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Abstract: In the process of dynamic 3D measurement based on phase-shifting and fringe projection, the ideal
correspondence between object points, image points and phases in different fringe images is destroyed. On
this condition, the application of traditional phase formulas will cause significant measurement errors. In or-
der to reduce the dynamic 3D measurement error, the basic principle of the error is firstly analyzed, and the
errors are equivalent to the phase-shifting errors between different fringe images. Then, a dynamic 3D meas-
urement error compensation method is proposed, and this method combines the advanced iterative algorithm
based on least squares and the improved Fourier assisted phase-shifting method to realize the high-precision
calculation of random step-size phase-shifting and phase. The actual measurement results of a precision
ground aluminum plate show that the dynamic 3D measurement error compensation technology can reduce
the mean square errors of dynamic 3D measurement by more than one order of magnitude, and the dynamic

3D measurement accuracy after compensation can be better than 0.15mm.
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1 Introduction

The 3D measurement technology based on
structured light has the advantages of non-contact,
high efficiency, and low cost, which is widely used
in industrial measurement, mold manufacturing,
medical image, cultural relic reconstruction and oth-
er fields"*. The 3D measurement technology based
on phase-shift and fringe projection has good meas-
urement accuracy, density, and anti-interference
ability, and is most widely used in high-precision
static measurement®. However, in the dynamic 3D
measurement, the movement of the object changes
the ideal correspondence between the object points,
image points, and phases in different fringe images.
Under this condition, the application of traditional
phase formulas will produce significant phase meas-
urement errors, which will greatly reduce the accur-
acy of the 3D measurement.

For the dynamic 3D measurement, most re-
searches tend to use single-frame structured light
projection technology!®®, but the inherent shortcom-
ings of this technology in terms of measurement ac-
curacy and anti-interference ability cannot be ig-
nored. Some researches apply high-speed photo-
graphy technology to reduce the time interval of dif-
ferent fringe images, so as to suppress the dynamic
3D measurement errors®'?. This technology is
mainly suitable for the situation where the object
movement speed is low, and the measurement ac-
curacy is not high. LIU Y J¥1 and WEISE T pro-
pose the dynamic 3D measurement error compensa-
tion technology based on phase-shifting and fringe
projection, which accurately restores the phase by
analyzing the equivalent phase-shifting errors. The
process of this technology is generally as follows.
First, the phase distribution of each image and the
phase-shifting between different images are calcu-
lated by the

method"*'%, Second, the phase distribution of the

Fourier assisted phase-shifting

moving object is calculated by using the equal-step

phase-shifting method or the random step-size

phase-shifting algorithm based on least squares!'”'®,

The main problem of this technology is that the
phase-shifting between different images calculated
by Fourier assisted phase-shifting method has not
enough precision. In fact, there is no essential differ-
ence between the phase calculation accuracy of this
technology and that of the single-frame structured
light projection technology.

A new dynamic 3D measurement error com-
pensation technology based on phase-shifting and
fringe projection is proposed in this paper. Fristly,
by using the improved Fourier assisted phase shift
method and the improved iterative algorithm based
on the least square method, the calculation accuracy
of the phase-shifting between different images is
improved, and then the calculation accuracy of the
phase of moving object is improved. In the process,
the improved Fourier assisted phase-shifting meth-
od introduces a double elliptical filter window,
which not only fully retains the spectrum informa-
tion, but also greatly reduces the influence of re-
dundant noise data, effectively suppresses the error
diffusion of mutation position, and improves the ac-
curacy of phase shift analysis. The advanced iterat-
ive algorithm based on least squares!'”’ takes the
equivalent phase-shifting obtained by the improved
Fourier assisted phase-shifting method as the initial
value, and uses the random step-size phase-shifting
algorithm to iteratively calculate the equivalent
phase shift and phase until the accuracy meets the
requirements. For the mature technologies in static
3D measurement, such as calibration technology™’*
and phase unwrapping technology™~2%, will not be

discussed in detail in this paper.

2 Principle

The 3D measurement system based on phase-
shifting and fringe projection is shown in Fig. 1.
The basic principle of the dynamic 3D measure-
ment errors is introduced by taking the three-step

phase-shifting method as an example.
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Fig. 1 The 3D measurement system based on phase-shift-

ing and fringe projection

For a static object, the pixel coordinates of a
point on the object in different images are the same,
and the image grayscales of this point are as fol-

lows:

Il(-x’y) = Id + Ie-COS (‘P(X,Y) - 2“/3)
L(x,y) = 1s+ L..cos (p(x,y)) , (D
Li(x,y)=1;+1,.cos(¢(x,y)+2n/3)

in the formula, 7, and I, represent the background in-
tensity and modulation intensity, respectively, and
¢(x,y) represents the initial phase of the fringe im-
ages. According to the three-step phase-shifting

method, the phase formula is as follows:

e(x,y) = arctan(\/gx 1 (x,y) = I3 (x,y) )

2L, (x,y) = I (x,y) = I3 (x,y)
(2)
For a moving object, the basic principle of the
dynamic 3D measurement errors can be analyzed
through reverse thinking, as shown in Fig. 2. If the
object moves along the V (¢) direction, the phase of
fringe images changes along this direction, and the
object is located at P, P,, and P; at different shoot-
ing times. In different fringe images, the image

grayscales at (x;,y;) are as follows:

2n
ILi(x,y) =1, +Ie~005(90(x1,)’1) - ?)
L(x1,y1) = 1;+1,.cos (@(x1,y1) = 621 (x1,y1))

2n
Li(x,y) =1, +Ie'COS(SD(X1,y1) + 3 —931(961,)’1))
(3)

At this time, there will be significant errors in
calculating the phase of this position by using for-
mula (2). Although the errors are caused by the
movement of the object, they can be equivalent to
the phase-shifting errors of 6,,(x;,y;) and 65,(x;, ;).
In the same way, there are equivalent phase-shifting
errors of 6),(x,,y,) and €} (x2,y2) at (xa2,y,). Nor-
mally, the equivalent phase-shifting errors are not eq-
ual step, that is 65;(x1,y1) #2 X 61 (x1, 1), 65,(X2,2) #
2x65,(x2,y,). The equivalent phase-shifting errors
of different pixel positions are also different, that is
021(x1,y1) #65,(X2,¥2), 031 (x1, 1) # 05, (X2, y2).

CMOS

DLP¢ (YD) [/(%¥s)
/ , Objective lens of

the camera

Objective lens of
the projector

The measured
surface

Fig.2 The equivalent phase-shifting errors of the same

pixel coordinate position

If the equivalent phase shift between different
images can be accurately analyzed, the dynamic 3D
measurement error will be effectively suppressed
and the dynamic 3D measurement accuracy will be

improved.

3 Methods

3.1 The improved Fourier assisted phase-shifting

method

The Fourier-assisted phase-shifting method is a
global analysis method. At the locations of fringe
mutation, the phases calculated by this method have
large errors, and the errors will spread around the
locations of fringe mutation in the form of gradual
attenuation fluctuations. A window function is ad-
ded to the Fourier transform process to effectively
limit the spread of the errors, which helps to im-

prove the calculation accuracy of the global phases.
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The windowed Fourier transform is as follow:

F(u,v) :MiN x Y Y I y)x

x=1 y=1
—j2n(ﬂ+2)
W(x—xp,y—yo)e  \M N | (4

In the formula, 7 (x,y) represents the gray dis-
tribution of the fringe image, W(x— x,y— ) is the
window function, x, and y, represent the center
pixel coordinates of the window function; M and N
are the number of pixels in two directions. The
Gaussian function is chosen as the window function,

and the function is as follow:

2 2
Wx—x0.y— y0) = 1 eXp(_(x—xO) +(y—yo)),

\2rs 262
(5)

in the formula, ¢ is the standard deviation of the nor-
mal distribution, which can be used to adjust the
size of the window and the smoothing effect of the
filter. The larger the ¢, the larger the window, the
better the smoothing effect of the filter.

The spectrum distribution in the window field
centered on (xy,y) canbe obtained through for-
mula (4) and formula (5). Then, it is necessary to se-
lect an appropriate band-pass filter to filter the spec-
trum information other than the first-order spectrum
and extract the fundamental frequency spectrum
containing object height information. The mathem-
atical expression of frequency domain filtering is as

follow:
Gw,v)=Hu,v)Fu,v) , (6)

in the formula, F (u,v) is the spectrum distribution
obtained by the windowed Fourier transform,
H (u,v) is the frequency domain filter, and G (1, v) is
the filtered spectrum distribution.

The traditional frequency domain filter uses a

H(u,v) = ! R?

ul

R,
0 else

In the formula, u, and v, represent the center

coordinates of the filter window, they can be de-

termined by local centroid algorithm. R, R,;, R,»

and R, represent the radius of the double ellipse in

(u— Mo)2 " - Vo)2 1

rectangular window, as shown in Fig. 3. This type of
filter cannot completely extract all the first-order
spectrum. Moreover, it retains a large amount of re-
dundant noise data in the extraction area, which af-
fects the analysis accuracy of spectrum distribution.
The Gaussian window filter can improve the above
problems to a certain extent, but the design of the
window shape is still not flexible enough. The exis-
ted research shows that the first-order spectrum usu-
ally presents an elliptical distribution”, so a two-
way elliptical filter is proposed in this paper, as

shown in Fig. 4.

Redundant noise —\

The missing J
fundamental frequency

A small filtering |
window Abig filtering —/
window

Fig. 3 Rectangular window filter

-
_/

Double oval window

Fig. 4 Double elliptical window filter

The mathematical expression of the double el-

lipse filter is as follow:

(u— M0)2 - Vo)2
<
and Riz + Riz 1 . 7

two directions, they are not strictly limited, in prin-
ciple, the filter needs to contain complete first-order
spectrum information and reduce redundant noise

data as much as possible.
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After the frequency domain filtering is com-
pleted, the remaining calculation steps are consist-
ent with the traditional Fourier assisted phase-shift-
ing method. Perform inverse Fourier transform on
the extracted fundamental frequency to obtain spa-
tial information, and the phase at different positions
can be obtained by moving the Gaussian window.
The phase difference of the two fringe images can
be used to obtain the phase-shifting of the position.
3.2 The advanced iterative algorithm based on

least squares

The process of the advanced iterative al-
gorithm based on least squares is shown in Fig. 5.

In Fig. 5, 6,, is the phase-shifting distribution
of the fringe image m, m =1,2,3,--- ,M(M=3). K is
the number of iterations, and ¢ is the convergence
threshold set according to the accuracy.

The initial phase-shifting can be preliminarily
calculated by the improved Fourier assisted phase-
shifting method. Generally, the phase-shifting is
random and unequal-step. In this case, the phase

needs to be calculated by the random step-size

Phase-shifting and fringe
projection image

Fourier assisted
phase-shifting method

| v |
{[ The phase distribution !
! of each image i

A4
The initial phase-shifting |«
!

The random step-size
phase-shifting algorithm

A 4
The phase distribution of
the moving object

juawubisseal Bunyiys-aseyd [eniu|

< An inverse formula
A 4
The phase-shifting
b‘k
R If
v [65=65>e
f
1040 <

A 4
The phase distribution of
the moving objectis [
finalized

Terminate iterative
calculation

Fig. 5 The process of the advanced iterative algorithm

based on least squares

phase-shifting algorithm based on least squares. The

formulas are as follows:

M M
M Z 08 6,u(X,y) Z sind,,(x,y)
u rr[t;l u m=1
A= Z 08 G(x,Y) Z c08%5,,(x, ) Z 08 8,,(x,y)sind,(x, y) (8)
m;[l u m=1 m=1 u
D sindu(xy) D sing,(xy)eoss,(ny) ) sin’,(xy)
L m=1 m=1 m=1
M M M T
B=| Y I,(cy) D L (xy)cossu(ey) oL, xy)sing,(ny) | 9
m=1 m=1 m=1
T
{X}=[A]"[B] = [ a b c ] , (1o squares is proposed in this paper, which can calcu-
c late the phase-shifting and phase more accurately.
o(x,y) = —arctan— . (1D o ) ) ]
b The basic ideas of the advanced iterative algorithm

In the formulas, M is the number of the projec-
ted fringe image, 6,,(x,y) is the phase-shifting distri-
bution of the fringe image m, and I, (x,y) is the gray
distribution of m collected by camera.

In the high-precision dynamic 3D measure-
ments, the accuracy of the phase-shift calculated by
the improved Fourier assisted phase-shifting meth-
od cannot always meet the requirement. Therefore,

the advanced iterative algorithm based on least

based on least square are as follows. First, the
phase-shifting calculated by the improved Fourier
assisted phase-shifting method is taken as the initial
value, and the phase distribution is calculated,
where m=1,2,3,--- ,M(M=3). Then, the phase-
shifting is recalculated by using the phase distribu-
tion. After several iterations, the convergence condi-
tion is satisfied. The convergence condition is as

follow:
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k k—1
6m - 6m

<&

In the iterative process, a method for calculat-
ing the phase-shifting with known phase distribu-
tion is proposed. The method is based on the prin-
ciple of least square, and its objective function is de-

signed as follows:

M

S (63 = ) (L (x) =1, (x, ) =

m=1

in the formula, I, (x,y) is the theoretical gray distri-

bution of the fringe image m. a,=1;, b, =
1,c0s0,,(x,y), ¢, =—1.5in6,,(x,y). I; and I, repres-
ent the background intensity and modulation intens-
ity, respectively, and ¢,,(x,y) is the phase-shifting
distribution of the fringe image m.

To minimize S (x,y), let dS (x,y)/da, = 0,

aS (x,y)/0b,, = 0, S (x,y) /dc,, = 0, where m = 1,2,

M
. , 2
Z (@ +bpcos(x,y) +cnsing (x,y) =1, (%), 3,---,M(M=3), and the following formulas can be
m=1
(13) obtained:
1 cos(x,y) sing (x,y)
A =] coseg(x,y) cos?¢(x,y) cosp(x,y)sing(x,y) , (14>
sing(x,y) cose(x,y)sing(x,y) sinzgo (x,y)
B= [ I (x,y) I (x,y)cosp(x,y) I (x,y)sing(x,y) ]T , 15
T
{X}=[A]""[B] = [ an by cp ] , e The projector and the camera are connected through
a synchronous trigger to implement time match of
C”’l
On(x,y) = —arctan = an the projection and imaging. The integration time of

m

4 Experimental verification

To verify the theory and method, a dynamic 3D
measurement system based on phase-shift and fringe
projection was established. The measurement sys-
tem consists of a camera, a projector, and a meas-
ured object. The camera is a Nikon d850 SLR, the
focal length of its objective lens is 35 mm, and the
camera had a CMOS size of 24 mm x 16 mm (DX
mode) and a resolution of 2704 x 1800. The pro-
jector is Benq W7000 DLP with a resolution of
1920 x 1080. The projection was encoded as a four-
step phase-shift fringe, and the period of the phase-
shift takes up 32 DLP pixels. The angle between the
optical axis of the camera objective and the projec-
tion objective was about 15°. The distance between
the photographic center and the measured object
was about 1500 mm, and the pixel resolution of the
camera is about 0.35 mm.

An object with a moving speed of about

100 mm/s was originally planned to be measured.

single imaging of the camera can be set as 1/1000 s,
the time interval between two adjacent projections
and imaging is set as 1s. However, to reduce the
cost of the experiment, we moved the measured ob-
ject three times along the direction of gray scale
change, and then projected and took pictures of the
object in three static states, which equivalently re-
places the measurement process of moving object.
The biggest difference between this alternative and
the actual situation is that it is difficult to simulate
the image blur caused by object motion in a single
imaging time. However, in our envisaged measure-
ment condition, the moving distance of the object in
a single imaging time is only 0.1 mm, accounting
for about 0.28 pixels in the image, so the dynamic
blur of the image can be ignored.

In order to verify the accuracy of the method, a
precision machined object is needed as the measure-
ment benchmark. Because the machining accuracy
of the flat plate is the easiest to achieve, a precision
grinding aluminum plate with a size of 150 mm x
100 mm X% 10 mm and a surface flatness better than

0.0lmm is selected as the test object. In order to



190 HrE G2 (PRS0 16 %

simulate the dynamic three-dimensional measure- 0.034 mm. The result is shown in Fig. 7.
ment of complex objects, the flat plate is deliber-

ately placed obliquely along the optical axis of the

camera, so that the depth distance of each point on

the flat plate in the camera coordinate system is in- h

consistent. At this time, there is no great difference

between measuring a flat plate and measuring a

complex object, and the high accuracy of the flat

plate is more conducive to the accuracy of our eval-

uation method. The measurement system is shown in

: DLP
Fig. 6

First, the 3D shape of the plane was measured
in a static scene with a mean square error of Fig. 6 The measurement system

700 The measurement of the plane 0.08 The errors of the measurement
0.07
e 0.06
E 650 0.05
N £ 0.04
N 0.03
200 002
100 0.01

0
50 100

0
-50 0
~100 100 * Vng, 50

100

50
0

100 100 0 e
Fig. 7 The static measurement results
Then, the object was moved 4 mm, 5 mm and pensated dynamic 3D measurement was 5.241 mm,

6 mm in the direction of the gray scale change of the as shown in Fig. 8.

fringe. The mean square error of the uncom-

50
The errors of the measurement
The measurement of the plane 40k
700 30+
£ L
E 650 e 20
N L
600 £ 10
100 ol
50
100 -10}
L 0 50
7 50 0 -20 +
/)7 —-50 o
7 100 C100 e 1 S
—100 -80 -60 -40-20 0 20 40 60 80 100
X/imm
Fig. 8 The results of uncompensated dynamic 3D measurement
Finally, the dynamic 3D measurement error The experimental results show that the dynam-
compensation technology proposed in this paper ic 3D measurement error can be greatly reduced by
was used to measure again. The mean square error using the error compensation technology proposed
of the dynamic measurement was 0.132 mm, as in this paper, and the accuracy of the dynamic 3D

shown in Fig. 9. measurement can be better than 0.15 mm.
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Fig. 9 The results of compensated dynamic 3D measurement

5 Conclusion

The basic principle of the dynamic 3D meas-
urement errors is analyzed, and the dynamic 3D mea-
surement error compensation method is proposed.
This method combines the advanced iterative al-

gorithm based on least squares and the improved

Fourier assisted phase-shifting method to realize the
high-precision calculation of random step-size
phase-shifting and phase. The experimental results
show that the dynamic 3D measurement error can be
reduced by more than one order of magnitude by us-
ing the error compensation technology proposed in
this paper, and the accuracy of the dynamic 3D

measurement can be better than 0.15 mm.
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