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Abstract: Using 1-bit binary patterns for three-dimensional (3D) shape measurement has been
demonstrated as being advantageous over using 8-bit sinusoidal patterns in terms of achievable
speeds. However, the phase quality generated by binary pattern(s) typically are not high if only a
small number of phase-shifted patterns are used. This paper proposes a method to improve the
phase quality by representing each pattern with the difference of two binary patterns: the first
binary pattern is generated by triangular pulse width modulation (TPWM) technique, and the
second being m shifted from the first pattern that is also generated by TPWM technique. The
phase is retrieved by applying a three-step phase-shifting algorithm to the difference patterns.
Through optimizing the modulation frequency of the triangular carrier signal, we demonstrate
that a high-quality phase can be generated for a wide range of fringe periods (e.g., from 18 to
1140 pixels) with only six binary patterns. Since only 1-bit binary patterns are required for 3D
shape measurement, this paper will present a real-time 3D shape measurement system that can
achieve 30 Hz.
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1. Introduction

Three-dimensional (3D) shape measurement plays a significant role in many areas ranging
from manufacturing to medicine. Numerous techniques have been developed including Moiré,
holography, and fringe projection. Among these methods, the digital fringe projection technique
has been exhaustively studied and widely applied due to its simple setup, automatic data process-
ing, high-speed and high-resolution measurement capabilities [1-3]. However, simultaneously
achieving high accuracy and high speed remains challenging.

For high-speed 3D shape measurement, it has been demonstrated that using 1-bit binary
patterns is advantageous over 8-bit sinusoidal phase-shifted fringe patterns especially on the
digital-light-processing (DLP) projection platform [4]. By properly defocusing the projector,
square binary patterns becomes pseudo sinusoidal patterns [5]. Researchers have achieved speed
breakthroughs with the binary defocusing technique on the DLP platform [4], yet such a method
requires careful adjustment of the projector’s lens to within a small out-of-focus range, limiting
its depth measurement capability.

To improve phase quality, Ayubi et al. [6] developed the sinusoidal pulse width modulation
(SPWM) technique, Wang and Zhang [7] developed the optimal pulse width modulation (OPWM)
technique, and later Zuo et al. [8] developed the optimization strategies for the SPWM technique.
These modulation and optimization techniques could improve phase quality when the fringe
period is relative small, however, if the fringe period is very large or too small, they fail to
produce high-quality phase. To improve the phase quality for large fringe periods, Xian and Su
developed the area modulation technique [9] to generate high-quality sinusoidal patterns using the
high-accuracy fabrication, and Wang and Zhang [10] employed the dithering/halftoning technique
developed in the printing field to generate high-quality fringe patterns through defocusing.
However, the area modulation and dithering technique only works well for large fringe periods.
In summary, the attempts to optimize the binary pattern itself have substantially improved
measurement quality, yet they only work well for a limited range of fringe period variations
especially when a small number of phase-shifted fringe patterns are used.

In lieu of relying solely on those patterns, researchers also attempted to improve phase
quality by taking advantage of the temporally acquired information. Ayubi et al. [11] directly
took 8 binary bits of the sinusoidal pattern, projected and captured each bit pattern separately
sequentially, and finally combined them after image acquisition. The concept of this idea is
good, yet, due to non-perfect hardware system and sampling, such a method does not work
well in practice. Furthermore, it requires the acquisition of 8 images for each sinusoidal fringe
pattern, which is not desirable for high-speed applications. Zhu et al. [12] developed a method
to improve phase quality by optimizing four binary dithered patterns. Yet, this method still
requires the 4 patterns to be used to represent one sinusoidal pattern. Silva et al. [13] proposed
the colored PWM technique to reduce the number of images to be three. Unlike the previous
temporal structured pattern modulation methods, this technique requires the blend of color for
pattern generation. Even though such a method could improve the phase quality, they ignored
the fact that the color spectrum response of the projector and that of the camera, making such
a technique very difficult for practical hardware systems to achieve similar level of quality as
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the simulation demonstrates. Zuo et al. [14] then employed triangular pulse width modulation
(TPWM) technique, and represented each desired patterns with an average of 2 binary patterns
for better quality phase generation. This method works reasonably well for middle range fringe
periods, but may be challenging to be directly employed for the small or large fringe periods.

This paper proposes a method to generate high-quality fringe pattern by taking the difference
of two 1-bit binary patterns: the first pattern is generated by the TPWM technique, and the
second being 7 shifted from the first pattern is also generated by TPWM technique. A three-step
phase-shifting algorithm is then applied to the difference of modulated patterns for phase retrieval.
Through optimizing the modulation frequency of the triangular carrier signal, we will demonstrate
that high-quality phase can be generated for a wide range of fringe periods (e.g., from 18 to 1140
pixels) with only six binary patterns. This paper will present the theoretical foundation of the
proposed technique, and the optimization framework for “best” carrier frequency selection, and
both simulation and experimental results will be carried out for validation. Finally, the optimized
patterns are implemented on the DLP development kit (e.g., LightCrafter 4500) to achieve 30 Hz
high-quality 3D shape measurement.

Section 2 explains the principle of the proposed method. Section 3 shows simulation and
experimental results to verify the performance of the proposed method; and Sec. 4 summarizes
the paper.

2. Principle
2.1. Three-step phase-shifting algorithm

Phase-shifting methods are widely used in optical metrology because of their speed and
accuracy [15]. In this paper, we adopt a three-step phase-shifting algorithm with a phase shift of
27 /3 for high-speed application; and the fringe patterns can be mathematically described as,

Li(x,y) = I'(x,y)+1I"(x,y)cos(¢ —2m/3), (1)
IZ(X’ y) = I’()C, y) + I,I(x’ y) COS(¢)’ (2)
L(x,y) = I'(x,y)+1"(x,y)cos(¢ + 2nr/3), 3)

where I’(x, y) is the average intensity, I”’(x, y) the intensity modulation, and ¢(x, y) the phase to
be solved for. The phase can be calculated from Egs. (1)-(3) as

¢(x,y) = tan”" [V3(I, - )/ 2L - I, - I3)] . 4)

The arctangent function yields a phase value ranging [—n, +7) with 27 discontinuities. In order to
remove the 27 discontinuities and obtain the absolute phase map, a temporal phase unwrapping
algorithm (e.g., two- and multi-frequency phase-shifting algorithm) is usually required. The
unwrapped phase can be converted to (x, y, z) coordinates for each point once the system is
calibrated.

2.2. Double-pattern triangular pulse width modulation (TPWM) technique

Figure 1 illustrates the basic principle of the TPWM technique. By comparing a reference
sinusoidal signal with a carrier triangular signal, the TPWM wave can be generated with switched
binary-state pulses. For a naturally sampled TPWM signal, the spectrum can be modeled by a
double Fourier integral analysis method [16]. And if the carrier triangular signal is symmetric
about zero with an amplitude of C,,, ( = 1 in our case), and the reference sinusoidal signal with an
amplitude of R; (= 1 in our case) without DC offset, the modulated signal switches from -1/2
to +1/2 (binary states), as shown in the bottom row images of the Fig. 1. This special case of
TPWM technique is also called bipolar double-edge modulation (BDEM) [16]. Mathematically,
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the modulated signal can be described as

M
pwm,(x) = 5 cos(27 fox + 09)
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where M = 2R /C,, is the modulation index, 6 is the initial phase of the reference sinusoidal
signal, 6, is the initial phase of the carrier signal, and

j—n 2 )
Jn(Z) -7 e/ZCOSHejanH (6)
T Jo

is the Bessel functions of the first kind. Here j denotes the imaginary symbol.
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Fig. 1. Principle of triangular pulse width modulation with different initial phase values. (a)
Cosine function with initial phase 6y = 0; (b) cosine function with initial phase 6y = 7.

Assume 8. = 6y = 0 in Eq. (5), then

pwm, (x) = % cos(27 fox)

+ i {% sin [% Jo (W;M) cos [m(27rfcx)]}

m=1
+ mzzl n_:il {% (m -;n)ﬂ Jn (W;M) cos [2mn f, + 2n7rf0)x]} . @)

Figure 1(a) illustrates an example of generating PWM signal with initial phase of 6y = 0.
If the reference sinusoidal wave is shifted by 7 when 6, = 0, as shown in Fig. 1(b), another
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TPWM wave can be obtained, whose mathematical representation can be written as

pwm,(x) = % cos(2x fox — 1)

+ 2 {% sin [% Jo (W;M) cos [m(27rfcx)]}

' mZ:l n_:zil {% o s -;n)ﬂ I (mZM) cos [(2mn fo +2nm fo)x — nﬂ]} . ®)

Taking the the difference of these two TPWM signals shown in Egs. (7) and (8) leads to

pwm(x) = pwm; (x) — pwm,(x)
= M cos(2x fyx)

Y {%COS[(W+n')ﬂ]fzn'—l(M'ﬂM)008[47Tm'fc+(4n’—2)ﬂf0]x}' ©)

m’'=1n'=-oco

where m = 2m’ and n = 2n’ — 1.
Figure 2 illustrates the difference signal by taking the difference between those two TPWM
signals.

y4
+1/12 - - yaA
+1

»
»
X

-172 - L

PWM1
+1/2] 1 —~| = e fam i

> -1
gL [ UL PWM = PWM1-PWM2
PWM2

Fig. 2. Proposed difference signal by taking the difference between the TPWM signal with
the initial phase 8y = 0 and that with the initial phase 6y = 7. The left two signals show the
originally PWM signals and the right shows the difference signal.

By examining Eqgs. (7) and (8), the difference of these two equations, as shown in Eq. (9), has
the following properties

* all the harmonics at frequency introduced by the carrier signal are cancelled. That is, no
signal at frequencies f = mf, present in the difference signal;

* when m + n are even numbers, all the sideband harmonics are cancelled. That is, no signals
at frequencies f = mf. + nfy present in the difference signal if m + n are even numbers;

¢ when m are odd and n are even numbers, all the sideband harmonics are cancelled. That is,
no signals at frequencies f = mf. + nfy present in the difference signal if m are odd and n
are even numbers; and

* there is no DC signal.
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Therefore, the difference signal only has desired fundamental frequency and the sideband
harmonics at frequencies f = mf. + nfy when m are even and n are odd numbers, as described
in Eq. (9). By taking the differences of these two TPWM signals, the harmonic impact of
each individual PWM is significantly alleviated, making it easier to generate higher quality
sinusoidal patterns by defocusing or applying low-pass filters. In addition, proper adoption
of a phase-shifting algorithm can also cancel out some harmonics error for phase generation.
Apparently, the selection of carrier frequency signal becomes critical since the signal frequency
is fixed. Due to the discrete nature of digital fringe projection techniques, we found that an
optimization framework can be developed to determine the “best” modulation frequency such
that the result phase quality to be “highest” for a given phase-shifting algorithm. Next subsection
will discuss the computation framework that we developed.

2.3. Computation framework for optimal modulation frequency selection

For any frequency (fp) fringe pattern (i.e., the fringe period T = 1/ f; pixels), we generated the
resultant three phase-shifted modulated patterns and three 7 shifted modulated patterns with
modulation frequencies ranging from 3 fj to (/2 — 1) fy. And for each modulation frequency, we
applied n X n pixel Gaussian filters with standard deviation of n/3, here n = 3,5,7,...,15,17, 19.
These filter sizes represent various amounts of defocusing levels. The phase was retrieved from
the difference fringe patterns by employing the three-step phase-shifting algorithm. We computed
the phase root-mean-square (rms) error for each filter size, and plotted the phase rms error as
a function of filter size for each modulated pattern. These error plots were then inspected to
determine the “best” candidate for a given frequency fy fringe patterns.

Figure 3 shows an example of selecting the best modulation frequency for the fringe frequency
of fy = 1/60 pixels~!, or fringe period of T = 60 pixels. The modulation frequencies we used range
from f. = 3fp to f. =29 fo, and thus 27 different candidates were created. Four representative
candidates and the associated phase rms error plots are shown in Fig. 3. From all phase rms error
plot, one can clearly see that the modulation frequency f. = 25 fp should not be considered further
because the overall phase rms error (shown in Fig. 3(h)) is larger than other three especially
when filter sizes are small. Comparing to the phase rms plots using modulation frequencies
Je = 14fp and f. = 22 fy, the resultant phase rms error obtained from the modulation frequency
of f. = 11y is significantly larger when the filter size n = 3, therefore, modulation frequency
fe = 11 should not be considered further. For the remaining two candidates, although when
the filter size is n = 3 the phase error is slightly smaller when modulation frequency is f. = 14 fp,
its phase error drops less when filter size increases to n = 5, therefore, the modulation frequency
Jfe =22 fp was chosen as the “best” candidate.

Figure 4 shows the frequency spectrum analysis of the “best” modulation pattern chosen from
the previous step. Figure 4(a)-4(c) respectively shows the PWM pattern, the 7 phase-shifted pwm
pattern, and the difference pattern between the regular and the 7 phase-shifted pattern. We then
took one horizontal cross section of each pattern, and analyzed its frequency spectrum. Figure 4(d)
and 4(e) respectively shows the frequency spectrum of the regular PWM pattern and that of the 7
phase-shifted pattern. On can clearly see that the DC component is not zero, and the dominant
2nd - 6th harmonics are not zero, resulting in phase error and thus measurement error for 3D
shape measurement. Figure 4(f) shows the spectrum of the difference pattern. It clearly shows
no DC component, and the 2nd, 4th-6th order harmonics are completely eliminated. The only
low-order harmonic component remained is the 3rd order, which can be effectively eliminated
by a three-step phase-shifting algorithm [17]. Therefore, only a small amount of defocusing is
necessary to effectively suppress the 7th and higher order harmonics for high-quality phase-based
3D shape measurement.

It is important to note that when we chose the “best” candidate, the chosen phase-shifting
algorithm plays a critical role. Although the pattern shown in Fig. 3(a) may appear the best
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Fig. 3. Representative candidates of the difference patterns and the corresponding phase rms
error with different modulation frequencies and different filter sizes. fi. = 22 f; is considered
to be the “best” candidate. (a)-(d) One of the resultant three phase-shifted difference patterns
with modulation frequency f. = 11fy, fo = 14/, fo = 22fy.fc = 25 fy, respectively; (e)-(h)

corresponding phase rms error.
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Fig. 4. Frequency spectrum of the pwm patterns. (a) Regular pwm pattern; (b) 7 phase-shifted
pwm pattern; (c) difference pattern; (d) - (f) frequency spectrum of the above pattern shown
in (a)-(c) respectively.

sinusoidal structures, the phase error is clearly much larger than the apparently less sinusoidal
pattern shown in Fig. 3(c). This fact was mistakenly understood by Ayubi et al. [18], leading to
their incorrect comments on the optimal pulse width modulation paper written by Zhang and
Wang [7]. It should also be noted that if a different phase-shifting algorithm is chosen, the “best”
candidate may be different. Therefore, our selection is closely tied to the phase-shifting algorithm
used for high-speed applications.

3. Experiments

We first employed the optimal modulation frequency selection process discussed in Subsec. 2.3 to
determine the “best” modulation frequencies for fringe periods ranging from 7 = 18 to T = 1140
pixels (i.e., fringe frequency fy = 1/T ranging from 1/1140 to 1/18 ). Table 1 summarizes the
fringe periods and the corresponding “best” modulation frequency for each fringe period. Note
that on the table K denotes the modulation frequency of K X fj.

Figure 6 shows the phase rms error for all different fringe periods with the best modulation
frequency summarized in Table 1. We then applied four different filter sizes to those best
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Table 1. “best” modulation frequencies for a large range of fringe periods.
T (pixels) | 18 | 36 | 60 | 120 | 180 | 240 | 300 | 360 | 420 | 540 | 810 | 1140
K (fo) 712 | 22| 42 58 38 52 27 57 48 57 117

modulated patterns and compute phase rms errors. Figure 5(a)-5(d) respectively shows the
resultant filtered pattern with filter size n = 3, 9, 15, 21 pixels for the pattern shown in Fig. 3(g)
where T = 60 pixels.

(a) ®) ©) (d)

Fig. 5. Resultant fringe patterns with different amount of defocusing for fringe period of T’ =
60 pixels. (a) Gaussian filter size 3 X 3; (b) Gaussian filter size 9 x 9; (c) Gaussian filter size
15 x 15; (d) Gaussian filter size 21 x 21.

Figure 6(a) shows phase rms error for all these patterns under different amounts of defocusing
(e.g., applying different sizes of Gaussian filters). This figure shows that the phase rms error is
very small overall (around 0.1 rad) when fringe patterns are nearly focused (i.e., the filter size is
n = 3), even for very wide fringe patterns (e.g., T = 1140 pixels). This simulation result indicates
that the proposed method can work well for a wide range of fringe patterns even under a small
amount of defocusing (or the projector is nearly in focus). One may also notice when the filter
size increases (i.e., the amount of defocusing increases), the phase error decreases, as expected.
However, if the amount of defocusing is too much (e.g., the filter size n = 19 pixels), the phase
error for the narrow fringe patterns (e.g., T = 18 pixels) actually increases due to the reduced
fringe contrast.

—o-T=-1140| @ —e-T=1140
—-o-T=810| = —e—T = 810
T=540| 5 T= 540
—-T=420| £ —o—T= 420
—o—-T = 360 —o—T = 360
T=2300| » T =300
—e—T= 240 ——T = 240
—e-T =180 —e—T =180
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T= 60 T= 60
—e-T= 36 —e-T= 36
. 0 . —o-T= 18 3 4 5 —-o-T= 18
Filter size (pixels) Defocusing level
(@ (b)

Fig. 6. Phase rms error of the best modulation frequency for various fringe periods. (a)
Results from ideal modulated patterns for various filter sizes; (b) experimental data for seven
different amounts of defocusing.

We then evaluated the quality of the modulated binary patterns through experiments. We devel-
oped a 3D shape measurement system that includes a complementary metal-oxide-semiconductor
(CMOS) camera (model: PointGrey GS3-U3-23S6M-C) that is attached with a 12 mm focal
length lens (model: Computar M1214-MP2). The camera resolution was set as 640 X 480 and a
DLP developmental kit (model: Texas Instruments Lightcrafter 4500) with a 912 x 1140 native
resolution. The Lightcrafter projector was synchronized with the camera by using an external
microprocessor (model: Arduino UNO) that simultaneously sends two trigger signals: one to the
camera and one to the projector. The system was calibrated using the out-of-focus structured
light system calibration method developed by Li et al. [19].
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A flat white paper was measured to characterize the performance. We captured six binary
patterns for each fringe period. We compared the measured phase quality by taking the difference
between the measured phase @ and a reference phase ®". The reference map was generated by
taking 20 averages of 18-step phase-shifted fringe patterns with a fringe period of 7' = 18 pixels,
and then smoothed out by a Gaussian filter with a size of 21 x 21 pixels. To determine phase
error, we took the difference between the measured phase map @ with a fringe period of T pixels
and the reference phase map ®” with a fringe period of 18 pixels as

AD = ®— D" xT/18. (10)

Seven different amounts of defocusing was used and Figure 6(b) shows phase difference rms
error for all fringe periods. They overall conform with the simulation data fairly well: the phase
errors are consistently very small even when the projector is nearly focused.

Since high-quality phase can be generated with different fringe periods, it is straightforward
to realize multi-frequency phase-shifting algorithm with these modulated patterns for absolute
3D shape measurement. Using the same 3D shape measurement hardware system, we measured
a complex statue with fringe periods of 7" = 36, 120, 360 and 1140 pixels. Figures 7 and 8
show the results. Figure 7(a) shows the photograph of the statue measured. Figure 7(b)-7(e)
respectively shows one of the phase-shifted fringe patterns for fringe period 36, 120, 360, and
1140 pixels. These patterns clearly demonstrated that the projector is nearly focused since
the binary structures are quite obvious on long period fringe patterns. We then computed the
difference fringe patterns, and Figure 7(f) shows one difference pattern with a fringe period of
T = 36 pixels. The wrapped phase can be computed from these difference fringe patterns for
each fringe periods. Figures 7(g)-7(j) show the corresponding wrapped phase maps.

7=
Sz N Su—

® i )

Fig. 7. Measurement result of a complex 3D statue. (a) Photograph of the statue; (b) - (e)
one of fringe patterns for fringe period 36, 120, 360, and 1140 pixels, respectively; (f) one
of the difference fringe patterns for fringe period 36 pixels; (g)-(j) wrapped phase for fringe
period 36, 120, 360, and 1140 pixels, respectively.

The temporal phase unwrapping algorithm can be then applied to unwrap all high-frequency
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phase maps, and the unwrapped high-frequency phase map can then be used for 3D shape
reconstruction. Figure 8 shows the results. Since when the fringe period T = 1140 pixels, one
single fringe covers the entire projection span, no phase unwrapping is necessary. In other words,
the wrapped phase, ¢1140, is identical to unwrapped phase @149 (i.e., P1140 = P1140). There are
multiple methods to unwrap the highest frequency phase (i.e., ¢3¢ at T = 36 pixels) with these
four frequency wrapped phase maps. We first directly used @49 to unwrap the high-frequency
phase ¢3¢ for 3D shape recovery, as shown in Fig. 8(a). We then combined one of the middle
range frequency phase ¢3g0 or ¢129 with @149 to unwrap the high frequency phase for 3D
reconstruction. Basically, we used @149 to unwrap the middle range frequency phase, and used
the unwrapped middle range frequency phase to unwrap the high frequency phase. Figure 8(b)
and 8(c) respectively shows the 3D result by adding the wrapped phase of fringe period 360
pixels, ¢3¢0 and that of fringe period of 120 pixels, ¢120. Finally, we combined all these frequency
phase maps together to unwrap the highest frequency phase and reconstructed 3D shape, as
shown in Fig. 8(d).

Fig. 8. Resultant 3D shapes of the complex 3D statue with different temporal phase
unwrapping algorithms. (a) 3D from the unwrapped phase obtained by using the phase of
fringe period T = 1140 pixels; (b) 3D from the unwrapped phase obtained by using the
phase of fringe periods 7 = 1140 and 360 pixels; (c) 3D from the unwrapped phase obtained
by using the phase of fringe period 7 = 1140 and 120 pixels; (d) 3D from the unwrapped
phase obtained by using the phase of fringe period 7' = 1140, 360, and 120 pixels; (e)-(h)
zoom-in view of the bottom left corner of the above 3D geometry.

Comparing with all these different combinations, one can visually see that directly unwrapping
the highest frequency phase with the lowest frequency phase provides overall high-quality result,
although there some unwrapping artifacts near the boundary areas: the spiky noise points as
shown in Fig. 8(e) due the largest difference between the low fringe period and the high fringe
period; adding a middle range phase can reduce the boundary unwrapping artifacts but may
not be able to completely eliminate them all; and using all four frequency phase provides the
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Fig. 9. Typical frames of real-time 3D shape measurement using standard two-frequency
phase unwrapping method (associated Visualization 1 and Visualization 2). Top row shows
different hands gestures, and bottom row shows different facial expressions.

cleanest result, as expected. These experimental results demonstrated that 1) the phase quality
generated by the proposed method are indeed high even for the very wide fringe pattern (i.e., T
= 1140 pixels) since it can be used to unwrap the high frequency phase directly, and 2) adding
other frequency components can increase measurement quality but requiring the acquisition of
additional fringe patterns, which may not be desirable for high speed applications.

We also carried out real-time 3D shape measurement using the same hardware setup. For
these experiments, the projector refreshes binary patterns at 360 Hz, and the camera captures
the projected fringe patterns at the same frame rate. After data acquisition, we employed the
two-frequency phase-shifting algorithm, and chose the low frequency fringe period as 1140
pixels and the high-frequency fringe period as 36 pixels. Since 12 patterns are needed to recover
one 3D geometry, the actual 3D shape measurement speed is 30 Hz. Figure 9 shows some
3D frames and the associated Visualization 1 and Visualization 2 contain the entire captured
sequences. Again, the phase quality from such a low frequency fringe patterns is sufficient to
unwrap such a high-frequency phase map, albeit there are some phase unwrapping artifacts near
the boundary areas. It is important to note that we employed a small (i.e., 5 x 5) filter to reduce
phase unwrapping artifacts.

Furthermore, we measured dynamic hand gesture motions and facial expressions with the
enhanced two-frequency phase-shifting algorithm [20]. Here we chose the fringe period of
360 pixels for the low-frequency fringe patterns and 36 pixels for the high-frequency fringe
patterns. The entire setting was the same as those data shown in Fig. 9, and the hands and facial
motions were ensured to be as close as possible. Figure 10 shows some typical frames of the
measurement results; and the associated Visualization 3 and Visualization 4 show the entire
captured sequences. Comparing with 3D data reconstructed from the standard two-frequency
phase-shifting algorithm, the enhanced two-frequency phase-shifting algorithm further improved
the quality of reconstruction by reducing phase unwrapping artifacts near the boundary areas,
albeit the overall depth range is limited.
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Fig. 10. Typical frames of real-time 3D shape measurement using the enhanced two-frequency
phase unwrapping method (associated Visualization 3 and Visualization 4). Top row shows
different hands gestures, and bottom row shows different facial expressions.

All these simulation and experimental results demonstrated that our proposed a double-pattern
TPWM technique could generate high-quality phase for a wide range of fringe periods with
only six binary patterns. With this capability, the multi-frequency phase-shifting algorithm was
successfully realized for absolute phase retrieval.

4. Summary

This paper has presented a method to generate high-quality phase by representing each pattern
with the difference of two binary patterns: the first binary pattern is generated by triangular pulse
width modulation (TPWM) technique, and the second being 7 shifted from the first pattern is
also generated by TPWM technique. This paper also presented a framework to select the optimal
modulation frequency of the triangular carrier signal to generate the highest possible phase
quality when a phase-shifting algorithm is applied. Both simulation and experiment demonstrated
that high-quality phase can be generated for a wide range of fringe periods (e.g., from 18 to 1140
pixels) with only six binary patterns. This paper further developed a 3D shape measurement
system that achieved 30 Hz using binary patterns generated by the TWPM technique.
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