erosion is carried out several times to close the 
contour, and the skeleton of the closed contour can be 
finally obtained through skeleton operation of mor-
phological analysis. 

The binary image f dilation with the structure 
element B is represented as 

 

d
( , )

( , ) ( )( , ) ( , ),
m n B

g x y f B x y f x m y n
∈

= ⊕ = − −∪ (12) 

 
and erosion operation is represented as 

 

e
( , )

( , ) ( )( , ) ( , ).
m n B

g x y f B x y f x m y n
∈

= Θ = + +∩   (13) 

 
The closing operation is to apply the dilation 

operation followed by the erosion operation: 
 

( )( , ) [( ) ]( , ).f b x y f B B x y= ⊕ Θ           (14) 
 
The skeleton of the contour edge in an image f is 

extracted by 
 

0

( ) ( ),
K

k
k

S A S f
=

=∪                       (15) 

where  
( ) ( ) [( ) ],kS f f kB f kB B= Θ − Θ  

{ }= max | ( ) ,K k f kBΘ ≠ ∅  
and (fΘkB) means to erosion image f with the struc-
ture element B by k times. 

To improve the efficiency of the phase unwrap-
ping, a new binary mask m2(x, y) defined in Eq.(16) is 
generated according to the extracted contour. The 
pixel whose mask value equals zero indicates the 
region outside the contour that contains the invalid 
areas, and the pixel whose mask value equals 1 indi-
cates the region inside the contour that contains the 
valid fringe-pattern information.  

 

2

0,   outside the contour,
( , )

1, inside the contour.
m x y

⎧
= ⎨
⎩

        (16) 

 
A final binary mask m(x, y) is generated from 

m1(x, y) and m2(x, y) to control the phase unwrapping 
process. The mathematical representation of this 
mask is expressed as 

 

1 2( , ) ( , ) ( , ).m x y m x y m x y= ∪             (17) 
 

Reliability ordering 
The quality guided path unwrapping algorithms 

use different criteria to determine the reliability of the 
pixels on the wrapped phase image. The success or 
failure of a phase unwrapping relies on the availabil-
ity of a good quality map. In our algorithm, two dif-
ferent quality maps, the modulation intensity and the 
Laplacian of Gaussian of the wrapped phase image 
ordering, are used. 

1. The first quality map 
The modulation intensity of the deformed grat-

ing image can be expressed as follows: 
 
         1( , ) ( , ) ( , ).M x y g x y A r x y′= =               (18) 
 

The modulation intensity is proportional to the sur-
face brightness and fringe contrast, and reflects the 
accuracy and reliability of the measured phase. The 
value of the modulation function in the areas of local 
shadow and abrupt discontinuities is lower than that 
in other areas. So the modulation could be a useful 
quality map to determine an optimized phase un-
wrapping path. 

 

1( , ) ( , ).Q x y M x y=                      (19) 
 

However, a modulation function cannot be re-
sponsible for the doubtful areas that have been cor-
rupted by under-sampling when these pixels may 
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have good image quality and therefore higher modu-
lation values (Su and Xue, 2001). To solve this 
problem, we use a second quality map as well to en-
hance the ordering of the reliability of the pixels on 
the wrapped phase image. 

2. The second quality map 
The gradient or difference between a pixel and 

its neighbors on the wrapped phase image is com-
monly employed as the quality map. Those points 
with the lowest module 2π gradients with respect to 
their neighbors are determined to be the most reliable 
points and, therefore, are processed first. And the use 
of the Laplacian of Gaussian can provide better loca-
tion of the possible inconsistencies and abrupt 
changes in the wrapped phase image because of its 
attractive scaling properties (Gunn, 1999). 

The 2D Gaussian of standard deviation σ is given 
by 

 
2 2

2 2

1( , ) exp .
2π 2

x yG x y
σ σ

⎛ ⎞+
= −⎜ ⎟

⎝ ⎠
       (20) 

 
The Laplacian of Gaussian is given by 

 
2 2

2
2 2

2 2 2 2

4 2 2

( , )

1    2 exp .  (21)
2π 2

G GG x y
x y

x y x y
δ δ δ

∂ ∂
∇ = +

∂ ∂

⎛ ⎞ ⎛ ⎞+ +
= − −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

 

 
The quality map Q2(x, y) is obtained by con-

volving the wrapped phase image f(x, y) with the 
Laplacian of Gaussian  

 
2

2 ( , ) ( , ) ( , ).Q x y f x y G x y= ⊗∇            (22) 
 
The final reliability of the point on the wrapped 

phase image is determined by 
 

1 2( , ) ( , ) / ( , ),R x y Q x y Q x yα β= +           (23) 
 

where the weight factors α and β depend on the qual-
ity of the modulation intensity map and the quality of 
the Laplacian of Gaussian quality map, respectively. 

In the proposed phase unwrapping algorithm, an 
ordering queue and two binary masks are employed. 
The pixels to be unwrapped are placed in order in the 
ordering queue according to their quality values. The 

binary mask M1(x, y) is set to be equal to the mask m(x, 
y) that is generated in Eq.(17), and all the initial val-
ues in the binary mask M2(x, y) are set to be zero, 
showing that its phase has not been unwrapped. The 
algorithm operates as follows: 

Step 1: Select a point with the highest quality 
value as the starting point, and set the corresponding 
point on the binary masks M1(x, y) and M2(x, y) as 1. 
Its four neighbors are examined. The neighboring 
points whose values on the binary mask M1(x, y) are 0 
will be sent to the ordering list. 

Step 2: Select the maximum point from the or-
dering queue, unwrap this point by comparing the 
phase with one of its neighboring pixels whose values 
on the mask M2(x, y) are 1, then set the newly 
wrapped point on the binary masks M1(x, y) and M2(x, 
y) as 1, remove the newly wrapped point from the 
ordering queue and examine its four neighbors, and 
send its neighboring points whose values on the bi-
nary mask M1(x, y) are 0 to the ordering list. 

Step 3: Repeat Step 2, until the ordering queue is 
empty, and it means all the reliable points have been 
unwrapped. 

Step 4: The phase value on the blocking-lines 
can be obtained by interpolating its neighboring pix-
els, while the phase value of the region outside the 
contour that corresponds to the invalid background 
can be discarded. 

 
 

EXPERIMENT AND RESULT 
 
Computer simulations and experiments are 

adopted to verify the reliability of the proposed phase 
unwrapping algorithm. The simulated object (the 3D 
mesh is shown in Fig.2a) is represented by the peak 
function, which is useful for demonstrating a complex 
object with abrupt discontinuities at the surface. Its 
mathematical expression (the parameters a1, a2 and a3 
can be adjusted to form the different complex shapes) 
is as follows: 

 
2 2 2

1
3 5 2 2

2

2 2
3

( , ) (1 ) exp( ( 1) )

                    ( / 5 )exp( )

                    exp( ( 1) ). (24)

peaks x y a x x y

a x x y x y

a x y

= − − − +

− − − − −

− − − −

 

 
Fig.4a shows the reconstructed peak and the er-

ror distribution by the conventional 2D phase 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(d) 

Fig.4  Restored peak and the error distribution 
(a) By the conventional 2D phase unwrapping algorithm; (b) By the branch-cut phase unwrapping algorithm; (c) By the digital weighted 
filtering based modulation intensity ordering phase unwrapping algorithm; (d) By the proposed integrated phase unwrapping algorithm 
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unwrapping algorithm (neither the binary mask nor 
the quality is used), its mean absolute error is about 
1.8494 rad. Fig.4b shows the reconstructed peak and 
the error distribution by the branch-cut phase un-
wrapping algorithm (without the quality map), its 
mean absolute error is about 1.6901 rad. Fig.4c shows 
the reconstructed peak and the error distribution by 
digital weighted filtering based modulation intensity 
ordering phase unwrapping algorithm (without the 
binary mask) (Su and Xue, 2001), its mean absolute 
error is about 0.3489 rad. Fig.4d shows the recon-
structed peak and the error distribution by the pro-
posed integrated phase unwrapping algorithm, its 
mean absolute error is about 0.1153 rad. Although the 
wrapped phase image contains shadow, distortion and 
noise, the whole shape of the simulated peak is 
properly reconstructed by our algorithm, and the 
mean absolute error is much smaller than the results 
restored by other algorithms. 

In our experiment, a complex 3D shape is meas-
ured. The measurement system consists of a digital 
projector (Epson EMP730), a CCD camera (MIN-
TRON-1881EX), an image grabber card (DH-CG410) 
and a processor, and it conforms to the conventional 
crossed-optical-axes geometry system as shown in 
Fig.5. The optical axes of the projector lens Ep′Ep 
crosses with the optical axis of the camera EcEc′, at 
point O on a reference plane R; d is the distance be-
tween the exit pupil of projector and the entrance 
pupil of the camera; l is the distance between the 
entrance pupil of the camera and the reference plane; 
p is the grating period. The deformed grating image 
captured by the CCD camera and the wrapped phase 
image are shown in Fig.6a and Fig.6b, respectively. 
The image size is 512×512 pixels, and the value is 
normalized from 0 to 255 as the gray scale images. 

The detected blocking-lines and residues distri-
bution in the wrapped phase image are shown in 
Fig.7a and Fig.7b, respectively. We can see that the 
blocking-lines detected by the method of local 
modulus maxima of wavelet coefficients can balance 
the residues of opposite polarity effectively. And the 
skeleton of the closed contour detected by wavelet 
analysis and morphological operation is shown in 
Fig.7c. Fig.7d shows the extracted close contour, as 
the face of the shape under measurement is selected 
for 3D reconstruction; the hat area located on the right 
side of the wrapped phase image is discarded just by 
putting a cutting line to the detected contour. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                            (b) 

Fig.6  Example for testing the proposed phase unwrapping 
algorithm. (a) Deformed grating image; (b) Wrapped 
phase image 

(a)                                             (b) 
 
 
 
 
 
 
 
 
 
 
(c)                                             (d) 

Fig.7  Blocking-lines detection and closed contour extrac-
tion. (a) Detected blocking-lines; (b) Residues distribu-
tion; (c) Skeleton of the contour; (d) Extracted closed 
contour 
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Fig.5  3D measurement system in FTP 
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The binary mask m(x, y) obtained by combining 
the detected blocking-lines and the extracted contour 
is shown in Fig.8. The pixels whose values on the 
binary mask equal 0 signify that the points could be 
wrapped, while the pixels whose values on the binary 
mask equal 1 signify that the points correspond to the 
blocking-lines or the invalid outside regions, and 
should be worked around during phase unwrapping. 

 
 
 
 
 
 
 
 
 
 
The quality map of modulation intensity infor-

mation and the quality map of the Laplacian of 
Gaussian for the wrapped phase image are shown in 
Fig.9a and Fig.9b, respectively. The black value on 
the modulation intensity means low reliability, while 
the white value on the Laplacian of Gaussian for the 
wrapped phase image means low reliability. 

 
 
 
 
 
 
 
 
 
 
 
 
Two intermediate phase unwrapping steps by the 

proposed phase unwrapping algorithm are shown in 
Fig.10. The pixel whose phase has been unwrapped, 
the corresponding pixel on the binary mask changed 
from black to white. The phase unwrapping is com-
pleted from a region of high reliability to a region of 
low reliability, the pixels on the blocking-lines are 
walked around, and the regions outside the contour is 
not carried out during the phase unwrapping process. 

Fig.11 shows the comparison between the phase 
unwrapping results using four different algorithms. 

The height value is demonstrated by the different gray 
values. It clearly shows that the conventional 2D 
phase unwrapping algorithm and the branch-cut phase 
unwrapping algorithm cannot unwrap the phase cor-
rectly. And our algorithm can obtain similar geometry 
to the digital weighted filtering based modulation 
intensity ordering phase unwrapping algorithm. 
However, as shown in Fig.11d, our algorithm can 
obtain a more accurate phase result in the detailed 
regions such as the two eyebrow areas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.12 shows the final reconstructed 3D shape 

from two different perspectives. The reconstructed 
shape is rendered by the OpenGL, and the holes under 
the nose are filled by the hole-filling algorithm (Jun, 
2005). We can see that the whole face of the shape is 
properly obtained. 

(a)                                             (b) 

Fig.9  Quality maps 
(a) Modulation intensity; (b) Laplacian of Gaussian for the wrapped 
phase image 

(a)                                        (b) 
 
 
 
 
 
 
 
 
(c)                                        (d) 

50

100

150

200

250

Fig.11  Results of the phase unwrapped by four different 
phase unwrapping algorithms 
(a) Result by the conventional 2D phase unwrapping algorithm; (b) 
Result by the branch-cut phase unwrapping algorithm; (c) Result by 
the digital weighted filtering based modulation intensity ordering 
phase unwrapping algorithm; (d) Result by the proposed integrated 
phase unwrapping algorithm 
 

Gray value

Fig.8  Binary mask obtained by combining the detected 
blocking-lines and the extracted closed contour 
 (a)                                           (b) 

Fig.10  Two phase-unwrapping steps by the proposed un-
wrapping algorithm. (a) The first step; (b) The second step 
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CONCLUSION 
 
We presented an integrated and reliable phase 

unwrapping algorithm for the measurement of 3D 
shapes by FTP. The algorithm applies the blocking- 
lines in the wrapped phase image that can effectively 
balance the detected residues of opposite polarity to 
prevent phase error propagation, and then the closed 
contour is extracted to exclude the invalid areas from 
phase unwrapping. The quality map is generated from 
the modulation intensity information and the Lapla-
cian of Gaussian operation of the wrapped phase 
image. The unwrapping process is completed from a 
region of high reliability to that of low reliability. The 
experiment shows the effectiveness and convenience 
of the new algorithm. More efficient interpolation 
algorithms to improve the accuracy of the data cor-
responding to the blocking-lines will be our future 
work. 
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