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3D shape measurement method combining sinusoidal pulse width
modulation fringe with phase coding fringe
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Abstract: A 3D shape measurement method combining sinusoidal pulse width modulation fringe with
phase coding fringe was proposed. Two kinds of coding fringes were projected onto the object with
defocus. Using a phase鄄shift algorithm, the wrapped phase was obtained by the sinusoidal pulse width
modulation fringe, the fringe order was got by the phase coding fringe. Then, the three鄄dimensional shape
of the measurement object can be restored. The experimental results demonstrate that the proposed method
has two merits: (1) It can decrease the measurement error because of filtering the harmonics with slight
defocus; (2) It can measure the different contrast object because it is based on phase code.
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正弦脉冲宽度调制条纹结合相位编码条纹的三维测量方法

李 彪，吴海涛，张建成，伏燕军

(南昌航空大学 无损检测教育部重点实验室，江西 南昌 330063)

摘 要院 提出了正弦脉宽调制和相位编码结合的一种三维形貌测量方法。这种方法离焦投影编码的

两种条纹到被测对象上，使用相移算法，由正弦脉冲宽度调制条纹得到截断相位，由相位编码条纹解

码得到条纹级次，从而恢复测量对象的三维形貌。实验结果证明了该方法有两个优点：(1) 轻度离焦

滤除了谐波从而能降低测量误差；(2) 基于相位的编码方式能测量表面反射率不一物体。
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0 Introduction

Three鄄dimensional (3D) shape measurement has
been extensively studied for application in medical
diagnosis, machine vision, on鄄line detection, reverse
engineering, automatic control, 3D model of complex
object, engineering design, and other fields [1-2]. Along
with the evolution of digital image processing and
computer technique, 3D shape measurement achieves
great development[3-4].

The traditional digital fringe projection system
utilizes the focusing projector to generate sinusoidal
fringe patterns. Since it is usually 8 -bit image, the
measurement speed is typically limited to 120 Hz. As
well as, the nonlinearity of the projector will induce
measurement error. To conquer the two problems, the
squared binary defocusing technique is proposed [5].
However, the deep defocusing based on squared
binary fringe leads to a smaller depth measurement
range. The pulse width modulation (PWM) technique
was introduced to develop the binary defocusing
technique. Ayubi et al. proposed a technique called
sinusoidal pulse width modulation (SPWM) [6]. This
SPWM fringe with slight defocus can easily eliminate
the high鄄order harmonics. Wang et al. proposed
optimal pulse width modulation (OPWM) to further
improve the defocusing technique by selectively
eliminating undesired harmonics [7]. Further more, Zuo
et al. proposed a new sinusoidal fringe generation
technique called TPWM and implemented it into
dynamic scenes[8].

The combined 3D shape measurement method
that increases additional fringes to assist the phase
unwrapping includes Gray code plus phase鄄shifting
method [9], dual鄄frequency pattern method [10], speckle鄄
embedded method[11] and so on. However, the codeword
of Gray code plus phase鄄shifting method is limited to
2m (here m is the number of Gray code patterns). In
addition, the codeword identified by image intensity is
less robust for measuring high contrast surfaces. As

the phase is better immune to surface contrast
variations, ambient light, and camera noises comparing
with intensity, Wang et al. proposed a novel absolute
phase recovery technique with phase coding [12]. It not
only produces more codewords but also receives more
robust measurement result for different intensity
fringes. Basing on the above foundation, Zheng et al.
put forward a phase coding method for absolute phase
recovery with a large number of codewords [13]. Zhou
et al. proposed an improved stair phase encoding
method for absolute phase retrieval[14].

In this paper, the 3D shape measurement method
combining sinusoidal pulse width modulation fringe
with phase coding fringe is presented. We carried out
contrast experiments to verify performance of the
proposed method. The sinusoidal pulse width
modulation fringe is used to obtain the wrapped phase
and the phase coding fringe is used to obtain the
fringe order. Then, the phase information can be
gained using the phase unwrapping algorithm. At last,
the height information can be reconstructed using
phase鄄height relationship after the measurement system
parameters are calibrated[15].

1 Principle

1.1 Measurement system
Measurement system is shown in Fig.1. A and B

Fig.1 Measurement system

are the optic centers of projector and CCD camera,
respectively. The distance between A and B is d.
Projector obliquely projects fringe patterns and CCD
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camera is perpendicular to reference plane. The
optical axes of them intersect at point O. The distance
between B and reference plane is L. The height of
test object can be calculated as follows[16]:

h= L驻
2仔f0d+驻 (1)

Here, f0 is the spatial frequency of fringe on reference
plane, 驻 is the continuous phase difference between
test object and reference plane.
1.2 Sinusoidal pulse width modulation fringe

Ayubi et al. first introduced the sinusoidal pulse
width modulation technique in 3D shape measurement
field. It evolves from the pulse width modulation
which is well鄄known in electrical engineering. To
design a good SPWM pattern, the frequency fT of
triangular wave we set is ten times than the frequency
fS of the sinusoidal wave, that is fT =10 fS. The
generating process can be depicted as follows:

(1) Code 10 periodical triangular waves based on
one periodical sinusoidal wave, as the solid line shows
in Fig.2(a).

F(1,j)=A+sawtooth(10*j/T,A)/2 (2)
Here, F(1,j) is the pixel intensity on line one column
j, A is the amplitude of triangular wave, and T is the
step length.

(2) Produce sinusoidal wave with four鄄step phase
shifting, as dotted line shows in Fig.2(a).

Qn(1,j)=A+Asin(j/T+2仔(n-1)/N), n=1,2,3,4 (3)
Here, Qn is the intensity of sinusoidal wave, N is the
number of total phase鄄shifting step, n is the current
phase鄄shifting step, and T is the step length.

Fig.2 Three waves

(3) Comparing the two waves, as the dotted line

shows in Fig.2(b).

In(1,j)=1, F约Qn

0, F跃Qn
(4)

Here, In is the intensity of SPWM wave.
(4) Convert the one鄄dimension wave to two鄄

dimension picture, as shown in Fig.3(a).
In(i,j)=R(In(1,j),m,n) (5)

Here, R is the function of repeating In to line m and
column n.

(a) SPWM pattern (b) SPWM pattern

without filter with filter

(c) Original frequency spectrum (d) Processed frequency spectrum
Fig.3 SPWM pattern in one period

As SPWM pattern can filter the harmonics in
slight defocusing, we simulated SPWM pattern by the
Gaussian filter, as shown in Fig.3(b). The size of the
Gaussian filter is 29*9. At the same time, we
extracted the frequency spectrum of 16 fringe cycles
in one cross . Figure 3 ( c ) is the original frequency
spectrum . Figure 3 ( d ) is the processed frequency
spectrum using filter.
1.3 Phase coding fringe

As the phase is less sensitive to surface contrast
variations, ambient light and camera noises, the phase
information is more robust than the intensity
information. Wang et al. proposed that the phase can
be used as the codeword to retrieve the continuous
phase. The method makes it possible to test object
with different surface contrast. We depict the
generating process of phase coding fringe with 16
cycles.

(1) Embed the codeword into the phase with a

0617006-3
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stair phase form, as shown in Fig.4(a):

b(i,j)=-3.13+[j/p]窑2*3.13
N (6)

Here, [j/p] is the ideal fringe order obtained by

rounding operation, 2*3.14
N means the stair height,

N(=16) is the total number of fringe cycles, and p is
the fringe pitch.

(2) Code the stair phase b (x ,y ) into four 鄄step
phase鄄shifting fringe intensity, as shown in Fig.4(b):

In(i,j)=A+Asin(b(i,j)+2仔(n-1)/N), n=1,2,3,4 (7)
Here, A is the amplitude of fringe intensity.

Fig.4 Codeword (a) and the phase coding fringe (b)

1.4 Phase unwrapped algorithm
The sinusoidal pulse width modulation fringe is

used to obtain the wrapped phase and the phase
coding fringe is used to obtain the fringe order. Then,
the phase information can be gained using the phase
unwrapping algorithm. The process can be
decomposed as:

(1) For the SPWM fringe and the phase coding
fringe, the wrapped phases are solved as:

(i,j)=arctan I4(i,j)-I2(i,j)
I3(i,j)-I1(i,j)蓘 蓡 (8)

(2) For the phase coding fringe, the fringe order
should be implemented:

k(i,j)=round N窑 (i,j)-min[ (i,j)]
max[ (i,j)]-min[ (i,j)]蓘 蓡 (9)

Here , round (窑) means the integer operation , max

(窑) and min (窑) represent the maximum and minimum
values of the ( i , j ) , respectively . N indicates the
cycle number of phase coding fringe.

(3) The continuous phase can be expressed as:
(i,j)= (i,j)+2仔窑k(i,j) (10)

Here, is the wrapped phase of SPWM fringe, and k
is the fringe order.

(4) The continuous phase difference is as follows:
驻 (i,j)= 1(i,j)- 2(i,j) (11)

Here, 1 is the continuous phase with object, and 2

is the continuous phase with reference.

2 Experiments

The measurement system is composed by a
digital projector (Samsung) with a resolution of 800伊
600, a CCD camera (DH -HV1351UM) with a
resolution of 1 280伊1 024 and a computer. Before the
experiment, measurement system should be conducted
parallel calibration, perpendicular calibration and
system parameters calibration. The measurements of a
mouse and three standard step blocks were used to
prove the proposed method. The two sets of fringes
were projected onto the reference plane and the
object, respectively.
2.1 Comparing SPWM plus phase coding method,

binary defocusing method, sinusoidal method
The SPWM fringe and binary fringe were

projected in a same slight defocus. The sinusoidal
fringe was generated by a focused projector. Phase鄄
shifting fringe patterns on the object using three
methods are shown in Figs.5(a)-5(f). Figures 5 (g)-
5 (i) show the corresponding 3D results. The results
imply that the proposed SPWM plus phase coding
method overmatches the others.

0617006-4
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Fig.5 One of four鄄step phase鄄shifting fringe patterns on the object using three methods: (a) SPWM fringe, (b) binary defocusing fringe,

(c) sinusoidal fringe, and (d)-(f) the phase coding fringes; (g)-(i) the corresponding 3D results

0617006-5

Fig.6 One of four鄄step phase鄄shifting fringe patterns on the object using three different intensities: (a) and (d) with high intensity,

(b) and (e) with middle intensity, (c) and (f) with low intensity; (g)-(i) the corresponding 3D results

2.2 Measuring the different contrast object
In this paper, the fringe intensity was changed to

simulate the different contrast object. Figures 6(a)-6(f)
show the phase鄄shifting fringe patterns on the object

using three different intensities. The corresponding 3D
results are shown in Figs. 6 (g) -6 (i). The results
mean that there are no obvious differences among the
three different intensities.

2.3 Measuring three standard step blocks
Three standard step blocks (the height of each

step is 11 mm) was measured by the proposed method
to verify the measurement accuracy. Figures 7(a) and
7 (b) are the blocks modulated by the SPWM fringe

and phase coding fringe, respectively. Figure 7 (c) is
the reconstructed 3D shape and Figure 7(d) shows the
step height distribution in the 175th row. Table 1 lists
experimental results on the blocks. The maximum
absolute error is 0.103 mm and the maximum standard
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Actual step height Absolute error Standard deviation

11 0.103 0.085

22 0.098 0.079

33 0.092 0.076

deviation is 0.085 mm.

Fig.7 Blocks modulated by (a) SPWM fringe and (b) phase

coding fringe; (c) the reconstructed 3D shape;

(d) step height distribution in the 175th row

Tab.1 Experimental results on standard step blocks
(Unit: mm)

3 Conclusion

With regard to the high鄄order harmonics and the
different contrast object, the 3D shape measurement
method combining sinusoidal pulse width modulation
fringe with phase coding fringe is proposed in this
paper. The detailed explanations about the principle
are given. The experiments certify that this method
has two merits: (1) It can decrease the measurement
error because of filtering the harmonics with slight
defocus; (2) It can measure the different contrast
object because it is based on phase code.
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