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A Complementary Gray Code Like Double N-Step
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Abstract—The complementary Gray code double N-step phase
shift method is widely used because of its high detection accuracy
and good robustness. However, phase unwrapping methods have
the problem of low detection efficiency. In order to solve above
problem, this paper proposes a complementary Gray code like
double N-step phase shift method without Gray code fringe images.
Firstly, the wrapped phases of the different groups of phase shift
fringe images are obtained, then we get the phase difference and
the fused wrapped phase, and the phase difference is converted into
Gray code series. Finally, the unwrapped phase of the measured
target is obtained by combining the fused wrapped phase and the
Gray code series. This method in this paper improves the detection
efficiency. To verify the effectiveness of method proposed in this
paper, the method is compared with the complementary Gray
code double N-step phase shift method, the complementary Gray
code 2N-step phase shift method and the phase derivative variance
method. The experimental results show that the method in this
paper could effectively obtain the high-precision unwrapped phase,
and the efficiency is 33.3% higher than the complementary Gray
code double N-step phase shift method and the complementary
Gray code 2N-step phase shift method.

Index Terms—Double N-step phase shift method, phase
difference, complementary Gray code like, fused wrapped phase,
phase unwrapping.

I. INTRODUCTION

IN the three-dimensional field of high-speed measurement,
grating projection profilometry is gradually applied to var-

ious fields because of its advantages of high precision, non-
contact and low cost [1], [2], [3], [4]. For example: aerospace
field, medical field, cultural relic protection field, etc. Phase
unwrapping is an important part of grating projection profilom-
etry. When measured target contour, the arctangent function is
used to solve the phase in the phase calculation process. Since
the obtained result is the wrapped phase distributed in (−π, π]
[5], [6], [7], [8], it is necessary to use the phase unwrapping
algorithm to recover the wrapped phase into unwrapped phase.
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The advantages of complementary Gray code phase unwrapping
method are high detection accuracy and robustness, however, it
needs to add Gray code images to participate in the detection,
which would reduce the detection efficiency. Therefore, it is very
important to propose a new solution to solve the above problem.

In recent years, in order to solve the above problems, domestic
and foreign scholars propose a large number of solutions: Xu
et al. [9] proposes an improved double N-step phase shift-
ing profilometry, which improve the traditional three-frequency
four-step phase shift method from needing 12 (4 high frequency,
4 middle frequency and 4 low frequency) fringe images for only
needing 8 (4 high frequency, 2 middle frequency and 2 low fre-
quency) fringe images. The detection efficiency is improved by
reducing the fringe images, but this method still needs 2N images
to complete the operation, and the efficiency is still low. Han et al.
[10] proposes a color coded grating projection complementary
Gray code double N-step phase shifting profilometry, which
encoded the phase-shift coded fringe images and Gray code
coded fringe images into color-coded fringe images, reduced the
number of projected fringe images to one third of the original,
and greatly improved the detection efficiency. However, this
method would lead to mutual interference between different
layer images and affect the detection accuracy. Han et al. [11]
proposes a complementary Gray code Fourfold-N step phase-
shift grating fringe projection profilometry, this method divides
the phase shift fringe images into N

4 groups, and then obtains the
unwrapped phase through phase shift method, phase fusion, and
complementary Gray code phase unwrapping method. Xu et al.
[12] proposed a single-shot N-step phase measuring profilom-
etry, which can directly obtain the phase difference between
the target to be measured and the calibration plane, instead of
separately calculating the phase with and without the target.
These two methods could effectively improve the efficiency of
the algorithm, however, it only improves the phase shift method
and does not optimize the phase unwrapping method. Based
on this, this paper proposes a complementary Gray Code like
code double N-step phase shift method without Gray code fringe
images. Firstly, the wrapped phase of the different groups of
phase shift fringe images are obtained, then we get the phase
difference and the fused wrapped phase from above, and the
phase difference is converted into Gray code series. Finally, the
unwrapped phase is obtained by combining the fused wrapped
phase and the Gray code series. The method in this paper obtains
the Gray code series by using the phase difference of different
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wrapped phases, it does not need any Gray code images and the
phase difference distribution has binary properties. Therefore,
the proposed method in this paper has strong robustness, high
detection accuracy and high detection efficiency.

II. ERROR ANALYSIS

A. Temporal Phase Unwrapping Method

The principle of the complementary Gray code phase shift
method is adding M+1 Gray code fringe images corresponding
to the phase shift fringe, as shown in (1).where,w is the number
of pixels in the horizontal direction of phase shift fringe image,
and wT is the number of pixels in the horizontal direction of a
single periodic phase shift fringe.

M = log2

(
w

wT

)
(1)

In the real detection environment, wT is usually small to
ensure the detection accuracy. Therefore, more Gray code fringe
images are needed to phase unwrapping, which makes the com-
plementary Gray code phase shift method could not suitable for
high-speed detection situations.

The most common multi-frequency heterodyne method is the
three-frequency heterodyne method, which collects three groups
of phase shift fringe images at specific frequencies to calculates
the unwrapped phase of the measured target’s outer contour.
This method needs 3N phase shift fringe images, which greatly
affects the detection efficiency.

The latest temporal phase unwrapping methods based on
the N-Ary sinusoidal codewords [13], [14] recently. The basic
principle of the proposed method is as follows: N-Ary codewords
are obtained by combining additional fringe images with phase
shifte fringe images or only use phase shifte fringe images, and
then unwrapped phase is obtained by fusing N-Ary codewords
with wrapped phase. This method can obtain high-precision
unwrapping phase with fewer fringe images and improve the
efficiency of the algorithm. However, the efficiency of the algo-
rithm is not optimal due to the projection of additional fringe
images, and it is difficult to obtain N-Ary codewords only using
original fringe images. Therefore, it is important to propose a
new method.

B. Spatial Phase Unwrapping Method

The basic principle of the spatial phase unwrapping method
is as follows: the wrapped phase is segmented by detecting the
step signal along the wrapped phase edge. This method could
not effectively detect the step signal position when the measured
target surface is complex. Fig. 1 is a specific case.

The square selected area in the Fig. 1 could not be judged as
wrapped signal edge or target surface feature only by the step
signal feature. The method proposed in this paper is under this
background.

III. METHOD OF THIS PAPER

This paper proposes a complementary Gray code like double
N-step phase shift method without Gray code fringe images.
Its algorithm schematic diagram is shown in Fig. 2. The phase

Fig. 1. Wrapped phase of a complex target.

difference between phase shift fringe images 1 and phase shift
fringe images 2 is π

N . The algorithm flow as follows, and the
subscripts of the variable are omitted for ease of writing:

Algorithm: Algorithm in This Paper.
Input: Double-N coded fringe images I1∼I2N
Output: The unwrapped phase of the measured target, save

as ψ
1: The wrapped phases of the phase shift fringe images 1

and the phase shift fringe images 2 collected by the
industrial camera are obtained by using (2), as
ψwrapped
no−shift and ψwrapped

shift ;

2: Using (3) to obtain the phase difference of ψwrapped
no−shift

and ψwrapped
shift , save as ψdiff ;

3: Performing negation operation on ψdiff and
Substituting the result into (4), (5) to get the Gray code
series1, save as ψGray

co ;
4: Substituting ψdiff into (4), (5) to get the Gray code

series2, save as ψGray;
5: Using (6) to get the fused wrapped phase of ψwrapped

no−shift

and ψwrapped
shift , save as ψwrapped

fusion ;

6: Substituting ψwrapped
fusion , ψGray

co and ψGray into (7) to
get unwrapped phase, save as ψ.

First, we project the phase shift fringe images 1 and the phase
shift fringe images 2 to the measured target surface through
the digital light processing (DLP) projector respectively, and
then collect them sequentially by the industrial camera, save as
I ′1∼I ′2N . We substitute them respectively into (2) [15], [16],
[17] to obtain the wrapped phase and save as ψwrapped

no−shift and

ψwrapped
shift , where, I is the collected fringe image and N is the

number of one group phase shift fringe images.

ψwrapped = − arctan

[ ∑N
n=1 I

′
n sin

2π(n−1)
N∑N

m=1 I
′
m cos 2π(m−1)

N

]
(2)

We substituteψwrapped
no−shift andψwrapped

shift into (3) to get the phase
difference of different wrapped phase.

ψdiff = ψwrapped
no−shift − ψwrapped

shift (3)
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Fig. 2. Algorithm schematic diagram.

Fig. 3. Schematic diagram of phase difference.

The principle of (3) is as follows: the phase difference is
only related to the phase shift fringe images and would not be
changed with the contour of the measured target. As shown in
Fig. 3, it could be found that the phase difference has a periodic
distribution and satisfies:

1) The phase difference is exactly the same as the period,
phase of the wrapped phases.

2) The phase difference in the same period is 2π.
The above two points greatly ensure the feasibility of using

the phase difference to get the unwrapped phase.
Then we perform negation operation onψdiff and use (4) and

(5) to obtain the Gray code series1 ψGray and the Gray code
series2 ψGray

co of the detected target, ψGray(x, y) represents the
value at (x, y) of the ψGray , k1, k2 is the threshold coefficient
of the phase difference set according to the environment and the
initial phase, the result is shown in Fig. 4.

ψ′Gray
(x, y) =⎧⎪⎪⎨

⎪⎪⎩
0,

∇ψdiff (x, y)

∇x ≤ k1 × ψshift + k2 × (ψshift − 2π)

2

2π,
∇ψdiff (x, y)

∇x >
k1 × ψshift + k2 × (ψshift − 2π)

2
(4)

Fig. 4. Gray code series.

Fig. 5. Simulation target model; (a) continuous simulation target; (b) discon-
tinuous simulation target.
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TABLE I
COMPARISON OF EXPERIMENTAL RESULTS (WITHOUT PERIODIC PHASE ERRORS)

ψGray(x, y) =

∫ x

0

ψ′Gray
(x, y)dx (5)

Next, we fuse ψwrapped
no−shift and ψwrapped

shift by using (6) and (7)

to obtain the wrapped phase after fusion, save as ψwrapped
fusion ,

where, π is the phase difference threshold set according to the
environment and the initial phase.

ψ′wrapped
shift

=

⎧⎨
⎩
ψwrapped
shift + ψshift, ψ

wrapped
shift < (2π − ψshift)

ψwrapped
shift − (2π − ψshift), ψ

wrapped
shift ≥ (2π − ψshift)

(6)

ψwrapped
fusion

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ψwrapped
no−shift + ψ′wrapped

shift

2
,
∣∣∣ψwrapped

no−shift − ψ′wrapped
shift

∣∣∣ ≤ π

ψwrapped
no−shift,

∣∣∣ψwrapped
no−shift − ψ′wrapped

shift

∣∣∣ > π

(7)

Finally, We substitute ψwrapped
fusion , ψGray

co and ψGray into
(8) to obtain the unwrapped phase of the contour of the de-
tected target, save as ψ. Where ψ(x, y) represents the value
at (x, y) of the ψ, ψGray

co (x, y) represents the value at (x, y)
of the ψGray

co , ψGray(x, y) represents the value at (x, y) of
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TABLE II
COMPARISON OF EXPERIMENTAL RESULTS (WITH PERIODIC PHASE ERRORS)

the ψGray .

ψ(x, y)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ψwrapped
fusion (x, y) + ψGray

co (x, y), ψwrapped
fusion (x, y) ≤ −π

2

ψwrapped
fusion (x, y) + ψGray(x, y), ψwrapped

fusion (x, y) <
π

2

ψwrapped
fusion (x, y) + ψGray

co (x, y)− 1, ψwrapped
fusion (x, y) ≥ π

2
(8)

IV. EXPERIMENT

In the experimental part of this paper, simulation experiments
are used to verify the feasibility of the method in this paper. The

number of phase shift steps N is set to 4, and the period of phase
shift fringe image is set to 8. In order to make the experimental
results more persuasive, this paper uses comparative exper-
iments to demonstrate, including complementary Gray code
double 4-step phase shift method, complementary Gray code
8-step phase shift method and phase derivative variance method
[18]. The detected targets in this experiment are discontinuous
target and continuous target. The experimental environment is
divided into without periodic phase error and with periodic phase
error, and the peak signal to noise ratio(PSNR) is 25db in the
environment with periodic phase error [19]. The fringe images
would change due to the surface contour of the measured target,
when the fringe images are projected onto the measured target.
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TABLE III
MSE OF WITHOUT PERIODIC PHASE ERRORS

TABLE IV
MSE OF WITH PERIODIC PHASE ERRORS

TABLE V
NUMBER OF IMAGES REQUIRED FOR DIFFERENT METHODS

Therefore, we simulate the deformation of the fringe images
firstly, and then we analyze the deformed fringe images, Finally,
the unwrapped phase of the measured target surface contour is
obtained. The simulated target is shown in Fig. 4. The results of
the comparative experiments are shown in Tables I and II.

By comparison, it could be found from Tables I to II that
the method in this paper could accurately obtain the unwrapped
phase of the target outer contour. And in the case of discontinuity,
the accuracy is higher than the phase derivative variance method.
In order to make a more intuitive analysis of the experimental
results, this paper calculates the mean squared error (MSE) of
the difference between the phases obtained by each method and
the real phases with and without periodic phase errors, which is
recorded in Tables III to IV. And the number of fringe images
that need to be collected for all the above methods is shown
in Table V. And the number of fringe images that need to be
collected for all the above methods is shown in Table V.

According to the above Table, It could be seen that compared
with the complementary Gray code double 4-step phase shift
method and the complementary Gray code 8-step phase shift
method, the proposed method basically maintains the same
detection accuracy, but the efficiency is improved by 33.3%.
Compared with the phase derivative variance method, the pro-
posed method has the same efficiency but the detection accuracy
is increased highly at discontinuous target. The expansion phase
obtained by this method is very close to the ideal data. Therefore,

the method proposed in this paper would obtain high-precision
target contour information after phase-to-height mapping [20]
and we will prove that in future experiment.

V. CONCLUSION

Based on the complementary Gray code double N-step phase
shift method, a complementary Gray code like double N-step
phase shift method without Gray code fringe images is proposed
in this paper. In this method, the wrapped phase of the phase
shift fringe images1 and the phase shift fringe images2 are
fused and then we obtain the phase difference between them,
and next the phase difference is converted into Gray code series.
Finally, the unwrapped phase is obtained by combining the Gray
code series and the fused wrapped phase. In this paper, the
physical model of the error and the principle of the method in
this paper are described detailedly, and simulation experiments
are used to detect continuous/discontinuous targets respectively.
The detection results are compared with the complementary
Gray code double N-step phase shift method, the complementary
Gray code 2N-step phase shift method and the phase derivative
variance method. Experimental results show that the method
in this paper could effectively obtain the unwrapped phase and
the number of images used is the 2/3 of the original and the
detection accuracy is higher than the phase derivative variance
method. Compared with the complementary Gray code 2N-step
phase shift method and the complementary Gray code double
N-step phase shift method, the detection efficiency of the method
in this paper is improved by 33.3%. Due to time constraints,
the laboratory is currently undergoing renovation and does not
have the necessary conditions to complete the actual experiment.
Several instruments need to be purchased, and we are currently
in talks to meet the experimental conditions as soon as next year.
We will continue our experiments and research in the future. The
method in this paper provides a new idea for the complementary
Gray code double N-step phase shift method, and provides a
theoretical and experimental basis for high-speed measurement
in three-dimensional field.
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