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Abstract
Phase-shifting profilometry (PSP) based 3D shape measurement is well established in various
applications due to its high accuracy, simple implementation, and robustness to environmental
illumination and surface texture. In PSP, higher depth resolution generally requires higher fringe
density of projected patterns which, in turn, lead to severe phase ambiguities that must be solved with
additional information from phase coding and/or geometric constraints. However, in order to guarantee
the reliability of phase unwrapping, available techniques are usually accompanied by increased number
of patterns, reduced amplitude of fringe, and complicated post-processing algorithms. In this work, we
demonstrate that by using a quad-camera multi-view fringe projection system and carefully arranging
the relative spatial positions between the cameras and the projector, it becomes possible to completely
eliminate the phase ambiguities in conventional three-step PSP patterns with high-fringe-density
without projecting any additional patterns or embedding any auxiliary signals. Benefiting from the
position-optimized quad-camera system, stereo phase unwrapping can be efficiently and reliably
performed by flexible phase consistency checks. Besides, redundant information of multiple phase
consistency checks is fully used through a weighted phase difference scheme to further enhance the
reliability of phase unwrapping. This paper explains the 3Dmeasurement principle and the basic design
of quad-camera system, and finally demonstrates that in a large measurement volume of 200
mm×200 mm×400mm, the resultant dynamic 3D sensing system can realize real-time 3D
reconstruction at 60 frames per second with a depth precision of 50μm.

Supplementary material for this article is available online

Keywords: phase-shifting prolometry, real-time 3D, geometric constraints, multi-view system

(Some figures may appear in colour only in the online journal)

1. Introduction

Fringe projection profilometry (FPP) [1, 2] has proven to be
one of the most promising techniques for the field of 3D

shape measurement due to its non-contact, full-field, and
high-resolution nature. Fourier transform profilometry (FTP)
[3, 4] and phase-shifting profilometry (PSP) [5, 6] are two
main branches of FPP. FTP can reconstruct 3D geometry with
a single image, which makes FTP well-suited for dynamic 3D
sensing. However, the frequency band overlapping problem
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limits the measurement precision of FTP. PSP is commonly
applied to precisely measuring static objects with multiple
images. Compared with FTP, although the measurement
efficiency in PSP is reduced, the rapid development of the
digital light processing (DLP) technique endows PSP the
ability to measure dynamic scenes. In recent years, a number
of PSP methods have been proposed to realize real-time 3D
shape measurement [6, 7].

Based on the existing DLP technique, the main problem
of PSP for measuring the dynamic scenes is motion artifacts.
Solutions to this problem can be divided into three categories:
reducing the interval between two recording frames, com-
pensating motion artifacts, and improving measurement effi-
ciency (reducing the total number of frames for a single 3D
reconstruction). The fringe projection rate of DLP depends on
the bit depth of the patterns to be projected. If low-bit (such as
1 bit) patterns are utilized, the projection speed can achieve
kHZ [8], even tens of kHZ [9]. This principle is applied to the
defocusing technique [8, 10] to reduce the interval between
two adjacent frames, but the problem of defocusing technique
is how to design the 1 bit patterns to produce high-quality
sinusoidal fringes [11–15]. The second solution is motion
artifacts compensation [16, 17], which is a post-processing
technique to eliminate motion ripples by estimating the
motion displacement and correcting the phase error. To
enhance the practicability of this method, computated cost
should be reduced, and the accuracy of compensation models
still need be improved. Measurement efficiency, the total
frames required for a single 3D reconstruction, is the last
factor that can be improved to reduce motion artifacts
[18, 19]. This paper can be categorized into the third solution,
and the related works of this solution are described in
following sections.

A large number of additional patterns are required in PSP
to eliminate the ambiguities of wrapped phase for measuring
complex surfaces [20, 21], which reduces the measurement
efficiency and increases the sensitivity to motion artifacts. To
increase the efficiency, Liu et al [18] proposed a dual-fre-
quency scheme where 3D information can be retrieved from
only five composite fringes. The average intensity of the
captured fringes for each pixel remains constant during a
short period. This property was applied in the bi-frequency
scheme to decrease the number of additional fringe patterns
[12]. Compared to dual-frequency scheme, there is no
reduction of fringe amplitude in bi-frequency scheme. If the
fringe amplitude can also be regarded as a constant during a
single reconstructed cycle, the number of patterns in bi-fre-
quency scheme can be further reduced to four [19]. Recently,
Liu et al [22] presented a novel phase-coding scheme using
four background and amplitude coded high-frequency fringe
patterns. Besides, the phase-coding scheme was introduced
to a multi-view system to realize the optimal efficiency
(a minimum of three fringe patterns for a single reconstruc-
tion) of PSP [23, 24]. All of these methods can realize real-
time 3D shape measurement with reduced pattern numbers,
but to guarantee the reliability of phase unwrapping, the
fringe frequency [12, 18, 19] or fringe amplitude is limited
[18, 22–24], which leads to a reduced measurement precision.

In order to increase the measurement efficiency without
sacrificing measurement precision, an improved bi-frequency
scheme [25] using geometric constraint was proposed where
high-precision measurement is realized with five fringe pat-
terns. Geometric constraint, a commonly used technique in
passive stereo, was introduced to PSP by [16]. In the work,
only three fringe patterns are used for a single 3D recon-
struction. This geometry-constraint based technique used in
[16] is the so-called stereo phase unwrapping algorithm.
Several other techniques using this stereo phase unwrapping
algorithm were also presented in [26–29]. All of them can
achieve the optimal efficiency of PSP with high precision, but
to guarantee the reliability of stereo phase unwrapping, these
methods compromise either depth volume [26, 27] or com-
putational cost [28, 29], which leads to a significant reduction
of measurement volume or 3D acquisition speed.

Some progress in measurement efficiency has been made
in recent years according to previous analyses. Some of the
methods can realize real-time measurements, and others can
realize high-precision measurements. Whereas many appli-
cations require real-time but constantly high-precision mea-
surements. To our knowledge, rare methods can meet these
requirements thus an improvement of the classic methods is
needed. Measurement efficiency depends on the adopted
phase unwrapping algorithm. Stereo phase unwrapping can
achieve optimal efficiency but requires a reduction of the
measurement precision or 3D acquisition speed to guarantee
the robustness. The objective of this work is to develop an
improved method of PSP to make high efficiency, high pre-
cision and real-time reconstructed performance compatible in
a single system. By introducing a quad-camera system and
carefully arranging the relative spatial positions between the
cameras and the projector, the ambiguities of high-fringe-
density wrapped phase are eliminated through flexible phase
consistency checks. Robustness of stereo phase unwrapping is
enhanced by this technique without the loss of reconstructed
precision and speed. The redundant information of phase
consistency checks is used by a novel technique called
weighted phase difference scheme to further enhance the
robustness. Compared with conventional PSP methods, the
contributions of this paper are listed as following:

(1) By carefully arranging the relative positions between
cameras and the projector, we establish a position-optimized
quad-camera system which can reliably eliminate phase
ambiguities of high-frequency fringes without projecting any
additional patterns or embedding any auxiliary signals or
performing any time-consuming algorithms. This position-
optimized scheme can also work for N-camera system, such
as dual-camera system, triple-camera system;

(2) The phase differences of phase consistency checks
can be fully used by the weighted phase difference scheme to
enhance the reliability of stereo phase unwrapping;

(3) The simple algorithm guarantee the large amount of
data from four cameras can be processed timely. In a large
measurement volume of 200 mm×200 mm×400 mm, we
realize 3D reconstruction at 60 frames per second (fps) with
the precision of 50 μm.
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2. Principle

2.1. Phase ambiguities in phase shifting profilometry

The classic PSP system consists of one camera and one
projector. For an arbitrary point ( )x y,C C in the camera space,
if we can get its homologous point ( )x y,P P in the projector
space, the corresponding 3D world coordinates of ( )x y,C C

can be derived from

= +

= +
= +

+
( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

( )
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where MCP, JCP, DCP, ECP, FCP, GCP and HCP are related
parameter matrices (letters in this paper along with (xC, yC) or
other coordinates denote scalar matrix instead of functions)
derived from calibration parameters between the camera and
the projector [18, 25]. In this paper, superscripts ‘C’ and ‘P’ are
added to distinguish between parameters for the camera and
projector, whereas superscript ‘CP’ represents common para-
meters from both camera and projector. Note that either hor-
izontal coordinate xP or vertical coordinate yP is sufficient
enough to retrieve 3D coordinates, and in this paper we use xP.
To establish the correspondence between ( )x y,C C and xP, three
sinusoidal fringe patterns are projected by the projector and
captured by the camera. The intensities of the sinusoidal fringes
in ( )x y,C C are recorded as
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where AC is average intensity, BC is amplitude matrix of fringe,
and FC is the deformed absolute phase. Using the absolute
phase FC, an accurate relationship between ( )x y,C C and xP is
established as

p
=

F ( ) ( )x
x y W

N

,

2
, 3P

C C C

where W is the horizontal resolution of the projector, and N is
the total number of fringe periods. However, due to the
property of arc-tangent function, only wrapped phase fC can
be directly obtained as following [5]:

f

=
-

- -

( )
[ ( ) ( )]

[ ( ) ( ) ( )]
( )

x y

I x y I x y

I x y I x y I x y

,

arctan
3 , ,

2 , , ,
.

4

C C C

C C C C C C

C C C C C C C C C
1 3

2 1 3

The relationship between fC and FC can be expressed as

f pF = +( ) ( ) ( ) ( )x y x y k x y, , 2 , , 5C C C C C C C C C

where kC is the period order. For each point in the camera,
there are N possibilities for kC. This is the so-called phase
ambiguities. A large N can suppress the phase error but

simultaneously increase the phase ambiguities. The basic pro-
blem in PSP now becomes how to eliminate this phase
ambiguities. The main algorithms to solve this problem include
spatial phase unwrapping [30–32], temporal phase unwrapping
[33–37] and stereo phase unwrapping [16, 23, 26, 27]. Spatial
phase unwrapping is not valid when measuring complex, dis-
continuous surfaces. On the contrary, temporal phase
unwrapping can solve this problem, but requires more recorded
images. Stereo phase unwrapping is commonly used in multi-
view system to eliminate phase ambiguities since it can mea-
sure arbitrary surfaces without additional fringe patterns.

2.2. Phase unwrapping using geometry constraint

The main technique of stereo phase unwrapping is geometry
constraint. For an arbitrary point ( )x y,C C1 1 in camera C1,
assigning the integers in -[ ]N0, 1 to ( )k x y,C C C1 1 1 one by
one, N corresponding absolute phase F ( )x y,k

C C C1 1 1 (to make
clearer expression, subscript ‘k’ is added in this paper to
represent ( )k x y,C C C1 1 1 ) and N corresponding 3D coordinate
points (3D candidates) can be obtained. If the measured
objects are placed within the depth measurement volume, we
can reject some false candidates by applying depth constraint
[23, 26, 27]

 ( ) ( )Z Z x y Z, , 6k
C C

min max1 1

where Zmin and Zmax denote the preset depth volume. How-
ever, as shown in figure 1(a), it is almost impossible to reject
all the false candidates only with depth constraint when N is
large. Setting a large Zmin and a small Zmax, or prior-knowl-
edge of the approximate surface geometry [38] can solve the
above problem, but both of these two methods are infeasible
in most applications. Another solution is embedding code-
words into fringes at the cost of reduced fringe amplitude [22]
or increased calculation cost [28].

Compared with the above solutions, phase consistency
check is a more frequently used technique to eliminate
remaining false candidates after depth constraint. An auxiliary
camera C2 is added to the classic PSP system to perform the
phase consistency check. The remaining candidates after
depth constraint are projected into C2, so that we can obtain
less than N corresponding 2D candidates ( )x y,k

C
k
C2 2 . Theore-

tically, ( )x y,C C1 1 and its homologous point have similar phase.
The phase difference fD ( )x y,k

C C C C1 2 1 1 between ( )x y,C C1 1 and
the homologous point should satisfy

f f fD = - <( ) ( ) ( )
( )

x y x y x y Thr, , , ,

7
k
C C C C C C C C

k
C

k
C C1 2 1 1 1 1 1 2 2 2 2

where f ( )x y,C
k
C

k
C2 2 2 is the wrapped phase of candidate

( )x y,k
C

k
C2 2 , ThrC2 is the preset threshold of phase difference.

Note that if ( )x y,C C1 1 is a point locating near phase jumping
areas ( f pD > -( )x y, 2 Thrk

C C C C C1 2 1 1 2), the compensation for

fD ( )x y,k
C C C C1 2 1 1 is performed by

f p fD = - D( ) ( ) ( )x y x y, 2 , . 8k
C C C C

k
C C C C1 2 1 1 1 2 1 1
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However, as shown in figure 1(b), some false candidates also
satisfy equation (7) when the number of remaining candidates
is large enough. To determine the homologous point without
reducing the fringe density, additional techniques such as
image segmentation and loopy belief propagation are intro-
duced [16, 29, 39]. These post-processing algorithms can
enhance the reliability of stereo phase unwrapping even when
high-frequency fringes are used, but the additional processing
time of these algorithms significantly reduce the performance
of real-time 3D reconstruction.

To enhance the reliability of stereo phase unwrapping
but constantly guarantee low phase error (large N) and the

performance of real-time 3D reconstruction, the only remaining
method is performing more phase consistency checks by
introducing more additional cameras. This idea is firstly applied
to passive stereo [40–42], and has been preliminary adopted in
PSP [43]. However, a guided work to design an optimized
multi-camera system and the matched algorithm still need be
explored for PSP. In this paper, we proposed a quad-camera
system to enhance the reliability of stereo phase unwrapping in
three aspects: (1) by carefully adjusting the relative spatial
positions between cameras and projector, the number of can-
didates is reduced within the same depth volume; (2) benefiting
from the position-optimized quad-camera system, the remaining

Figure 1. The diagram of geometry constraint (the orange points are the 3D candidates). (a) Depth constraint in the classic PSP system;
(b) geometry constraint in classic dual-camera system (the green points are the 2D candidates satisfy phase consistency check, and one of
these green points is the false candidate).

Figure 2. The diagram of the effect of baseline on ( )N x y,C C
1 1 1 (the system in the left has a small baseline and the system in the right has a

large baseline).
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false candidates after depth constraint can be efficiently rejected
by multiple phase consistency checks; (3) the redundant infor-
mation of multiple phase consistency checks is fully used by
weighted phase difference scheme to select the final period
order. Using this enhanced stereo phase unwrapping, the phase
ambiguities can be efficiently eliminated and the absolute phase
can be obtained robustly. Then the absolute phase is used to
search the homologous point in auxiliary camera to retrieve
high-precision 3D geometry.

2.3. Optimization design for a quad-camera system

The relative spatial positions between different views in multi-
camera system have significant effects on reliability of phase
unwrapping. It suggests that to achieve the optimal perfor-
mance of multi-camera system, each camera must be carefully
arranged. In this section, optimization design for relative spatial
positions in a quad-camera system is presented.

2.3.1. Optimization design for relative position between the
main camera and the projector. Applying depth constraint, the
number of candidates for an arbitrary point ( )x y,C C1 1 in the main
camera will decrease from N to ( )N x y,C C

1 1 1 . A small ( )N x y,C C
1 1 1

is beneficial to the reliability of stereo phase unwrapping. Setting
a small depth volume or reducing the number N of fringe period
is commonly adopted in conventional works, but they come
at the price of limited measurement volume and precision,
respectively. Thus some other solutions should be explored to
achieve a small ( )N x y,C C

1 1 1 . When the Zmin and Zmax are fixed,
the value of ( )N x y,C C

1 1 1 is inversely proportional to the depth
distance D ( )Z x y,k

C C1 1 between two adjacent candidates.
Combining equations (1) and (3) together, we can derive

D = -

=

= f p
p

-

+ + +

+
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x
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,
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k
C C

k
C C

k
C C

D x y C x y

C x y C x y x N W C x y x

k
P x y k x y W

N

1

, ,

, , 1 , 1

, 2 ,

2
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C P C C C P C C
k
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k
P

C C C C

1 1 1 1 1 1

1 1 1 1 1 1
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1 1 1 1

where xk
P is the horizontal coordinate in the projector. It can be

easily found from equation (9) that ( )N x y,C C
1 1 1 depends on

Figure 3. The effect of the second auxiliary camera’s position on error reduction of 2D coordinates (the glass plates denote the imaging plane,
the orange rays and point denote the ideal rays and 3D candidates, the blue rays and point denote the actual ones). (a) different positions of C2

in multi-view system; (b) enlarged image of ROI 1; (c) enlarged image of ROI 2.

Figure 4. The diagram of the position-optimized quad-camera
system.
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( )C x y,C P C C1 1 1 , ( )D x y,C P C C1 1 1 as well as N. A large N is required
to suppress the phase error, which decreases the D ( )Z x y,k

C C1 1 .
Then the only remaining way to decrease D ( )Z x y,k

C C1 1 is to
optimize the parameters ( )C x y,C P C C1 1 1 and ( )D x y,C P C C1 1 1 . These
two parameters are derived from the calibration parameters
which are affected by the relative spatial position between the
main camera and the projector. Therefore, the optimization of

( )C x y,C P C C1 1 1 and ( )D x y,C P C C1 1 1 is converted to that of the
relative spatial position (baseline and angle). To guarantee a large
overlapped field of view (FOV), the baseline and the angle are
not the independent variables. The small baseline requires a small
angle, and we just replace the relative spatial position with
baseline. As shown in figure 2, a small baseline corresponds to a
small disparity range (the solid red line) and a large
D ( )Z x y,k

C C1 1 . By decreasing the baseline between the main
camera and the projector, a smaller ( )N x y,C C

1 1 1 can be obtained
through depth constraint.

2.3.2. Optimization design for relative positions between the
main camera and the auxiliary cameras. The majority of the
false candidates are rejected before phase consistency check
by depth constraint based on the small baseline camera-
projector system. Then an auxiliary camera C2 is introduced

to this camera-projector system to perform phase consistency
check, which is also adopted in conventional multi-view
system. The difference is that the position of C2 is no longer
symmetrically arranged on the other side of the projector with
the main camera. In previous section, what deserved to be
noted is that the small baseline will cause large coordinate
errors of the 3D and 2D candidates. As shown in figure 3(a),
¢C2 denotes the position of the auxiliary camera in

conventional multi-view system. Figure 3(b) displays that a
large baseline between C1 and ¢C2 causes considerable
coordinate deviation of ( )x y,k

C
k
C2 2 . Therefore, a large ThrC2

is required to guarantee the validity of phase consistency
check. But it will decrease the efficiency of false candidates
rejection, which is adverse to the task of eliminating phase
ambiguities. The coordinate errors of 3D candidates are fixed
since the baseline between C1 and projector is fixed. The
coordinate errors of 2D candidate ( )x y,k

C
k
C2 2 depend on the

baseline between C2 and C1. A small baseline between C2 and
C1 will suppress the sensitivity of 2D coordinates to 3D
coordinates. Figure 3(a) displays the position of C2 in our
system. Without the loss of overlapped FOV, the small
baseline can effectively suppress the errors of ( )x y,k

C
k
C2 2

(shown in figure 3(c)). Then we can set a small ThrC2 to

Figure 5. The effect of the depth constraint. (a) The wrapped phase map of a plastic plate; (b) distribution of the number of remaining
candidates.

Figure 6. The effect of the first phase consistency check. (a) Distribution of the number of remaining candidates; (b) distribution of period
orders corresponding to minimum phase difference.
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efficiently decrease the number of candidates from
( )N x y,C C

1 1 1 to ( )N x y,C C
2 1 1 by phase consistency check. If N

is properly selected, ( )N x y,C C
2 1 1 will be less than 3, and in

most cases ( )N x y,C C
2 1 1 is 1.

The only candidate remains after depth constraint and
phase consistency check for an arbitary P in most areas, but
further processing (such as another phase consistency check)
is still required to eliminate remaining ambiguities of the rest
areas. On the other hand, the previous system with small
baselines between cameras and projector is not suitable for
high-precision 3D reconstruction. Considering these two
problems, introducing another auxiliary camera C3 is reason-
able to perform the second phase consistency check and
improve the 3D reconstructed precision. Since ( )N x y,C C

2 1 1 is
small enough, decreasing ( )N x y,C C

2 1 1 is no longer the prior
task and the more priority should be shifted to 3D
reconstructed precision. According to previous analysis, a
large baseline between C3 and C1 is necessary to guarantee
high-precision 3D reconstruction with a trade-off in ThrC3.
Although a large ThrC3 decreases the efficiency of the second
phase consistency check, it is generally enough to reject all
the remaining false candidates of the rest areas.

In multi-camera system, errors of stereo phase unwrap-
ping generally emerge in occluded areas. An efficient method
to resolve this problem is left–right consistency check
[16, 23, 44]. To guarantee the symmetry of left–right

consistency check, the third auxiliary camera C4 is introduced
to above triple-camera system to establish a quad-camera
system. Besides, C4 can provide another phase consistency
check to enhance the reliability of stereo phase unwrapping.
The diagram of the quad-camera system is displayed in
figure 4.

2.4. Main steps to obtain absolute phase

In section 2.3, we explain the effects of the relative spatial
positions between cameras and projector on the reliability of
stereo phase unwrapping, and describe how to establish a
position-optimized quad-camera system. This section focus
on describing the process to obtain the absolute phase.

For an arbitrary point ( )x y,C C1 1 in main camera C1, N 3D
candidates corresponding to ( )k x y,C C C1 1 1 can be obtained by
equation (1). The first step to decrease the number of candi-
dates is the depth constraint. In our system, =N 48, =Zmin

-250 mm and =Z 150max mm. Figure 5(b) shows that the
number of remaining candidates distributes in [4, 9] after
depth constraint. The remaining 3D candidates are then pro-
jected into the auxiliary camera C2 to obtain the corresp-
onding 2D candidates. According to equation (7), the phase
differences between each point and its corresponding 2D
candidates are calculated and the first phase consistency
check is performed to reject the false candidates. Figure 6(a)

Figure 7. The effect of the second phase consistency check. (a) Distribution of the number of remaining candidates; (b) distribution of period
orders corresponding to minimum phase difference; (c) distribution of period orders corresponding to minimum sum of weighted phase
difference; (d) distribution of period orders after left–right consistency check.
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displays the results after the first phase consistency check
with =Thr 0.6C2 . We can find that the number of remaining
candidates is less than 3 for an arbitrary point in C1.
Figure 6(b) denotes the period orders corresponding to the
minimum phase difference, which indicates that the unrelia-
bility of phase unwrapping still exists after the first phase
consistency check. To reduce this unreliability, the rest can-
didates are projected into C3 to perform the second phase

consistency check with a large threshold =Thr 1.0C3 , the
related results are shown in figure 7(a). Figure 7(b) indicates
that reliability of stereo phase unwrapping increases but the
rest errors are still negligible. Actually, the redundancy of the
phase differences of two phase consistency checks is not
used, and this redundancy is useful for enhancing reliability
of stereo phase unwrapping. Using this redundancy, we pro-
pose a weighted phase difference scheme to search the
homologous point from remaining candidates after the second
phase consistency check. By

f f

f

D = D

+ D

( ) ( )

( ) ( )

x y x y

r x y

, ,

, , 10
k
C C C C C C C

k
C

k
C

C C C
k
C

k
C

1 2 3 1 1 1 2 2 2

3 1 3 3 3

the sum of phase differences ( fD ( )x y,k
C C C C C1 2 3 1 1 ) of two phase

consistency checks is calculated, where rC3 is the weighted
coefficient, fD ( )x y,C C

k
C

k
C1 3 3 3 is the phase difference between

P and its 2D candidate in C3. The value of weighted coeffi-
cient depends on the baseline between the auxiliary camera
and the main camera, and the large baseline corresponds to a
small weighted coefficient. In this paper, we simply set

=r 0.6C3 . Figure 7(c) displays the effect of weighted phase
difference scheme. Compared with figure 7(b), almost all the
points can search the correct period order except minor points
at the edge of the plate.

Figure 8. The effect of homologous point correction. (a) 3D reconstruction directly from the absolute phase; (b) difference between the
measured result and plane fitting result of the region of interest; (c) phase difference fD ( )PC C1 3 between C1 and C3 before homologous point
correction; (d) phase difference fD ( )PC C1 3 between C1 and C3 after integer homologous point correction.

Figure 9. The set-up of the quad-camera system.
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The third auxiliary camera C4 is applied to left–right
consistency check to eliminate the minor errors at the edge or
occluded areas of the measured surface. Besides, C4 can
provide another phase consistency check, and equation (10)
can be updated as

f f

f f

D = D

+ D + D

( ) ( )

( ) ( ) ( )

x y x y

r x y r x y

, ,

, , , 11
k
C C C C C C C C

k
C

k
C

C C C
k
C

k
C C C C

k
C

k
C

1 2 3 4 1 1 1 2 2 2

3 1 3 3 3 4 1 4 4 4

where fD ( )x y,k
C C C C C C1 2 3 4 1 1 is the sum of the phase differences

of three phase consistency checks, fD ( )x y,C C
k
C

k
C1 4 4 4 is the

phase difference between P and its 2D candidate in C4, and
=r 0.8C4 is the weighted coefficient. The final distribution of

period orders after left–right consistency check is shown in
figure 7(d), from which we can find the minor errors at the
edge of the plate in figure 7(c) are eliminated. After obtaining
the period orders, the corresponding absolute phase as well as
the 3D coordinates can be derived from equations (5) and (1),
respectively.

2.5. Homologous point optimization

The analysis in section 2.3 suggests that the 3D geometry
retrieved directly from the absolute phase has low precision,
which is also indicated in figure 8(b). To improve the 3D
reconstructed precision, C1 and C3 are used in this paper to
reconstruct the 3D results due to the large baseline, but the
sub-pixel homologous points are required.

If =( )k x y h,C C C1 1 1 is the correct period order for point
( )x y,C C1 1 , we can use the absolute phase F ( )x y,h

C C C1 1 1 to map
the homologous point ( )x y,h

C
h
C3 3 . But this directly obtained

homologous point ( )x y,h
C

h
C3 3 has an offset to the ideal one

( )x y,C C
ide ide

3 3 . The phase difference fD ( )x y,h
C C C C1 3 1 1 between

( )x y,C C1 1 and ( )x y,h
C

h
C3 3 can be used to denote the offset

between ( )x y,h
C

h
C3 3 and ( )x y,C C

ide ide
3 3 , and the distribution of the

difference is shown in figure 8(c). In this paper, only hor-
izontal coordinate of homologous point is used to retrieve 3D
information. On the other hand, the error of vertical coordi-
nate is small enough to be neglected. Therefore, only hor-
izontal coordinate needs correction. To eliminate this offset,
pixel correction is performed in this paper. Firstly, searching a

Figure 10. Precision analysis for measuring spheres. (a) the ceramic spheres to be measured; (b) the 3D reconstruction results of the sphere A
in (a); (c) the 3D reconstruction results of the sphere B in (a); (d) the distribution of the errors of (b); (e) the distribution of the errors of (c);
(f) the histogram of (d); (g) the histogram of (e).

9

J. Opt. 20 (2018) 014009 T Tao et al



integer offset i through
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C1 3 3 3 minimum, we can eliminate the

integer offset and obtain the corrected homologous point
= +x x iint

C
h
C3 3 . The distribution of fD ( )x y,h

C C C C1 3 1 1 after
integer pixel correction is shown in figure 8(d). Secondly,
suppose the variety of the phase is linear, then we can elim-
inate the sub-pixel offset by
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and then we can obtain sub-pixel homologous point x C
sub

3 . This
pixel correction scheme [45] can guarantee the high precision
of the homologous point without time-consuming calculations.

3. Experiment

A quad-camera system is developed to verify the feasibility of
the proposed method, as shown in figure 9. This set-up
includes a LightCrafter 4500 (1140×912 resolution), four
basler acA-750 μm cameras (640×750 resolution, 751
maximum fps), a HP Z230 computer (Intel Xeon E3-1226 v3
CPU, NVIDIA Quadro K2200 GPU). Three phase-shifting
fringe patterns are projected into the measured object by
LightCrafter at the speed of 100 HZ, and the trigger signals
are simultaneously sent to cameras to synchronously capture
the deformed fringes, then the captured fringes are processed
by the computer. The basic parameter settings include

= -Z min 250 mm, =Z max 150 mm, =Thr 0.6 radC2 ,
=Thr 1.0 radC3 , and =Thr 0.8 radC4 , =r 0.6C3 , and =rC4

0.8. Based on these settings, the following experiments are
performed to verify the measurement precision, reliability,
and speed.

3.1. Precision analysis

To test the precision our system can achieve, we measured a
pair of standard ceramic spheres and a standard ceramic plate.
The ceramic spheres shown in figure 10(a) have the diameter

Figure 11. Precision analysis for measuring the plane. (a) The ceramic plate to be measured; (b) the 3D reconstruction results of the plate;
(c) the distribution of the errors of (b); (d) the histogram of (c).
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of 50.8 mm, micron-sized manufactural error. Figures 10(b)
and (c) display the related 3D reconstruction results. To
obtain the measured errors, we perform the spherical fitting
using the data in figures 10(b) and (c), then the fitted spheres
are set as the ground truth. The differences between the
measured data and the ground truth are shown in figures 10(d)
and (e). In figures 10(f) and (g), we display the quantitative
histograms of figures 10(d) and (e). It can be easily found that
the major measured errors of two spheres are less than
100 μm with the rms of 46 μm and 44 μm, respectively.
Besides the measurement of curved surface, the plane mea-
surement is also performed with a ceramic plate shown in
figure 11(a). Figure 11(b) is the 3D reconstruction results.
Figure 11(c) shows the differences between measured data

and the ground truth obtained from plane fitting, and
figure 11(d) shows the histogram of figure 11(c). The mea-
sured errors of ceramic plate also validate the measurement
precision of 50 μm.

3.2. Reliability analysis

High-frequency fringes are used to suppress phase error and
further improve the 3D reconstructed precision, but the
robustness of phase unwrapping is decreased. As 48-period
phase-shifting fringes are adopted in our system, some
experiments need be designed to demonstrate the reliability of
proposed method. Measuring ridged, complex or dis-
continuous surface is a challenging task for PSP with mini-
mum phase-shifting image number. Therefore, to test the
reliability of our system when scanning these challenging
surfaces, we measured a cross prism shown in figure 12(a), a
David statue shown in figure 12(d) and two isolated objects
shown in figure 12(g). Figures 12(b), (e) and (h) display the
3D reconstruction results corresponding to figures 12(a), (d)
and (g), and the corresponding enlarged details are shown in
figures 12(c), (f) and (i). In order to quantitatively analyze the

Figure 12. Measurement results of special surfaces. (a) The cross prism with a sharp-edged surface; (b) the 3D reconstruction results of
(a); (c) the enlarged detail of the region in (b); (d) the David statue with a complex surface; (e) the 3D reconstruction results of (d); (f) the
enlarged detail of the region in (e); (g) a tooth model and a girl statue with discontinuous surfaces; (h) the 3D reconstruction results of (g);
(i) the enlarged detail of the region in (h).

Table 1. Accuracy results of the proposed method.

Measured
objects

Correctness
(%) Error(%) Miss(%)

Number
of points

Cross prism 98.02 0.63 1.35 211170
David statue 95.14 1.55 3.31 94423
Isolated objects 96.21 1.26 2.53 70820
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robustness of our method, the correctness of absolute phase of
the above three surfaces is calculated and shown in table 1.
The reference phase of these three surfaces are provided by
multi-frequency PSP. In table 1, note that the number of
points counts all the points with the proper fringe amplitude,
and this number is the same value in both methods; the cor-
rectness is the percentage of the points having the correct
absolute phase; the error is the percentage of the points having
the false absolute phase; finally, the miss denotes the
percentage of the points without absolute phase, and these
points are usually located in occluded areas. We can find from
table 1 that even when measuring these challenging surfaces,
the correctness percentage still holds at a high level, which
demonstrates the reliability of our enhanced stereo phase
unwrapping.

3.3. Real-time measurement performance

Since no complicated spatial algorithm is included in our
method, all the algorithms we have used can be implemented
on the GPU, which improves the real-time reconstructed
performance. To demonstrate the feasibility of dynamic scenes
measurement, we measured a rotating statue of David and a
moving hand, respectively. The experiment system acquired a
time series of deformed fringe patterns at a rate of 100 HZ with
a trigger signal. In the first experiment, a statue of David was
rotated by a electro-control turntable, as shown in the left of
figure 13(a). The red block diagram in figure 13(a) displays the
captured images of four cameras and the reconstructed 3D
results. During the measurement process, we zoomed in and
rotated the 3D results to show the reconstructed details. The
whole measurement process and the related 3D results can be

referred to in Visualization 1 is (available online at stacks.iop.
org/JOPT/20/014009/mmedia). The second experiment can
be divided into two parts. In the first part, the hand alternatively
opened and closed, carrying on a different movement mode
compared with the first experiment. Then the hand moved
along the depth direction for a long distance, and this second
part is presented to verify that our system has a large mea-
surement volume along the depth direction. The whole mea-
surement process and the related 3D results can be referred to
in Visualization 2.

4. Conclusions

This paper proposes an enhanced stereo phase unwrapping
method with which the optimal efficiency, high precision and
the real-time reconstructed performance are compatible in a
single system. The relative spatial positions between cameras
and projector can be carefully adjusted to enhance the relia-
bility of stereo phase unwrapping. Based on this position-
optimized quad-camera system, the phase can be unwrapped
by several flexible phase consistency checks and sum of
weighted phase difference. This paper uses a quad-camera
system to explain the principle and execute the experiments,
and if more or less cameras are used in a multi-view system,
this position optimization principle is still valid. For the dual-
camera case, an asymmetrical system is the prior selection
[29]; for the triple-camera case, we can set the third camera
near the main camera; note that for the quad-camera case, the
fourth camera can also be placed near main camera to further
enhance the reliability of phase unwrapping but with some

Figure 13.Measurement results of dynamic scenes. (a) A frame intercepted from Visualization 1 (see Visualization 1 for more details); (b) a
frame intercepted from Visualization 2 (see Visualization 2 for more details).

12

J. Opt. 20 (2018) 014009 T Tao et al

http://stacks.iop.org/JOPT/20/014009/mmedia
http://stacks.iop.org/JOPT/20/014009/mmedia


trade-off in public FOV as well as the performance of left–
right consistency check.

However, the parameter settings in this paper are not
rigorous. The phase difference thresholds as well as the
weighted coefficients are simply set according to the relative
positions of cameras since the quantitative relationships are
difficult to be established. On the other hand, the 3D geo-
metry is retrieved from main camera C1, but it can also be
retrieved from C4 if we set C4 as the main camera. That
means more than one 3D geometry can be obtained within a
single measurement cycle. Can the redundant information of
these 3D geometries from different cameras be utilized to
further improve the reconstructed precision? Dealing with
these detailed problems deserves future effort.
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