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a b s t r a c t

The recently proposed optimized dithering techniques are able to improve measurement quality
obviously. However, those phase-based optimization methods are sensitive to the amount of defocusing
while intensity-based optimization methods cannot reduce the phase error efficiently. This paper
presents a novel method, minimizing a proposed objective function named intensity residual error (IRE),
as well as a novel framework, optimizing pixels group by group, to construct binary patterns for high-
quality 3D shape measurement. Both the simulation and experimental results show that this proposed
algorithm can achieve phase quality improvements over other recently optimized dithering techniques
with various amounts of defocusing.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With the recent advancement in digital display devices, three-
dimensional (3D) scene acquisition becomes increasingly crucial in
practical application fields of modern information technologies
[1]. Among all the 3D non-contact shape measurement methods,
digital fringe projection (DFP) methods have been considered as
one of the most reliable techniques for recovering the shape of
objects because of their accuracy and efficiency [2,3]. Since it is
much easier and more convenient to generate and project the
fringe patterns at a high speed with a commercial video projector,
3D shape measurement of dynamic objects such as high-speed
moving objects and rotating bodies has been rapidly expanding
[4–6]. However, the conventional DFP technique has the major
limitations of the projection nonlinearity and speed bottleneck
(i.e., typically 120 Hz) [7–9], making it difficult to apply to areas
where capturing high-quality and high-speed deformation is
required.

According to the operating principle of Digital Micro-mirror
Device (DMD), projecting a binary pattern can break the projection
speed bottleneck, increasing speed to a much higher frame rate
(KHz). In addition, since binary pattern only has 1 bit depth, the
nonlinearity problem of the projector can be solved easily. How-
ever, it is obvious that projecting binary pattern will bring about

phase error comparing with projecting ideal sinusoidal fringe
pattern. To reduce this phase error, some researchers employed a
class of techniques that generates sinusoidal fringe patterns by
rationally defocusing a coded binary pattern. Su et al. [10] intro-
duced a technique for defocusing a square wave generated by the
Ronchi grating for 3D shape measurement. After that, several
techniques called squared binary defocusing method (SBM), sinu-
soidal pulse width modulation (SPWM), optimal pulse width
modulation (OPWM) were proposed and developed which are
generating sinusoidal fringe patterns by properly defocusing
coded binary patterns using a digital video projector [8,11–14].
Compared to SBM, the SPWM and OPWM methods can produce
better 3D shape measurement results especially when the defo-
cusing degree is small. But the phase error caused by some
unwanted high-order harmonics of the generated patterns of
SPWM and OPWM methods is still non-negligible, especially when
the projector is nearly focused [15].

Taking advantages of the two-dimensional (2D) nature of the
structured patterns, area-modulation method could further improve
the binary defocusing method [16]. And then, several 2D area
dithering optimization methods are developed for phase-based DFP
systems. These optimization methods can be classified into two
categories: the intensity based method [17,18] and the phase-based
method [19]. The former is to approximate the dithered pattern to
ideal sinusoids after defocusing (e.g., applying a Gaussian filter)
[17,18]. The latter is to make the phase close to the desired linear
phase after defocusing [19]. Since the ultimate goal of optimization is
to generate high-quality phase, it is natural to optimize the pattern in
the phase domain. However, the phase-based optimization method is
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sensitive to different amounts of defocusing while the intensity-
based optimization method cannot reduce the phase error efficiently.

Looking back at those one-dimensional (1D) pulse width
modulation (PWM) methods [8,12–14], they either shift the
high-order harmonics further away from fundamental frequency
such that they are easier to be suppressed by defocusing [8], or
theoretically eliminate those most influential harmonics [12–14].
The latter have proved that the three-step phase-shifting algo-
rithm is insensitive to the presence of the ð3lÞth harmonics, where
l is an integer [12]. Therefore, it is natural to optimize 2D area
dithering methods in the intensity domain by taking advantage of
this nice property.

This paper presents a new optimization method coming from
our two observations: (1) for the phase-based optimization
method, the intensity differences actually increase after optimiza-
tion [18] and (2) the existence of the ð3lÞth harmonics does not
induce any phase errors for the three-step phase-shifting algo-
rithm [14]. Therefore, we defined an objective function named IRE
which has removed the ð3lÞth harmonics out of the total intensity
error between two patterns. The optimization is to minimize the
IRE between the defocused (or blurred) binary pattern and the
ideal sinusoidal pattern. Besides, instead of optimizing the whole
pattern pixel by pixel, our framework is optimizing the pixels
group by group to find the best smallest binary patches, and then
tiling the best patch to generate the full-size pattern utilizing
periodicity structure of the sinusoidal pattern. Both simulations
and experiments demonstrate that the proposed method can
achieve substantial phase quality improvements when the pro-
jector is at different amounts of defocusing especially when the
fringe period is larger.

This paper is organized as follows: Section 2 explains the
principle of the three-step phase-shifting algorithm and the pro-
posed definition of IRE. Section 3 presents the proposed framework
for constructing binary patterns. Section 4 shows simulation results.
Section 5 presents the experimental results. Section 6 discusses the
merits and shortcomings of the proposed technique, and finally
Section 7 summarizes this paper.

2. Principle

2.1. Three-step phase-shifting algorithm

Phase-shifting algorithms have been extensively used in optical
metrology. Typically, the more fringe patterns used, the better
measurement quality can be achieved. For high-speed 3D shape
measurement, a three-step phase-shifting algorithm is usually
adopted since it requires the minimum number of patterns to
solve the phase. As our research focuses on high-speed 3D shape
measurement, a simple three-step phase-shifting algorithm with a
phase shift of 2π=3 is used to test the generated patterns. Three
ideal fringe images can be described as

I1ðx; yÞ ¼ I0ðx; yÞþ I″ðx; yÞ cos ϕðx; yÞ�2π
3

� �
; ð1Þ

I2ðx; yÞ ¼ I0ðx; yÞþ I″ðx; yÞ cos ðϕðx; yÞÞ; ð2Þ

I3ðx; yÞ ¼ I0ðx; yÞþ I″ðx; yÞ cos ϕðx; yÞþ2π
3

� �
; ð3Þ

where I0ðx; yÞ is the average intensity, I″ðx; yÞ the intensity modula-
tion, and ϕðx; yÞ the phase to be solved for

ϕðx; yÞ ¼ tan �1

ffiffiffi
3

p
ðI1ðx; yÞ� I3ðx; yÞÞ

2I2ðx; yÞ� I1ðx; yÞ� I3ðx; yÞ
: ð4Þ

This equation provides the wrapped phase ranging ½�π; πÞ with
2π discontinuities [20,21]. A continuous phase map can be obtained

by adopting a temporal [20] or spatial phase unwrapping algorithm
[21]. Considering a typical temporal phase unwrapping algorithm, a
continuous phase map is obtained by using six patterns, two
frequencies [20]. Recently, several temporal phase unwrapping
strategies have been developed, and the number of required
patterns has been reduced to four or five, shortening the pattern
sequence required for unwrapping phase images [9,13]. In this
research, we use the traditional temporal phase unwrapping frame-
work with six patterns [20].

2.2. Optimization based on the IRE

As explained previously, obtaining high-quality phase is extre-
mely important for high-quality 3D shape measurement. Mean-
while, two phenomena got our attention: (1) for the phase-based
optimization method, the intensity differences actually increase
after optimization [18] and (2) the existence of the ð3lÞth harmo-
nics does not induce any phase errors for the three-step phase-
shifting algorithm [14]. Therefore, it can be proved that if the
intensity error varies periodically at the frequency which is multi-
ple of 3f0 (f0 is the fundamental frequency of the desired sinusoidal
pattern), the obtained phase map could be as same as the ideal
phase map. Assume that the desired sinusoidal fringe patterns
vary along the x direction for one fringe period (T). For the three-
step phase-shifting algorithm, when the fringe period is multiple
of 3, like T ¼ 3NðN¼ 3;4;5…Þ, there is a relation between three
fringe patterns: I1ðx�N; yÞ ¼ I2ðx; yÞ ¼ I3ðxþN; yÞ. That means only
one fringe pattern has to be generated, and the other two patterns
can be realized by shifting the first pattern. Therefore, fringe
period ðTÞ is usually chosen to be a multiple of 3 to avoid phase-
shift error for the three-step phase-shifting algorithm [12], and
three defocused fringe images can be described as

D1ðx; yÞ ¼ I1ðx; yÞþE1ðx; yÞ; ð5Þ

D2ðx; yÞ ¼ I2ðx; yÞþE2ðx; yÞ; ð6Þ

D3ðx; yÞ ¼ I3ðx; yÞþE3ðx; yÞ; ð7Þ
where Diðx; yÞ are the defocused fringe patterns, Iiðx; yÞ are the
ideal sinusoidal intensity patterns, Eiðx; yÞ represent the intensity
error maps between them ði¼ 1;2;3Þ. Assume that the intensity
error varies periodically along the x direction for one column
period SxðSx ¼ T=3¼NÞ, and then we can get

E1ðx; yÞ ¼ E2ðx�N; yÞ ¼ E2ðx; yÞ ¼ E2ðxþN; yÞ ¼ E3ðx; yÞ: ð8Þ
Therefore, ϕ0ðx; yÞ the obtained phase map to be solved for

ϕ0ðx; yÞ ¼ tan �1

ffiffiffi
3

p
ðD1ðx; yÞ�D3ðx; yÞÞ

2D2ðx; yÞ�D1ðx; yÞ�D3ðx; yÞ

¼ tan �1

ffiffiffi
3

p
ðI1ðx; yÞ� I3ðx; yÞÞ

2I2ðx; yÞ� I1ðx; yÞ� I3ðx; yÞ
¼ ϕðx; yÞ: ð9Þ

It is obvious that the obtained phase map just equate to the
ideal phase map. Unfortunately, the intensity error could not vary
periodically at the frequency which is multiple of 3f0 actually. But
it is possible to separate the ð3lÞth harmonics out of the total
intensity error. Therefore, mathematically we defined an IRE
Erðx; yÞ described as

Erðx; yÞ ¼ Eðx; yÞ�E3f 0 ðx; yÞ; ð10Þ

Eðx; yÞ ¼ Gðx; yÞnBðx; yÞ� Iðx; yÞ; ð11Þ
where Eðx; yÞ is the total intensity error between the defocused
binary pattern and the ideal sinusoidal pattern, E3f 0 ðx; yÞ is the
periodically ð3lÞth harmonics, Gðx; yÞ is a 2D Gaussian kernel, Bðx; yÞ
is the desired 2D binary pattern, and n represents convolution,
Iðx; yÞ is the ideal sinusoidal intensity pattern. The optimization
we proposed is to minimize the IRE Erðx; yÞ. This is the most
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fundamental difference between our algorithm and other pre-
viously developed algorithms [17]. Mathematically, the optimiza-
tion problem can be described as the following function:

min
B

‖Erðx; yÞ‖F ¼min
B

‖Gðx; yÞnBðx; yÞ� Iðx; yÞ�E3f 0 ðx; yÞ‖F ; ð12Þ

where ‖⋯‖F represents the Frobenius norm. Typically, it is natural
to employ Discrete Fourier Transform (DFT) to extract the ð3lÞth
harmonics E3f 0 ðx; yÞ out of the total intensity error Eðx; yÞ. But in
that way, two times of spatial-frequency transform should be
made, and it is complicated to some extent. So we present a simple
way to accomplish this extraction without spatial-frequency trans-
form in the following section.

2.3. Extraction of the ð3lÞth harmonics

Assume that a periodical signal s(x) vary along the x direction
for one period TðT ¼ 3NÞ, and s3NðxÞðx¼ 0;1;2;3;…;3N�1Þ is one
period segment of s(x). In order to extract the ð3lÞth harmonics
sNðxÞ of the whole signal s3NðxÞ, it is natural to employ DFT on
s3NðxÞ to obtain its spectrum S3NðkÞðk¼ 0;1;2;3;…;3N�1Þ. After
that, all those harmonics at the frequency 3lðl¼ 0;1;2;3;…;N�1Þ
should be retained, and other harmonics should be removed.
Therefore, the new sampled spectrum SNðkÞ can be described as

SNðkÞ ¼ S3NðkÞ � HðkÞ; ð13Þ

HðkÞ ¼ 1
3
comb

k
3

� �
¼ 1
3

∑
N�1

l ¼ 0
δ

k
3
� l

� �

¼ ∑
N�1

l ¼ 0
δðk�3lÞ; ð14Þ

where H(k) is the sampling function, also named as Dirac comb
function, every δ function separating from each other at 3.
According to the DFT theory and convolution principle, mathema-
tically this filtering process in the spatial domain can be described
as

sNðxÞ ¼ s3NðxÞnhðxÞ; ð15Þ

hðxÞ ¼ 1
3N

comb
x
N

� �
¼ 1
3N

∑
2

m ¼ 0
δ

x
N
�m

� �

¼ 1
3

∑
2

m ¼ 0
δðx�NmÞ; ð16Þ

where h(x) is the spatial filtering function corresponding to H(k), n
represents convolution. It turns out that h(x) is a Dirac comb
function either, but it is composed of three δ functions and the
extent decreases to 1=3. Therefore, sNðxÞ the ð3lÞth harmonics to be
solved for

sNðxÞ ¼ s3NðxÞn
δðxÞþδðx�NÞþδðx�2NÞ

3

¼ s3NðxÞþs3Nðx�NÞþs3Nðx�2NÞ
3

: ð17Þ

Therefore, utilizing this method, the extraction of the ð3lÞth
harmonics E3f 0 ðx; yÞ out of the total intensity error Eðx; yÞ can be
described as the following function:

E3f 0 ðx; yÞ ¼
1
3

Eðx; yÞþE xþT
3
; y

� �
þE xþ2T

3
; y

� �� �
: ð18Þ

This function demonstrates a simple way to extract the ð3lÞth
harmonics sN(x) out of signal s3NðxÞ without DFT. Firstly, s3NðxÞ is
divided into three segments at the same length N. Secondly, add
three segments together to calculate an average segment. And
finally, the ð3lÞth harmonics sN(x) is generated by periodically
extending the average segment along the x direction three times.

Then, IRE Erðx; yÞ can be obtained by utilizing Eqs. (10), (11)
and (18).

3. Binary pattern construction framework

Instead of solving the whole NP-hard problem equation (12)
(e.g., 800�600), we use a method to solve subset problem:
namely obtain a subset called the best patch, and then tile the
best patch to generate the full-size patterns utilizing periodicity.

As described in Eq. (4), the phase of one pixel is determined by
the intensity of three pixels at an interval of T=3 along the
x direction. Therefore, all pixels of the patch can be classified into
several groups according to the following order. There are three
pixels in a group and two of them are apart from the center pixel
at T=3 (or �T=3 ) along the x direction. After classification, pixels
are mutated group by group, instead of mutating one by one. This
is another fundamental difference between our algorithm and
other previously developed algorithms [17]. The main steps of the
proposed algorithm are as follows:

Step 1: Patch initialization: This step initializes the patch size by
the row period SyðSy ¼ 1Þ and the column period Sx, and assign
each pixel of the patch with random binary value 0 (or 1). Here
Sx ¼ T is one fringe period.

Step 2: Pixel mutation: All pixels are classified into several
groups according to the classification order. After classification,
three pixels in the first group are mutated to their opposite status
(1 s are changed to 0 s and 0 s are changed to 1 s). According to the
enumerative algorithm (such as ð0;0;0Þ; ð0;0;1Þ; ð0;1;0Þ; ð0;1;1Þ;
ð1;0;0Þ; ð1;0;1Þ; ð1;1;0Þ; ð1;1;1Þ), all eight patches are generated.
Among these eight patches, only the “good” patch is kept. The
“good” patch means that the matrix B can minimize Eq. (12). Then,
mutate other pixels group by group until every group has been
mutated. In this step, the algorithm uses a small Gaussian filter
(size: 5�5 pixels and standard deviation 2 pixels) to emulate the
slightly defocused projector.

Step 3: Iteration: This whole algorithm needs to be performed
iteratively since if one of the pixels is altered, its neighboring pixels
would also be affected after Gaussian smoothing. Therefore, after
obtaining the whole patch, it would go back to the previous Step 2
until the algorithm converges. The convergence rule we proposed to
use is that the improvement of intensity residual root mean square
(RMS) error for a round of processing is less than 0.01%.

Step 4: Patch size mutation: Change Sy to another value (2–16),
and go to Steps 2–3 to generate another “good” patch for different
patch size. Here we suggest that the row period Sy does not vary
above 16 because when Sy become larger, the phase quality does
not improve efficiently while multiplying the time consuming in
optimizing.

Step 5: Patch selection: Select the “better” patch from the set of
“good” patches generated from Steps 2 to 4. The “better” patch
means that the matrix B can minimize Eq. (12) among all these
sixteen “good” patches.

Step 6: Gaussian filter size mutation: In order to simulate
different amount of defocusing, we propose to change the small
Gaussian filter into a medium Gaussian filter (size: 9�9 pixels and
standard deviation 3 pixels) or a large Gaussian filter (size: 13�13
pixels and standard deviation 4 pixels). They were used to emulate
the defocused projector with two different amount of defocusing.
And then go back to Steps 1–5 to generate other two “better” patches.

Step 7: Final patch selection. After Step 6, three “better” patches
have been generated. From these patches, the final best patch was
selected based on the following two rules: (1) the average phase
RMS error is lower than others' when different sizes of Gaussian
filters are applied and (2) the phase error is not sensitive to different
sizes of Gaussian filters. In addition, the first rule has priority.

Step 8: Full-size pattern generation: Utilizing the periodicity
properties of ideal fringe pattern, the desired size fringe pattern
was generated by periodically extending the final best patch along
x and y directions.
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In order to explain how to select the final best patch to be used
in Step 7, some examples are given. Fig. 1(a)–(c) shows a set of
three better patches generated after Steps 1–6 when fringe period
T¼36. Fig. 1(d) shows the phase RMS error of these three patches
with different amounts of defocusing. Pattern 1 performs the best
when the amount of defocusing is smaller (Gaussian filter size
5�5), but does not perform well with larger amount of defocus-
ing. Pattern 2 depicts the smallest phase RMS error when the filter
size is 9�9, and it performs consistently over different amounts of
defocusing. Since the average phase RMS errors of these two
patterns are quite close and Pattern 2 performs consistently,
Pattern 2 is regarded as a better candidate. Pattern 3 depicts the
smallest phase RMS error when the filter size is 13�13, and it
performs extremely sensitive to different amounts of defocusing.
However, considering all these phase RMS errors of three patterns,
Pattern 3 performs best on average. Therefore, according to the
pattern selection rules mentioned in Step 7, Pattern 3 is chosen as
the final best patch to be used.

It seems strange that Pattern 3 is the square binary pattern but it
still can obtain an acceptable phase quality after defocusing, even

better than other optimized patterns. This is because of that when the
fringe period of a pattern is small, an appropriate Gaussian filter can
filter out all those high-frequency harmonics (frequency above 3f0),
and the residual third harmonics do not induce any phase errors for
the three-step phase-shifting algorithm. Therefore, the square binary
patterns are chosen as the final best patches when the fringe periods
of them are small and the projector is more defocused.

4. Simulations

We simulated different amounts of defocusing by applying
different sizes of Gaussian filters. The smallest Gaussian filter was
5�5 with a standard deviation of 2 pixels, and the largest was
13�13 with a standard deviation of 4 pixels. A Gaussian filter size
of 5�5 represents the case that the projector is slightly defocused,
while 13�13 represents the case when the projector is defocused
to a much more degree.

Fig. 2 shows the simulation results. The simulation results
clearly show that the proposed method can substantially improve

Fig. 1. Example of selecting the pattern from the optimized binary patches. (a) Pattern 1: T¼36, Sy¼4; (b) pattern 2: T¼36, Sy¼8; (c) pattern 3: T¼36, Sy¼1; (d) phase RMS
error with different amounts of defocusing.

Fig. 2. Comparing the phase quality among the proposed method, the genetic method and the error-diffusion technique. (a) Gaussian filter size of 5�5 pixels and standard
deviation of 2 pixels; (b) Gaussian filter size of 13�13 pixels and standard deviation of 4 pixels.
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the fringe quality for different amounts of defocusing. Compared
with the genetic method, it also indicates that when the fringe
period increases, the improvement of our method is larger and

performs consistently. This demonstrates the success of our algo-
rithm, and it is the fundamental improvement over other pre-
viously developed algorithms.

Fig. 3. Experimentally comparing the phase quality among the proposed method, the genetic method, and the error-diffusion technique. (a) Slightly defocused; (b) more
defocused.

Fig. 4. Measurement results of a complex 3D statue. (a) The ideal 3D shape of the complex statue; (b), (c), and (d) show three binary patterns used in the experiment, which
were respectively generated by utilizing the error-diffusion method, the genetic method, and the proposed method; (e), (i), and (m) show three defocused patterns
generated by utilizing the proposed method in different amount of defocusing respectively, which are nearly focused, slightly defocused, and more defocused; (f)–(h), (j)–(l),
and (n)–(p) show the 3D result when the projector is nearly focused, slightly defocused, and more defocused respectively. Each column represents one different dithering
technique, which is the error-diffusion method, the genetic method or the proposed method.
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5. Experiments

We also conducted experiments to verify the performance of
the proposed technique. The 3D shape measurement system
includes a modified DLP commercial projector (ACER X1161PA)
having the resolution of 800�600 pixels, a high speed industrial
CCD camera GE680 (Allied Vision Technologies) with the resolu-
tion of 640�480 pixels.

We experimentally verified the simulation results by measuring
a flat white board using all these fringe patterns. Fig. 3 shows the
results. The phase errors were determined by taking the difference
between the phase obtained from the defocused binary patterns
(the error-diffusion patterns, the genetic patterns, and the proposed
patterns) and the phase obtained from the ideal sinusoidal patterns.
Again, the results generated by the proposed algorithm are better
than the results generated by the error-diffusion algorithm, and the
genetic algorithm at different amounts of defocusing especially
when the fringe period is larger than 48 pixels.

A more complex 3D statue was measured to compare these
methods. Fig. 4(b), (c), and (d) shows three binary patterns used in
the experiment, which were respectively generated by utilizing the
error-diffusion method, the genetic method, and the proposed
method. In this experiment, we used the fringe period of T¼36
pixels, and unsurprisingly the pattern generated by our proposed
method is a square binary pattern as we have discussed in the last
paragraph in Section 3. In order to compare these methods quantita-
tively, the same 3D statue was measured by the same system, with
the 16-step phase-shifting method and ideal sinusoidal patterns. Then
we assumed that this result shown in Fig. 4(a) was exactly the
3D shape of the complex statue. Finally, the phase RMS errors of
these three dithering methods, corresponding to Fig. 4(f)–(h), (j)–(l),
and (n)–(p), were calculated which in order are 0.0592 rad,
0.0567 rad, and 0.0597 rad for nearly focused patterns, 0.0574 rad,
0.0550 rad, and 0.0547 rad for slightly defocused patterns, 0.0537 rad,
0.0518 rad, and 0.0459 rad for more defocused patterns respectively.

Clearly, these numbers demonstrate that at larger amounts of
defocusing, the proposed method is much better than the error-
diffusion method and the genetic method. Furthermore, visually, it is
easy to tell the improvement of the proposed method in Fig. 4. Again,
the experiment results show that the square binary patterns can
achieve higher measurement quality than other patterns generated
by some optimization methods when the fringe period is small, and
the projector is at an appropriate extent of defocusing.

However, the square binary pattern cannot obtain an accepta-
ble phase quality after defocusing for every fringe period. Fig. 5
shows the measurement results when fringe period T¼48 pixels,
and the projector was at the same extent of defocusing in Fig. 4(p).
These results clearly show that when the fringe period is larger
than 48, the proposed pattern performs better than the square
binary pattern. Because there are much more high-frequency
harmonics (frequency above 3f0) in the square binary pattern after
defocusing. In addition, the phase RMS errors of these two results,
corresponding to Fig. 5(c) and (f), were calculated which are
0.0515 rad and 0.0665 rad respectively.

6. Discussions

Compared with all those previous optimization method along
the same direction [17,19], this proposed method is fundamentally
different from any of them, where they either modified the dithered
patterns to minimize the original intensity error or phase error, or
mutated the error pixels one by one. The proposed technique, in
contrast, optimizes patterns by minimizing the IRE, and mutating
pixels group by group. Taking advantage of the insensitivity between
the three-step phase-shifting algorithm and the ð3lÞth harmonics,
the proposed algorithm can obtain high-quality phase map for
different amounts of defocusing, over performing those optimization
methods proposed previously. In addition, it is easier to be realized

Fig. 5. Measurement results of a complex 3D statue when fringe period T¼48 pixels. (a) and (d) respectively show the proposed pattern and the square binary pattern;
(b) and (e) respectively show two defocused patterns corresponding to (a) and (d); (c) and (f) respectively show the 3D measurement result utilizing the proposed pattern
and the square binary pattern when the projector is at large amounts of defocusing.
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on hardware since the element used is very small, instead of storing
the whole pattern (e.g., 800�600).

However, if the fringe period ðTÞ is not multiple of 3, for
example T¼16 or T¼25, the relation between three fringe pat-
terns still exists: I1ðx�T=3; yÞ ¼ I2ðx; yÞ ¼ I3ðxþT=3; yÞ. But T=3 is no
longer an integer, which means three different fringe patterns
cannot be generated by shifting one of them. Unfortunately, in our
proposed method, this shifting property of three fringe patterns is
a precondition for the extraction of the third harmonics and the
optimization framework. Therefore, our improved method cannot
be utilized for three-step phase-shifting algorithm when fringe
period ðTÞ is not multiple of 3. In other words, generally this
method only can be utilized for N-step phase-shifting algorithm
when fringe period ðTÞ is multiple of N. This seems to be a limi-
tation of the proposed method.

Besides, the proposed algorithm consumes much time, even
hours, when generating the final best patch for wider fringe stripe,
whose fringe period is above 60 pixels. This seems to be another
limitation of our proposed method.

7. Conclusion

This paper has presented an improved optimization method
based on the IRE to generate high-quality sinusoidal fringe
patterns with binary patterns. We found that this method could
improve the phase quality efficiently for different amounts of
defocusing especially for wider fringe stripes. Both simulation and
experimental results demonstrated the success of the proposed
technique.
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