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A B S T R A C T

Recently, moving object reconstruction based on PSP has been attracted intensive research. The errors caused by
the inner movement of PSP have been addressed successfully. However, when the object with discontinuities or
isolated surface is measured and the temporal phase unwrapping method is applied, additional fringe patterns are
required to unwrap the phase map. The object movement between the PSP fringe patterns and additional fringe
patterns will cause unwrapping errors. This paper proposes a new method to reconstruct the moving object with
discontinuous or isolated surface. The object movement is tracked and the influence on the phase map caused
by the movement is analyzed. Then, the phase variation caused by the movement is obtained. The phase map of
the object before movement is obtained by compensating the phase map of the object after movement based on
the phase variations. Finally, the object is reconstructed by dual-frequency phase unwrapping method. A new
projection strategy increasing the efficiency of the 3D frame rate is also presented in this paper. The 3D frame rate
achieves half of the camera capture speed. The proposed method has high potential to be applied in industrial
applications for real-time measurement of moving objects. Experiments are presented to verify the effectiveness.

1. Introduction

Phase shifting profilometry (PSP) is one of the most popular tech-
niques for 3D shape reconstruction because of its advantages such
as high accuracy, robust and non-contact [1–6]. Multiple sinusoidal
fringe patterns (normally at least three) are projected and the phase
information is employed to reconstruct the object. However, as an
arctangent function is used during the phase calculation, the obtained
phase values are wrapped to the principle values ranging from −𝜋 to
𝜋, leading to the ambiguous issue among different periods of the fringe
pattern. The phase unwrapping is introduced to remove the disconti-
nuities from the principle values and a monotonous phase map can be
obtained. According to the unwrapping strategy, the phase unwrapping
algorithms can be classified as spatial phase unwrapping and temporal
phase unwrapping [7]. Spatial phase unwrapping methods (such as
Goldstein’s method [8] and quality-guided method [9] etc.) unwrap the
phase value according to their neighbor pixels. The algorithm works well
when the object surface is smooth and continuous but fails in the case
of the object containing discontinuous or isolated surface. In the other
hand, temporal phase unwrapping methods has the ability to unwrap
the phase with large discontinuities and separations [10,11]. Compared
with the spatial phase unwrapping methods, addition fringe patterns are
required in the temporal phase unwrapping methods (such as multiple-
frequency method and multiple-wavelength method etc.) and the point
on the object is unwrapped independently [11,12].
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Recently, intensive research has been focused on the moving object
reconstruction based on PSP [13–18]. The errors caused by the inner
movement of PSP are removed and correct phase map is obtained.
However, when the object with discontinuities and isolated surface
is reconstructed, temporal phase unwrapping method with additional
fringe patterns is required to retrieve the unwrapped phase map.
The movement between the PSP fringe patterns and additional fringe
patterns will cause the failure of the unwrapping if the capture speed is
not high enough.

In this paper, a new method is proposed to reconstruct the isolated
moving objects with dual-frequency phase unwrapping method based
on PSP. A new projection strategy is also given to increase the 3D
frame rate. The wrapped phase map of the moving object is obtained by
the method described in [18]. In order to unwrap the isolated objects
by dual-frequency phase unwrapping method, the movement of the
object is tracked during the measurement and the influence on the
phase map caused by the movement is analyzed; then, the wrapped
phase map after movement is compensated to remove the influence
caused by the movement; at last, the traditional dual-frequency phase
unwrapping method is applied to unwrap the phase map. Different
from the static object reconstruction, high 3D frame rate is desired to
obtain the continuously 3D data of the moving object. A new strategy is
proposed to increase the efficiency of the 3D frame rate based on PSP.
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Fig. 1. The procedure of the dual-frequency phase unwrapping method. (a)–(c): the captured fringe pattern, the wrapped phase map and the unwrapped phase map of high frequency
fringe pattern; (d)–(f): the captured fringe pattern, the wrapped phase map and the unwrapped phase map of low frequency fringe pattern.

With the dual-frequency phase unwrapping method, the fringe patterns
of high frequency and low frequency are projected alternately and the
3D information of the object in each high frequency fringe pattern is
reconstructed. The 3D frame rate can reach half of the camera capture
speed with the new strategy.

This paper is organized as follows. In Section 2, the principle of the
dual-frequency phase unwrapping method is described. The influence
on the phase value caused by the object movement between the fringe
patterns of low frequency and high frequency is analyzed and the phase
map before movement is obtained by compensation. The new strategy
increasing the 3D frame rate is given in Section 3. Section 4 shows the
experimental results. Section 5 concludes this paper.

2. The proposed method

As a typical temporal phase unwrapping method, dual-frequency
phase unwrapping method is employed in this paper to unwrap the
moving object with discontinuous or isolated surface [19,20]. The basic
principle of the traditional dual-frequency phase unwrapping method
is described firstly. As the unwrapping errors will be introduced when
the moving objects are reconstructed, the influence caused by the
movement between the high frequency and low frequency fringe pattern
is analyzed. Then, the phase map of the object before movement is
obtained by compensating the phase variation to the phase map of the
object after movement. At last, based on the traditional dual-frequency
phase unwrapping method, the phase value is unwrapped by using the
obtained phase map of the object before movement.

2.1. Principle of the dual-frequency phase unwrapping method

The procedure of the dual-frequency phase unwrapping method
described in [20] is shown in Fig. 1. The fringe patterns with low
frequency and high frequency are projected to the object surface firstly
(as shown in Figs. 1(a) and 1(d)). The high frequency fringe patterns are
used for object reconstruction and the low frequency ones are used for
the period index determination of the high frequency fringe pattern.
Then, the wrapped phase map is obtained respectively as shown in
Figs. 1(b) and 1(e). As the low frequency fringe pattern is not sensitive
to the height jump of the object, the spatial phase unwrapping method is
applied to obtain the unwrapped phase map of low frequency (shown in
Fig. 1(f)). At last, with the designed relationship between the unwrapped
phase of low frequency and the wrapped phase of high frequency, the
period order of the high frequency fringe pattern can be determined and
the corresponding unwrapped phase map can be obtained as shown in
Fig. 1(c).

The fringe order of the high frequency fringe pattern is determined
by

𝑛(𝑥, 𝑦) = 𝐼𝑁𝑇
[

𝑘𝛷𝑙(𝑥, 𝑦) − 𝜙ℎ(𝑥, 𝑦)
2𝜋

]

(1)

where 𝛷𝑙(𝑥, 𝑦) is the unwrapped phase map of low frequency; 𝜙ℎ(𝑥, 𝑦)
is the wrapped phase map of high frequency; 𝑛(𝑥, 𝑦) is the fringe order
of the high frequency; 𝑘 is the ratio of high frequency to low frequency;
𝐼𝑁𝑇 [⋅] denotes rounding to the nearest integer.

The unwrapped phase map of the high frequency 𝛷ℎ(𝑥, 𝑦) can be
obtained by

𝛷ℎ(𝑥, 𝑦) = 𝜙ℎ(𝑥, 𝑦) + 2𝜋𝑛(𝑥, 𝑦) (2)

When the object is stable, 𝑛(𝑥, 𝑦) can be calculated correctly by
Eq. (1) with the help of the designed relationship between the phase
maps of high frequency and low frequency. However, when the object is
moved during the projection of the fringe patterns, the wrapped phase
map of high frequency 𝜙ℎ(𝑥, 𝑦) and the unwrapped phase map of low
frequency 𝛷𝑙(𝑥, 𝑦) will be mismatched and the designed relationship
will be violated, leading to the errors in the 𝑛(𝑥, 𝑦). Please note that,
the correct unwrapped phase map of low frequency (obtained by
spatial phase unwrapping method) is required when the dual-frequency
phase unwrapping method is implemented. When the spatial phase
unwrapping method failed due to the challenge of the object shape,
decreasing the frequency can alleviate the issue (such as when only one
period is projected, the phase unwrapping is not required).

2.2. The influence analysis and compensation method

The influence on the phase value caused by the movement is
analyzed firstly. The measurement system is shown in Fig. 2. It includes
one projector, one camera and one reference plane. Only the 2D (two-
dimensional) movement is considered in this paper. Compared with
the reference plane, the height of the object does not change with the
movement.

Assume the parallel light is projected and the phase varies along the 𝑥
direction. One ray of the fringe pattern is emitted to point 𝐶 on reference
plane and point 𝐴 on the object surface. The camera captures point𝐴 of
the object and point𝐵 of the reference plane. The point 𝐴 and 𝐵 have the
same coordinate in the captured images of object and reference plane.
The following relationship of the phase value can be obtained
{

𝛷(𝐴) = 𝛷(𝐶)
𝛷(𝐴) −𝛷(𝐵) = 𝛷(𝐶) −𝛷(𝐵)

(3)

where 𝛷(⋅) is the phase value on point (⋅). As point 𝐴 and 𝐶 are emitted
by the same ray of the fringe pattern, their phase values equal to each
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Fig. 2. The measurement system with moving object.

other. The point 𝐵 and 𝐴 have the same coordinate in the captured
image. The phase difference between point 𝐴 and point 𝐵 equals to the
phase difference between point 𝐶 and point 𝐵.

When the object has the translation movement as shown in Fig. 2
and point𝐴 is moved to 𝐴′. Similar relationship can be obtained:
{

𝛷(𝐴′) = 𝛷(𝐶 ′)
𝛷(𝐴′) −𝛷(𝐵′) = 𝛷(𝐶 ′) −𝛷(𝐵′)

(4)

Since only 2D movement is considered, the height of the object does
not change with the movement, resulting to the phase difference caused
by the height of the object also keeps constant between the object before
movement and after movement:

𝛷(𝐴) −𝛷(𝐵) = 𝛷(𝐴′) −𝛷(𝐵′) (5)

From Eq. (5) the phase difference for the same point of the object
before movement and after movement can be obtained by

𝛷(𝐴) −𝛷(𝐴′) = 𝛷(𝐵) −𝛷(𝐵′) (6)

Eq. (6) transfers the movement influence from the object to the
reference plane. Therefore, when the translation movement of the object
is tracked, the phase variation on the object caused by the movement
equals to the phase variation on the reference plane caused by the same
movement.

Compensate the above phase variation to the phase value after
movement, the phase value of the object before movement can be
obtained by

𝛷(𝐴) = 𝛷(𝐴′) +𝛷(𝐵) −𝛷(𝐵′) (7)

The above relationship in Eq. (7) also can be extended to the object
with 2D rotation movement. With the 2D rotation movement, a specific
point on the object only has translation movement as the height is not
changed with the movement. Different from the translation movement
in Fig. 2, the movement distance is not same for different points on the
object.

Summarily, the phase value of the object before movement can be
obtained by compensating the phase value of the object after movement
as described in Eq. (7). Please note that, 𝛷(𝐵) and 𝛷(𝐵′) should be the
unwrapped phase value of the reference plane. Eq. (7) can be applied
directly when 𝛷(𝐴) and 𝛷(𝐴′) are also the unwrapped phase values.
When 𝛷(𝐴′) is the wrapped phase value, adjustment should be applied
to keep the phase value of 𝛷(𝐴) in the range of (−𝜋, 𝜋). When 𝛷(𝐴) is
bigger than𝜋or smaller than −𝜋 after the compensation, the adjustment
described in Eq. (8) can be applied. The mod() means the modulo
operation and 𝑎𝑏𝑠() is the absolute value operation.

𝛷(𝐴) =

⎧

⎪

⎨

⎪

⎩

𝛷(𝐴) − 𝜋 ≤ 𝛷(𝐴) ≤ 𝜋
mod[𝛷(𝐴) + 𝜋, 2𝜋] − 𝜋 𝛷(𝐴) > 𝜋
𝜋 − mod[𝑎𝑏𝑠(𝛷(𝐴) + 𝜋), 2𝜋] 𝛷(𝐴) < −𝜋

(8)

Please note that, the above derivation is based on the assumption
that the parallel light is projected during the measurement (as shown
in Fig. 2). Eq. (5) will be violated if the divergent light is employed. In
practice, the parallel light can be achieved when the distance between
the projector and object is much larger than the height of the object or
the special equipment is used (such as telecentric lens).

3. The projection strategy increasing the 3D frame rate

High 3D frame rate is essential for moving object measurement.
When the 3D frame rate is low, information of the object will be lost.
Assume the 3-step PSP is used and the dual-frequency phase unwrapping
method is employed, the reconstructed 3D frame rate will be 𝐹𝑅∕6 as
shown in Fig. 3(a). 𝐹𝑅 is the number of the fringe patterns captured
by the camera in one second. The L1, L2 . . . L6 are the captured image
of the low frequency; H1, H2 . . . H6 are the captured image of high
frequency. Every six captured fringe patterns reconstruct one 3D frame.
The information of the object in L1, L2, L3, H2 and H3 are lost.

In order to increase the 3D frame rate, a new strategy for the fringe
pattern projection is proposed based on the phase retrieval method
described in [18] and phase unwrapping method described in Section 2.
Different from the traditional PSP assumes the object is static during
the fringe pattern projection, the method described in [18] utilizes
the movement information to retrieve the phase. This results more
flexible for the fringe pattern projection and phase retrieval. As shown
in Fig. 3(b), the high frequency and low frequency fringe patterns are
projected alternately. The object movement is tracked among the fringe
patterns. The frame1 is generated by L1, L2, L3, H1, H2 and H3 at the
position of H3. Then, frame2 is reconstructed by L2, L3, L4, H2, H3
and H4 at position of H4. Similar operations are applied for frame3 and
frame4. By this strategy, the 3D frame is reconstructed with every two
new fringe patterns (one high frequency and one low frequency). The 3D
frame rate can reach 𝐹𝑅∕2 after the first 3D frame is reconstructed. More
information of the object can be obtained and real-time measurement
can be achieved.

In summary, the procedure of the proposed method can be described
as follows.
Step 1: project and capture the low frequency and high frequency fringe
patterns alternately with the proposed strategy described in Fig. 3(b);
Step 2: track the object movement in each fringe pattern and calculate
the object wrapped phase map of the low frequency and high frequency
by the method in [18]; obtain the object unwrapped phase map of low
frequency and reference plane;
Step 3: use the position of the object in high frequency phase map as the
reference, move the object in unwrapped phase map of low frequency
to the reference position;
Step 4: compensate the object unwrapped phase map of low frequency
(obtained in Step 3) by Eq. (7);
Step 5: unwrap the object wrapped phase map of high frequency with
the traditional dual-frequency phase unwrapping method and the object
unwrapped phase map obtained by Step 4;
Step 6: reconstruct the object with the unwrapped phase map of high
frequency;
Step 7: repeat Step 2 to Step 6 with the new captured fringe patterns of
low frequency and high frequency.

4. Experiments

The effectiveness of the proposed method is verified by the exper-
iments. Two isolated objects (a 3D printing stairs and a tape) shown
in Fig. 4(a) are reconstructed. The object is moved randomly in two-
dimension. 3-step PSP is used and the dual-frequency phase unwrapping
method is employed. In order to obtain the phase information and the
movement information simultaneously, the fringe patterns in red color
are projected and a color camera is used to capture the reflected images
(as shown in Fig. 4(b)). In the red channel of the captured image, the
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Fig. 3. The strategy of the fringe pattern projection. (a) The frame rate of the traditional PSP with dual-frequency phase unwrapping method; (b) The frame rate of the proposed strategy
with dual-frequency phase unwrapping method. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Two isolated objects used in the experiment. (a) The two isolated objects used in
the experiment; (b) The captured object image in red fringe pattern; (c) The movement
tracking result with SURF algorithm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

fringe pattern information is used to retrieve the phase value; in the
other hand, the pure object image without fringes can be found in the
blue channel of the captured image [18]. Then the SURF (Speeded up
robust features) algorithm is employed to track the object movement
with the pure object image as shown in Fig. 4(c). As the proposed
method is not sensitive to the movement, the capture speed of the system
is set at 1 frame/second.

With the method in [18], the wrapped phase map of low frequency
and high frequency fringe patterns are retrieved as shown in Fig. 5. It is
apparent that the position is mismatched by the movement.

As we wish to reconstruct the object from high frequency fringe
pattern, the object position in high frequency fringe patterns is used
as the reference. The object unwrapped phase map of low frequency
is obtained by the spatial phase unwrapping method firstly. Then,
the object position is moved back to the reference position and the

Fig. 5. The wrapped phase maps of the low frequency and high frequency. (a) The
wrapped phase map of low frequency; (b) The wrapped phase map of high frequency.

Fig. 6. The compensation of the phase map. (a) The unwrapped phase map of low
frequency before compensation; (b) The unwrapped phase map of low frequency after
compensation and position adjustment.

unwrapped phase map compensated by the proposed algorithm. The
result is shown in Fig. 6.

With the phase map in Figs. 6(b) and 5(b), the traditional dual-
frequency phase unwrapping method is applied to reconstruct the
object and the results are shown in Figs. 7(a)–7(b). The object is well
reconstructed. In order to compare the results, the traditional dual-
frequency phase unwrapping method without compensation is applied
directly to the above experiment. The results are shown in Figs. 7(c)–
7(d). Significant errors are caused by the movement.

The proposed projection strategy is also verified and high efficiency
3D frame rate is obtained. The low frequency and high frequency fringe
patterns are projected alternately and the camera capture speed is set as
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Fig. 7. The reconstructed result with the proposed method and traditional method. (a)
The reconstructed result with the proposed method; (b) The mesh display for Fig. 7(a); (c)
The reconstructed result with the traditional method; (d) The mesh display for Fig. 7(c).

1 frame/s. The object is moved randomly in two-dimensional. The object
is reconstructed in all the captured fringe pattern of high frequency.
Visualization 1 shows all the captured fringe patterns and the 3D frames
of the measurement.

In order to further verify the unwrapping performance of the pro-
posed method, two sculptures with complex shape are reconstructed in
the second experiment. The moving speed is increased to 80 mm/s and
the capture speed is set to 10 frame/s. Fig. 8 shows the reconstructed
results of the traditional dual-frequency phase unwrapping method and
the proposed method. Fig. 8(a) shows the front view of the reconstructed
result with the proposed method and Fig. 8(b) is the corresponding mesh
display from another angle. The objects are unwrapped correctly. In
contrast, with the traditional method, significant errors are introduced
as shown in Figs. 8(c) and 8(d).

5. Conclusion

This paper proposes a new method reconstructing the moving iso-
lated objects based on the dual-frequency phase unwrapping method.
A projection strategy increasing the efficiency of the 3D frame rate
is also presented. The object movement is tracked and the influence
caused by the movement on the phase maps of the low frequency and
high frequency is analyzed. Then, The phase map of the object before
movement is obtained by compensating the phase map of the object
after movement with the phase variations caused by the movement.
At last, the dual-frequency phase unwrapping method is applied to
reconstruct the object. During the measurement, the fringe patterns of
high frequency and low frequency are projected alternately. With the
multiplexing use of the captured fringe patterns, the 3D frame rate can
reach to half of the camera capture speed. Please note that, except the
dual-frequency phase unwrapping method described in this paper, the
proposed method can be applied to other temporal unwrapping methods
that employ the additional phase maps (rather than black and white
pattern) to determine the fringe orders.

Fig. 8. The reconstructed results of the object with complex surface. (a) The reconstructed
result with the proposed method; (b) The mesh display for Fig. 7(a); (c) The reconstructed
result with the traditional method; (d) The mesh display for Fig. 7(c).
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