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High-speed and high-precision 3D shape measurement plays a central role in diverse applications such as
automatic online inspection, robotics control, and human-computer interaction. Conventional multi-frame
phase-shifting-based fringe projection profilometry techniques face inherent trade-offs between the speed and
measurement precision, which are fundamentally limited by the fringe density and extra pattern projections used
for de-ambiguity of fringe orders. Increasing the frequency of the projection fringes can obviously improve the
measurement precision; however, it creates difficulties in the subsequent phase unwrapping. For this reason, to
date, the frequency of the fringes in typical real-time 3D shape measurement techniques is generally less than 30
to guarantee a reasonable reliability of phase unwrapping. To overcome this limitation, a bi-frequency phase-
shifting technique based on a multi-view fringe projection system is proposed, which significantly enhances the
measurement precision without compromising the measurement speed. Based on the geometric constraints in a
multi-view system, the unwrapped phase of the low-frequency (10-period) fringes can be obtained directly, which
serves as a reference to unwrap the high-frequency phase map with a total number of periods of up to 160. Besides,
the proposed scheme with 10-period and 160-period fringes is suitable for slightly defocusing projection, allowing
a higher projection rate and measurement speed. Experiments on both static and dynamic scenes are performed,
verifying that our method can achieve high-speed and high-precision 3D measurement at 300 frames per second
with a precision of about 50 pm. © 2017 Optical Society of America

OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (150.6910) Three-dimensional sensing; (120.5050) Phase
measurement; (150.0150) Machine vision.
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1. INTRODUCTION

Optical three-dimensional (3D) measurement is playing a sig-
nificant role in both scientific and industrial areas due to its
non-contact nature [1]. Among these optical approaches, fringe
projection profilometry (FPP) has proven to be one of the most
promising techniques for high-resolution whole-field 3D
reconstruction, especially for measuring the motion or defor-
mation of dynamic objects [2—5] with the rapid development
of the digital mirror device (DMD). Fourier transform profil-
ometry (FTP) [6-11] and phase-shifting profilometry (PSP)
[12—-16] are the mainstream techniques in FPP, and in this field
the primary task is to improve the measurement precision and
decrease the sensitivity to dynamic scenes.

To reduce the potential motion artifacts, some researchers
proposed FTP [6-11] by which only a single fringe pattern is
sufficient to retrieve the phase. High efficiency in phase

geometrically simple to avoid spectral overlapping problem.
A valid method that can refrain from this frequency problem
is 7 phase-shifting FTP [17] by adding another fringe pattern.
However, the measurement accuracy is still seriously limited
by information about the noise and bandwidth of the modu-
lating signals of the pattern to be analyzed, and up to now,
how to increase the measurement accuracy of FIP is still a
challenge.

Compared to FTP, PSP has the advantages of higher accu-
racy, larger resolution, and greater insensitivity to ambient light
[18-21]. This method has been extensively applied in static 3D
measurement and can achieve high precision by simply projec-
ting a large number of low- and high-density fringe patterns.
The rapid development of the DMD technique in recent years
endows PSP with the ability of dynamic 3D measurement
by increasing projection speed of the fringe patterns, which

retrieval enables FIP to perform well in real-time 3D shape
measurement, but the measured surface is supposed to be
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is another way to reduce motion artifacts [12—16]. Being differ-
ent from static measurement, dynamic measurement requires a
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small number of projection patterns. The minimum number of
projection patterns in the phase-shifting method is three, and
the spatial phase unwrapping approach [22-24] is utilized to
obtain the absolute phase. However, the spatial phase unwrap-
ping algorithm fails in regions with depth discontinuities (com-
plex surface) [25]. To measure complex surface, a temporal
phase unwrapping algorithm [26—30] has to be used in which
several additional fringe patterns are projected to obtain an aux-
iliary phase for phase unwrapping. Assuming the ambient light
keeps constant in a short time, the total number of projection
patterns can be decreased to five by using bi-frequency phase
shifting scheme [16]. This approach has been successfully dem-
onstrated for high-speed (kHz) [16] and real-time [31] 3D
shape measurements of dynamic scenes. But in order to unwrap
the phase accurately, the frequency of the high-density fringes is
restricted to about 20 due to the limitation of the number of
projection patterns. It is well known that under the same con-
ditions, low density fringes generally result in a phase with low
sensitivity, so the measurement precision is still much lower
than the multi-frequency method (number of frequency >3)
applied in static measurement. Besides the spatial phase un-
wrapping algorithm and the temporal phase unwrapping algo-
rithm, a novel phase unwrapping scheme, the geometric
constraints phase unwrapping algorithm, was introduced to
EPP [32]. Several approaches based on this basic principle were
proposed, and the real-time 3D profilometry using minimum
fringe patterns comes true [33-36]. Some of these methods,
such as [34] and [35], can realize high-precision measurement
by using high-density fringes, but the measurement volume
must be restricted to a small area.

Dozens of FPP approaches have been proposed, and they
have made important contributions to this field. However,
the trade-offs between the measurement speed and precision
are unavoidable to guarantee the robustness of phase unwrap-
ping. The real-time or high-speed FPP methods often focus on
the measurement speed, and the number of projection patterns
is severely restricted to decrease the motion error. In this case,
adopting low-frequency fringes is in accordance with the prior-
ity of reliable phase unwrapping but obtains low measurement
precision. The static schemes, on the contrary, stably retrieve
absolute phase of high-frequency fringes by projecting quite
a number of reference patterns so the measurement precision
is much higher, but they are applicable only for static scenes. In
this paper, we present a bi-frequency phase-shifting technique
based on a multi-view system to increase the fringe density with
five projection patterns so that the measurement precision can
be improved greatly in real-time 3D shape measurement. Two
low-frequency fringe patterns and three high-frequency fringe
patterns are projected onto the measured objects, and the two
related phase maps can be calculated from these fringes, respec-
tively. Then the low-frequency phase map is unwrapped di-
rectly by the geometric constraint, and the obtained absolute
phase map is utilized to calculate the high-frequency one through
multi-frequency phase unwrapping, which has proven to be
more accurate than other temporal phase unwrapping algorithms
[26]. Besides, the proposed scheme with 10-period and 160-
period fringes is suitable for slightly defocusing projection,
allowing for higher projection rate and measurement speed.
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2. PRINCIPLE

A. Three-Step Phase-Shifting Algorithm

The N-step phase-shifting algorithm is a well-known method
in PSP due to its insensitivity to the surface reflectivity and
ambient light. A set of phase-shifting sinusoidal patterns are
projected, and the minimum number of images is three.
Provided that both the ambient light and the reflectivity keep
constant then within a short period, the three standard phase-
shifting fringe patterns with shift offset of 277/3 are captured as

I, = A+ By cos ¢;,
I, = A+ B; cos(¢p; + 27/3),
]3 =A+BL COS(¢L+477:/3), (1)

where 7, 7,, and /5 are the recorded intensities, A is the DC
component, B; is the signal amplitude, and ¢; is the phase.
The phase ¢; corresponds to projector coordinates and height
coordinates derived as [37]

oW
7 = VX, = ——— 2
F@hs, =S @
where X, is the projector x coordinate, W is the horizontal res-

olution of the projection pattern, N; is the number of periods
of the sinusoidal fringes, and Z is the height in 3D space. This
means if phase ¢; is known, the 3D position can be calculated
using calibration parameters between the camera and the
projector [37]. The wrapped phase ¢; can be calculated as
follows [12]:

V35 -1,)
QY = arctanﬁ. (3)
The relationship between ¢; and ¢; is
¢L :(pL+2/€ﬂ, /eE[O,NL— 1], (4)

where £ is the period order. If the V; is chosen as one then for
all the points in the wrapped phase, we have ¢; = ¢;, which
means the height information of each point is available. Larger
N will improve the phase precision, but in this case, confirming
the # of an arbitrary point needs a further algorithm. Temporal
phase unwrapping is the robust algorithm to eliminate period
ambiguities by the projection of multi-group fringe patterns with
different frequencies [26]. To decrease the motion artifacts, the
number of fringe patterns should be as small as possible, so the
bi-frequency scheme becomes the most commonly used method
in dynamic measurement. Generally, at least six fringe patterns
are necessary to conduct temporal phase unwrapping. In a high-
speed projection system, the ambient light can be considered a
constant value in a short period, so the minimum number of the
fringe patterns in the bi-frequency scheme can be reduced to five.
This property is utilized in [16] by projecting other two patterns
with different fringe frequencies

14 =A+BHSIH¢H
Is = A+ By cosy, (5)

to get another phase map ¢, where /4, /5 are the recoded
intensities, By is the signal amplitude, and ¢; is the absolute
phase. As the average intensity A is a constant value in /; - /5,
we can easily derive
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I I 1
A= 1 + 2 + 3 (6)
3
from Eq. (1). Then the wrapped phase is formulated as
Ii-A
= . 7
Pu I,-4 7

Finally, the two phases with different frequencies (¢ and @)
can be unwrapped with each other by temporal phase unwrap-
ping approaches.

However, to guarantee the reliability of phase unwrapping,
the frequencies of the fringes are still less than 30. Three main-
stream temporal phase unwrapping methods have been pro-
posed [26], and the multi-frequency approach performs most
reliably among the three kinds of algorithms. But the one-
period fringes serving as auxiliary fringes also restrict the fre-
quency of high-density fringes. Increasing the frequency of the
auxiliary fringes becomes the direct method to reliably obtain
absolute phase of higher-density fringes in the bi-frequency
scheme. The key to this problem is how to directly unwrap the
phase of the auxiliary fringes when these fringes are not one period.

B. Phase Unwrapping for 10-Period Fringes
Geometric constraints in a multi-view system are widely
applied in the image correlation area because it can increase
the efficiency of exploring the corresponding point. Generally
speaking, an arbitrary point p in one perspective corresponds to
a straight line in 3D space, and the projection segment of this
line in another perspective. Supposing that the images to be
correlated are wrapped phase maps, according to Eq. (2) p
has N; corresponding points (also called candidates in this
paper) in 3D space, and this is shown in Fig. 1. It is a fact that
the measurement volume in our system is not infinite, and the
estimated depth range is known in advance so the correspond-
ing points beyond this depth range can be rejected. As shown in
Fig. 1, only a few numbers of points between 23, and Z,,
remain to be confirmed in the further process. The number of
these retained points is restricted by the depth range [Z .,
Z ) as well as the fringe density NV;. In order to explain
the relationships qualitatively, Eq. (2) is rewritten as [15]

N A4

Z=M X, = ,
z +szp+1 *» T 2N,

@)

where M 7, N, and C are the constants derived from calibra-
tion parameters. Once the system (or calibration parameters)

—

Zmax

Usable
volume

Camera 1 Camera 2

Jrloije.!or
Fig. 1. Illustration of an arbitrary point p in one camera and its
corresponding points in 3D space and another camera.
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and the measurement depth range are fixed, the smaller V;
is, the longer the spacing between the adjacent candidates is,
which implies the less candidates will remain. In this system,
the values of Z,,;, and 2, are set to ~200 mm and 200 mm,
respectively. Besides, /V; is equal to 10, then about one or two
candidates are reserved and projected to another wrapped phase
map from the second camera. The projection point having the
nearest phase value with p is eventually selected as the correct
corresponding point. Now, we could obtain an unwrapped
phase map of 10-period fringes as well as the “coarse” 3D
reconstruction result with a relative low precision.

C. Precision Analysis and Improvement

Through the three-step phase-shifting algorithm and geometric
constraints, an absolute phase map of 10-period fringes is ob-
tained, but the final measurement precision calculated with this
map still needs improvement. The essential factor affecting pre-
cision is the noise, and the captured images /7 in Eq. (1) should
be rewritten as

To simplify our analysis, we assume that the noise is additive
Gaussian random variable 7; ~ N(0, 6,,). Then the wrapped
phase @} can be calculated by substituting Eq. (9) into Eq. (3):

y V35 -1,) + N,
L2l -1, -1+ Ny

where N| = /3(n3 - n,), N, = 21y - (ny + n3). Auxiliary
variables V| and IV, also obey the Gaussian distribution, i.e.,
N, ~N(0,60%) and N, ~ N(0,662). The measured phase
can be considered as the sum of the actual phase and the phase
error caused by the noise. Thus, we have

N, cos ¢p; - N, sin ¢y
3B; + N, cos ¢p; + Ny sin ¢

Usually, the noise is usually much smaller than the intensity
modulation 3B;, so Eq. (11) can be further approximated as

N] COsS ¢L_N2 sin ¢L
3B, ‘

According to the analysis in [18,26], the variance of the phase
error 6, can be represented as

o2~ 662(cos 2 + sin ¢?) _ V6o, 2.
Aor (3B,)* 3B;

It is implied in Eq. (13) that 6,,, linearly increases with o,,,
and decreases with B;. It should be noted that the absolute
phase has the same phase error as o5, from Eq. (13), and this
phase error is marked as 6,,,. However, the 6,4, should be
scaled into the dynamic range [0, 27) when converted to the
3D coordinate in Eq. (2), which means the equivalent phase
error of 6,4, decreases with V;. Because 6, and B; are difficult
to optimize, increasing the value of N; becomes the most ef-
fective method to improve the precision of ¢;. Certainly, it is
difficult to increase the V; directly according to the analysis in
Section 2.B, and an advisable method is to project extra fringe
patterns with higher frequency. Supposing the ambient light in
a short time keeps constant, then by adding two high-frequency
fringe patterns,

(10)

(11)

Ap, =@ - =

(12)

Ag; =

(13)
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I} = A+ By sin ¢y + ng, IS = A+ By cos ¢y + ns,
(14)
we are able to achieve the high-density wrapped phase ¢, with
the fringe periods Ny (Ny > Ny):
I - A" - ny

_- 1
[g—An—ﬂs ( 5)

@7, = arctan
where A” = (n; + n, + n3)/3. The phase error 6,,,, of @},
referring to Egs. (9)—(13), is

) 1262(cos %, + sin %)) V126,\?
0%, R 3 = . (16)
Vi (3By) 3By

It is the same as 6,4, of ¢, where ¢, is the calculated
unwrapped phase, and the equivalent phase error is
V126,/3By Ny, where /126,/3By Ny < ~/66,/3B,N .
This bi-frequency scheme can be called the “2H + 3L”
scheme, and there exists another alternative scheme called the
“3H + 2L” scheme to obtain a high-frequency wrapped phase
map with the same scheme but exchanging the periods of two
sets of fringe patterns.

The captured images in the 3H + 2L scheme are shown as

Ji =A+ By cos Yy + ny,

J5=A+ By cos(Wy + 27/3) + ny,

J3=A+ By cos(Wy + 4rn/3) + ns,
Ji=A+ By sin ¥, + ny,

J5=A+ By cos ¥ + ns. (17)

Here, we make a reasonable assumption that the average inten-
sity A and the modulations By and B; in this 3H + 2L scheme
are the same as those in the 2H + 3L scheme. ¥y; and ¥, are
the unwrapped phases of high-frequency fringes and low-
frequency fringes in the 3H + 2L scheme, respectively.
According to the previous analysis, the phase errors of the
wrapped phases y%, and w7 in this scheme are

o2 662(cos W2, + sin ¥2)) _ V6o6,\?
fwn (3By)? 3By )’

V120,\?
0xy, R ( 35, ) , (18)

and the equivalent error 65y, of W7, is V66,/3By; M, where
My is the number of periods of high-frequency fringes in
3H + 2L scheme.

To further analyze the minimum equivalent error of these
two schemes, we should evaluate upper limits to the values of
Ny, My, and By. The first limitation of the maximum value
of Ny or My is the noise. To explain the relationship between
the noise and Ny, Eq. (4) is updated as

/3

where “Round” represents the rounding function. To round
the value of (N g7 - ¢%;) /27 to the correct integer, we should
guarantee [20]

NH¢Z_§0”H_NH¢L_¢H
2r 2r

< 0.5. (20)
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In the 2H + 3L scheme, Eq. (20) can be replaced with
V66,N 5 N V120, -
3B;N; 3By
because the maximum value of noise is unknown; here, the
standard deviation o, is utilized to conduct a simple analysis.
Eq. (21) can be further simplified as
C-12
<——N,,
NG

where C = 3Byn /o, (assuming By = B;). Finally, the equiv-
alent phase error 6,4, meets the following inequality:

2 ﬂon

7 (21)

Ny (22)

> 23
o8 (C-V12)ByN, @3
In the 3H + 2L scheme, some similar inequalities,
- 24/2
L C-vE V20, (24)

M;, o >—,
VT S R TS NN /3Y S

are obtained, where M, is the number of periods of low-
frequency fringes in the 3H + 2L scheme, and it is same as
N ;. We can find the precision in these two schemes is almost
the same based on the fact that +/12 < C. To verify this con-
clusion, simulations are provided here with By = 0.5,
6, =0.05, N; =1, and M; = 1, and the results are shown
in Fig. 2. The error rate in this figure is the difference ratio
between the absolute phase of the fringes with and without
noise. Note that the errors at the edge of the phase map are
ignored, which has been found to be a common issue in current
temporal phase unwrapping approaches [26]. The 2H + 3L
scheme has a smaller error rate than the 3H 4+ 2L scheme;
in other words, the 2H + 3L scheme can unwrap higher fre-
quency fringes under the same error. From Figs. 2(b), 2(c),
2(e), and 2(f), we can find the number of fringe periods with
the same error rate in the 2H + 3L scheme is +/2 times than
the other one, which verifies the conclusions in Egs. (23) and
(24). However, the precision of the 3H + 2L scheme is V2
times higher if NV is equal to M ;. If we consider just the effect
of noise, these two methods should have the same precision,
but other limitations, such as the resolution of the projector,
will also have an impact on the final measurement precision.
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H §
£
=
=
£
O | gs Te Te.
S| 24 & L
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=
5. - -
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= Xioiel Kol Xpbel)
Error rate: <0.01% Error rate: <0.01% Error rate: 0.75%
O agy: 0. O a¢y: 0.0120(rad) 0 4¢y: 0.0083(rad)

Fig. 2. Simulation results of the 2H + 3L scheme and 3H + 2L
scheme under different N and M.
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In other words, the 3H + 2L scheme can achieve the same mea-
surement precision as the 3L + 2H scheme in the presence of
noise based on the phase measurement with 3 high-frequency
fringe patterns with less periods. This property makes the 3H +
2L scheme more robust to the defocusing blur. Besides, the
finite sampling effect of the projector pixel also imposes a limit
on the highest possible fringe density of high-frequency pat-
terns. Both the resolution restriction and the defocus effect
make the 3H + 2L scheme superior to the 2H + 3L scheme,
and for these reasons the 3H + 2L scheme is adopted in our
experiments.

3. EXPERIMENTS

A high-speed FPP system is set up to validate the properties
of the proposed method. This system includes a digital
light processing (DLP) projector (Light Crafter 4500) with
resolution of 912 x 1140 and two digital CMOS cameras
(AVT GigE Mako G-030B) with a maximum frame rate of
309 frames per second (fps) under the 644 x 484 resolution.
The cameras are synchronized with the projector using the
pulse signal sent out by DLP.

First, a ceramic plate was measured by the traditional
method and the proposed method. The specific improvement
of precision in the phase and the 3D coordinate is presented by
the comparison results of this static experiment. Second,
we tested a moving palm to verify the feasibility of 3D
measurement in dynamic scenes with high precision. Last,
the 8-bit fringe patterns are replaced with the 6-bit fringe
patterns to realize the high-speed FPP at 300 fps in slightly
defocused condition.

A. Precision Analysis

A ceramic plate was measured to verify the improvement in
precision. This ceramic plate has the precision of 1 pm so it
is qualified to serve as a standard planar surface. To ensure
the success rate in phase unwrapping, two one-period fringe
patterns and three 24-period fringe patterns are applied in
the conventional bi-frequency phase shifting method. In the
proposed method, the number of fringe periods with the
low frequency is 10, and the higher one is 160. 160-period
fringes are utilized to validate that the proposed algorithm
can obtain an absolute phase of high-density fringes easily
and simultaneously guarantee good modulation of the captured
fringes. This experiment includes testing the precision im-
provement of the unwrapped phase and the final 3D recon-
struction. Figure 3 plots the local detail, where Figs. 3(c) and
3(d) represent the phase error of line 333 in the unwrapped
phase of 24-period fringes and 160-period fringes, respectively.
The standard deviation in Fig. 3(c) is 3.41 times of that in
Fig. 3(d), which seems to not match our theortical prediction
in Section 3.3. However, when the density of the fringes is rel-
atively large, the attenuation of the modulation B due to de-
focus should not be neglected, and note that the average value
of modulation in Fig. 3(b) is 0.53, nearly half the value in
Fig. 3(a). So the theoretical improvement of the precision
for the phase is 160 x 0.53/24 = 3.56, and it agrees well with
the experiment result. According to Eq. (8), we can estimate
the improvement of 3D reconstruction, and the result is
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Fig. 3. Detailed results of line 333 in the unwrapped phase map
and the modulation map. (a) Results of line 333 in the modulation
map of 24-period fringes. (b) Results of line 333 in the modulation
map of 160-period fringes. (c) Results of line 333 in the unwrapped
phase map of 24-period fringes. (d) Results of line 333 in the un-
wrapped phase map of 160-period fringes.
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The 3D reconstruction result of the ceramic plate is shown in
Fig. 4, Figures 4(d) and 4(e) stand for the height of line 333
in Figs. 4(a) and 4(b). This result implies that the precision of
the proposed method is 46.2 pm, about 3.42 times the tradi-
tional scheme. Because of the application of high-density fringes,
our system is suitable for the defocusing technique so that the
160-period 6-bit fringes can be translated into sinusoidal fringes
easily under slightly defocused condition. Figures 4(c) and 4(f)
are the related results using 6-bit patterns; the precision 53.7 pm
is still much higher than the traditional method.

B. Real-Time and High-Speed Measurement
Next, we tested a moving palm to illustrate the performance of
our system for measuring dynamic scenes. To emphasize the
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Fig. 4. 3D reconstruction results of the ceramic plate. (a) Global

3D reconstruction result of the traditional method. (b) Global 3D
reconstruction result of the proposed method. (c) Global 3D
reconstruction result of the proposed method using 6-bit fringes.

(d)—(f) Results of line 333 in (a)—(c).
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Captured frame

Fig. 5. Framework of real-time 3D reconstruction.

details in 3D reconstruction, the images captured synchro-
nously were processed in MATLAB under the appropriate
rendering. Note that once a new frame is captured, a new
3D reconstruction is performed based on a sliding-window
reconstruction scheme, as shown in Fig. 5. This operation is
reasonable because the speed of projection in our system is fast
enough.

(a) (b)

Z(mm)

400

200 400 y(pixel)

X(pixel)

B X(pixel)

(f) . (g)

:;/\/\ﬁ/ \M

0 15 2 W 3 40 45 50
pl)(El plxel

Z(mm)
Z(mm)

Fig.6. 3D reconstruction results of the moving palm (see associated
Visualization 1). (a) 3D reconstruction result of the proposed method.
(b) 3D reconstruction result of the traditional method. (c) Enlargement
of the local area in (a). (d) Enlargement of the local area in (b).
(e) Height curves of the segments in (c) and (d). (f) Enlargement of the
local area in (a). (g) Enlargement of the local area in (b). (h) Height
curves of the segments in (f) and (g). () Measured palm.
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Fig. 7. 3D reconstruction results of a wrinkled paper (see also as-
sociated Visualization 2 and Visualization 3). (a) and (b) Samples of
3D reconstruction results of (e¢) in deformation process. (c) and
(d) Samples of 3D reconstruction results of (e) in dithered condition.

(e) Wrinkled paper.

The palm is a discontinuous surface so it can also be utilized
to validate the robustness of the proposed method. Figure 6
displays the 3D reconstruction results, and more comparative
results are shown in Visualization 1. From Figs. 6(c)-6(h), we
can see that the tiny details of the palm in the proposed method
remain but are lost in the traditional method.

The fringes in our scheme are 10-period and 160-period,
where the 160-period fringes can keep sinusoidal property
in nearly focused condition, even if a lower bit fringe pattern
is used. Though the 10-period lower bit fringes cannot reach
the same sinusoidality, the calculated phase from these fringes is
only used for unwrapping of the high-frequency phase, and
thus, will have no impact on the final reconstruction result.
Then we substituted 6-bit fringes for these 8-bit fringes to fur-
ther increase the projection rate and measurement speed. The
related measurement results are shown in Fig. 7 (see also asso-
ciated Visualization 2 and Visualization 3). The speed of pro-
jection is able to reach 480 fps, but, restricted by the captured
speed of 309 fps of the camera, these experiments were imple-
mented in 300 fps.

4. CONCLUSION

In conclusion, we have proposed a bi-frequency scheme to
improve the measurement precision for real-time 3D shape
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measurement. Benefitting from the geometric constraint in a
multi-view system, an absolute phase map of 10-period fringes
can be calculated directly, and then this map serves as a refer-
ence to unwrap the phase of 160-period fringes. These high-
density fringes greatly improve measurement precision, which
is often neglected by conventional real-time approaches.
Compared to existing approaches, only five fringe patterns
are required for one high-quality reconstruction, making this
scheme highly suitable for high-speed high-precision 3D shape
measurement of dynamic scenes. Besides, the proposed scheme
with 10-period and 160-period fringes is suitable for slightly
defocusing projection, allowing a higher projection rate and
measurement speed. Experiments verified its validity and effec-
tiveness for high-precision and real-time 3D shape measure-
ment. Finally, it should be mentioned that when 4-bit
fringes are used, the ripple emerges so that only 6-bit fringes
are applied in this paper. Fringe optimization based on more
complicated dithering algorithm is expected to provide further
improvement on both the projection speed and the measure-
ment precision, which is an interesting direction for fu-
ture work.
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