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a b s t r a c t

The phase-shifting algorithm is an important and widely employed technology in optical
3D shape measurement. An additional absolute phase marker map is necessary to acquire
the absolute phase with traditional phase-shifting algorithm, which not only has a low effi-
ciency but also may not meet certain special requirements of the practical application. In
this study, a flexible phase-shifting method, which does not need the additional absolute
phase marker map, was developed. A newly designed absolute phase marker was embed-
ded into one of the phase fringe images, and this was retrieved according to its mathemat-
ical model; then, the primary phase inside and outside the absolute phase marker region
was computed with different methods. Results of experiments show that the retrieval of
the marker is easy and flexible, and the phase computation with this novel method is accu-
rate and robust.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Structured 3D shape-measurement techniques have
been widely applied in various fields, such as in manufac-
turing, healthcare, computer science, family safety, and
digital entertainment [1]. With advancements in technol-
ogy, higher efficiency of 3D measurement constitutes a
new requirement for most applications for measurement.
Therefore, a new area of focus for research involves the
reduction of numbers of the projected coding fringe image
and improvement of the coding efficiency. A variety of
techniques have been developed, including the three-step
phase-shifting method [2,3], four-step phase-shifting
method [4], single color phase-shifting method [5], trape-
zoidal phase-shifting method [6], Fourier phase method
[7], area-encoded algorithm [8], defocused binary pattern
algorithm [9] and so on. The four-step phase-shifting
method is a widely studied and frequently employed
method because of its high stability and superiority. How-
ever, it needs an additional absolute phase marker map to
solve the complete phase map, and this not only reduces

the efficiency of the phase-shifting algorithm but also can-
not fulfill certain special needs in practical application.

It is well known that the phase-shifting algorithm based
on space is a relative phase solution. The computed phase
is a relative value that is based on the pixel phase of its
neighbor [10]. The acquired phase needs to be transformed
into an absolute phase value for the 3D measurement [5].
The addition of an additional absolute phase marker map
is a common method [5]. In case of an inability to embed
the absolute phase map into a coded fringe image, the
number of projected fringe images can be reduced and
the efficiency of the phase-shifting method can be im-
proved. Several researchers have undertaken in-depth
studies of this problem, and to the general need is to iden-
tify a flexible method that cannot only embed the absolute
phase marker but also can acquire the accurate absolute
phase without affecting the marker pattern. Zhang and
Yau [5] developed a method which embeds a tiny cross
marker into sinusoidal fringes. The marker is detected
automatically based on the gamma map. However, this
method is, in general, difficult, especially when the image
is blurred and very sensitive to image noise. Guo and
Huang [11] have also developed a method for absolute
phase retrieval. A cross-shaped marker is set and detected
based on edge detection in image-processing technology.
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This method is sensitive to the object’s surface reflectivity,
and this significantly limits the application of the method.
For the same purpose, Su [8] developed a structured pat-
tern in which the sinusoidal fringes are encoded with both
binary stripes and colorful grids. The accuracy of the edge
detection is also important to this pattern. Su and Zhang
[7] also developed a method to embed a special absolute
phase marker into sinusoidal gratings. The mark is de-
tected based on the principle that the orientation of the
Fourier spectra of the mark is perpendicular to that of
the sinusoidal fringe. This method is novel, but it cannot
be universally applied. In addition, the detection accuracy
of the mark with Fourier transformation is limited. Gai
and Da [12] added a strip marker in the projecting fringe,
and then detected the strip marker to obtain the absolute
phase based on stripe modulation. Although this method
can solve the problem as stated by the author, the modula-
tion with three fringes and the marker is very sensitive to
the quality of the image.

To resolve this problem, in this study, these authors
propose a novel phase-shifting method. First, we designed
a novel absolute phase marker and embedded the marker
into one of the projecting fringes. Then, based on its math-
ematical model, the marker is detected accurately. Finally,
the phase values of the marker’s internal and external re-
gions are solved, respectively, and the absolute phase
map of the entire view is obtained. Compared with conven-
tional methods, the present method has several advanta-
ges: (1) this method has high efficiency because it does
not need the additional phase marker map; (2) the detec-
tion of the embedded marker is relatively easy; (3) the cal-
culation of phases of the marker’s internal and external
regions is not sensitive to the edge of the marker region;
and (4) the marker style in this novel method is unre-
stricted, and therefore, it can provide more ordered infor-
mation for a still-connected surface or disconnected
patches.

The remainder of this article is structured as follows: In
Section 2, the principle of this new method is introduced;
Section 3 describes the verification experiment; Section 4
provides discussion with regard to this method; and Sec-
tion 5 presents a conclusive summarization of the findings
in this work.

2. Principle

Structured light 3D measurement is a non-contact opti-
cal measurement method based on the active triangulation
method. A projector projects high-robustness sinusoidal
phase fringes, and then the object space is divided into
numerous measurement regions with a unique phase-
shifting code. The coordinates of the object can be com-
puted by using the triangular geometric relation [1]. The
specific schematic is shown in Fig. 1.

2.1. Traditional multi-step phase-shifting algorithm

The phase-shifting technology is a general technique
employed to deal with the fringe image. It relies on the
consecutive illumination of the test object with phase-

shifting sinusoidal fringes and recording of the fringes by
a charge-coupled device (CCD) camera at each illumination
step. Several different phase-shifting algorithms have been
developed previously. The general form of these algo-
rithms is the least square algorithm. Let us assume that a
total of N phase-shifted fringe images, each with a phase
shift of /i(i = 1, 2, . . ., N) are captured. Then, the intensity
of the ith image can be represented as:

Iiðx; yÞ ¼ I0ðx; yÞ þ I00ðx; yÞ cos½/ðx; yÞ þ /i�; ði
¼ 1;2; . . . ;NÞ ð1Þ

where Ii(x,y) is the intensity value of pixel (x,y) in the ith
fringe image, I0(x,y) is the average intensity, I00ðx; yÞ is the
intensity modulation and /(x,y) is the primary phase
which is to be determined. When the phase /i = p/2 and
N = 4, by applying the conventional four-step phase-shift-
ing algorithm, the primary phase can be computed:

/ðx; yÞ ¼ tan�1 I4 � I2

I1 � I3
ð2Þ

It is well known that there are three unknowns in Eq.
(1); therefore, the primary phase can also be obtained with
three fringe images. By using the 2–4 fringe images of the
four-step phase-shifting algorithm, the phase can be ex-
pressed as:

/ðx; yÞ ¼ tan�1 I4 � I2

I2 þ I4 � 2I3
ð3Þ

where /(x, y) is called the primary or wrapped phase,
which represents the discontinuous phase value that
ranges in (0, 2p]. To obtain the continuous phase, the pri-
mary phase needs to be unwrapped with phase-unwrap-
ping algorithms [10]. The unwrapped phase is a relative
value; therefore, it cannot be applied for matching be-
tween the camera pixel and projector pixel, and, then, for
computing 3D coordinates [5]. An absolute phase marker
is required to mark the absolute order of the strips and
to transform the relative phase to absolute phase.

Fig. 1. The system structure of 3D measurement.
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