
Optik 124 (2013) 456– 460

Contents lists available at SciVerse ScienceDirect

Optik

j o ur nal homepage: www.elsev ier .de / i j leo

Efficient  approach  for  three-dimensional  shape  measurement  using  fringe
projection  by  complex  coefficient  FIR  band-pass  filter

Yixian  Qiana,∗, Yong  Lia,  Hui  Wanga,  Fangrong  Hub

a Institute of Information Optics, Zhejiang Normal University, Jinhua 321004, China
b College of Electronic Engineering and Automation, Guilin University of Electronic Technology, Guilin 540114, China

a  r  t  i  c  l  e  i n  f  o

Article history:
Received 13 August 2011
Accepted 12 December 2011

Keywords:
Three-dimensional imaging
Optical measurement
Fringe projection
FIR filter
Phase measurement

a  b  s  t  r  a  c  t

An  efficient  approach  for three-dimensional  (3D)  shape  measurement  is  proposed.  Phase  distribution  is
obtained  directly  by  filtering  deformed  fringe  pattern  with  complex  coefficient  finite  impulse  response
(FIR)  band-pass  filter.  Firstly,  a FIR  low-pass  filter is  designed;  its  bandwidth  is  half  of  that  of  the  deformed
fringe  pattern.  Secondly,  the  complex  coefficient  FIR  band-pass  filter  is  gained  by  moving  the frequency
spectrum  of  low-pass  filter  to the  position  where  the  frequency  spectrum  of  deformed  fringe  pattern
located.  Finally,  the phase  distribution  is  obtained  by  filtering  the  deformed  fringe  pattern  with  designed
filter  and  calculating  the  argument  of  the  filtered  pattern.  The  experimental  results  reveal  that  a  high
resolution  3D  image  with  texture  can  be  obtained.  Compared  with  conventional  Fourier  transform  pro-
filometry  (FTP),  the  standard  deviation  of  phase  difference  between  these  two  methods  reaches  only
0.75%.  As  a result,  this  approach  provides  a  new  way  to  obtain  phase  distribution  of  deformed  fringe
pattern  in  spatial  domain  instead  spatial  frequency  domain.

Crown Copyright ©  2012 Published by Elsevier GmbH. All rights reserved.

1. Introduction

Optical 3D measurement are extensively used in many appli-
cations [1–8], such as 3D model reconstruction, surface profile
measurement, virtual reality, television stunt, medical and cos-
metic plastic surgery, industrial product designs, sculpture and
art heritage conservation, etc. The major advantages of optical
methods compared to traditional methods lie in their non-
contact, non-destructive nature, flexibility and high precision.
There are primarily two approaches for 3D shape measure-
ment. One approach is to use a single pattern. The phase
of the deformed fringe pattern is obtained with a Fourier,
wavelet or other analysis method. The other approach is to use
multiple patterns. This is more accurate and robust than the
first approach because more information is obtained with this
approach.

3D measurement based on fringe projection is one of the impor-
tant methods. The phase distribution of deformed fringe pattern
must be obtained firstly. Then the 3D shape of measured objects
may  be acquired by phase-height mapping algorithm and imaging
model of camera. Generally, there are two kinds of basic methods
to obtain the phase distribution of deformed fringe pattern. Thefirst
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one is to use at least three fringe patterns, then, the phase distri-
bution is gained with phase shifting method (phase measurement
profilometry PMP) [8,9]. The second one is to use one or two fringe
patterns. It is suitable for dynamic object measurement [10]. The
phase distribution is gained with several transform methods, such
as spatial phase detection (SPD) [11], Fourier transform profilome-
try (FTP) [12,13], wavelet transform profilometry (WTP) [14–16].  In
the FTP method, the phase distribution of deformed fringe pattern
is obtained with Fourier transform, filtering in spatial frequency
domain and inverse Fourier transform. SPD is similar to FTP in the
form of the pattern and the method of data acquisition, however,
the calculations for deriving the phase distribution is greatly sim-
plified. In addition, there is an intrinsic symmetric error in SPD,
but it can be ignored when the slope of the object to be measured
is not very large. WTP  is proposed to improve the measurement
accuracy in one fringe projection method. The obtained phase is
more accurate than FTP or SPD. But this method is time consum-
ing because the phase distribution is gained by temporal-frequency
analyzing.

In this paper, we  propose a 3D measurement method using
fringe projection by complex coefficient FIR band-pass filter. With
this method, the accuracy of retrieved phase agrees with that of
FTP, however, but the operation of data processing is simplified
compared to FTP. Furthermore, high-resolution 3D image with tex-
ture can be obtained. It can be applied to 3D model reconstruction,
virtual reality and entertainment, etc. The experimental results are
presented.
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Fig. 1. Sketch of 3D measurement system.

2. Theory

2.1. Principle of 3D measurement

The sketch of 3D measurement system based on fringe projec-
tion is shown in Fig. 1. It consists of a projector and a camera. The
fringe pattern is projected onto the object surface and modulated
by the height of object. The deformed fringe pattern is captured by
the camera. Its intensity can be expressed as following:

g(x, y) = a(x, y) + b(x, y) cos[2�f0x + ϕ(x, y)] (1)

where a(x, y) is the background intensity; b(x, y) denotes ampli-
tude of the fringe; f0 = 1/p  represents the spatial frequency and p
is the period of fringe in captured image of reference plane; ϕ(x,
y) denotes the phase modulated by the height of object. After the
phase distribution of deformed fringes is obtained, the 3D shape of
object is expressed as [17].⎧⎪⎪⎨
⎪⎪⎩

Z(x, y) =
N∑

n=0

cn(x, y)ϕn(x, y)

X(x, y) = a1(x, y) + b1(x, y)Z(x, y)
Y(x, y) = a2(x, y) + b2(x, y)Z(x, y)

(2)

where x, y are coordinates of sample point in coordinate system of
camera image plane; a1, a2, b1, b2 and cn are parameters which can
be obtained by calibrating the measurement system; N is the order
of polynomial.

2.2. Frequency spectrum character of deformed fringe

Eq. (1) can be written as following; according to Euler’s formula.

g(x, y) = a(x, y) + q(x, y) + q∗(x, y) (3)

where q(x, y) = (1/2)b(x, y)exp{j[2�f0x + ϕ(x, y)]}. Performing
Fourier transform to Eq. (3),  we get

G(f, y) = A(f, y) + Q ′(f − f0, y) + Q ′∗(f + f0, y) (4)

where A(f, y) represents the component of the spectrum that cor-
responds to the background variation, Q′(f − f0, y) and Q′*(f + f0, y)
are the Fourier transform of q(x, y) and q*(x, y), respectively, and
f denotes the spatial frequency in the x direction. The main com-
ponents of the Fourier spectrum are separated by f0, as shown in
Fig. 2. Q′ and Q′* are a complex–conjugate pair, so only one phase
between them is needed to extract. In FTP, Q′(f − f0, y) is obtained by
filtering spectrum of g(x, y) in spatial frequency domain and q(x, y)
is obtained by calculating the inverse Fourier transform of Q′(f − f0,
y). According to filter theory, we can also extract q(x, y) from g(x, y)
by filtering g(x, y) with complex coefficient FIR band-pass filter in
spatial domain directly.

Fig. 2. Spectrum of deformed fringe.

2.3. Design of complex coefficient FIR band-pass filter

We  can find from Fig. 2 that q(x, y) could be extracted if A(f, y)
and Q′*(f + f0) were filtered out. Only complex coefficient band-pass
filter can reach this requirement. The accurate phase information
is the key point to obtain height information of objects. As a result,
a complex coefficient FIR digital filter, whose phase-frequency
response is strict linear, is suitable to filter deformed fringe pattern.
According to the spectrum characteristics of deformed pattern, the
amplitude-frequency character of complex coefficient FIR band-
pass digital filter is shown in Fig. 3(a), and it can be expressed as
following:

|H(ej2��)| =
{

2, f0 − B ≤ � ≤ f0 + B
0, other

(5)

where H (ej2��) is the transfer function of filter, 2B denotes the
bandwidth of q(x, y). The filter can be obtained by shifting the spec-
trum of a real coefficient low-pass filter to corresponding position.
The amplitude-frequency character of low-pass filter is shown in
Fig. 3(b). It can be expressed as following:

|H(ej2��)| =
{

2, −B ≤ � ≤ B
0, other

(6)

Fig. 3. Amplitude-frequency character. (a) Band-pass filter and (b) low-pass filter.
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