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Abstract
In coded-structured light three dimensional measure tem S ibration plays
an important role for the measurement accuracy. PrOJ |br |on n important part
of the system calibration. Therefore, this paper pr . rOJe tor Balibration method with
simple calibration process and high accuracy. Th hod @é& Zhang’s plane model
calibration method with orthogonal Gray co trapezmd e shift code. During the

to establish the relation of projector i and camera point coordinates, the corner
extraction accuracy of this paper’s m n the traditional orthogonal Gray
code. According to the imag sint jector’s perspective, we program and
calculate the projector’s mteru% ternal parameters matrix based on the Zhang’s plane
model calibration toolbox. The reStlts sh this paper’s method is simple and flexible,
the maximum relative errof”qf the n parameters is 0.027%, and it meets the
requirements of system canaon in emrmg or industrial fields.

Keywords: Cod cturemSystem calibration; Projector calibration; Orthogonal

Gray code + t' phase sh
1. Introduction 6

Coded-structure three dimensional measurement system has the advantage of non-
contact, high accufacy; high speed. Therefore, it has been widely used in the area of industrial
inspection, rﬁ%ipe vision, medicine, face recognition and so on [1-3]. In coded-structured
light syste ojector calibration is one of the important parts of the system. The
represen& paper abroad is presented by Zhang [4] who used the camera to give the
proj sualization, the calibration process needs to project the phase shift pattern, but
whenye calculate the corner point coordinates, the program needs to calculate the arctangent
function, the speed is slower. Currently the main domestic research achievements of the
projector calibration method are as follows:

In 2008, Xiaolin Dai [5] put forward a projector calibration method based on phase
matching technology. Although the accuracy of this calibration method is high, the algorithm
is complex and the calibration process is slow. In 2009, Zhongwei Li [6] proposed a projector
calibration method using the circular landmark point. This method used two different sets of
coding image to establish the relation of projector and camera, but the error of the extracted
center point is big. In 2011, Dong Zhang [7] put forward a kind of projector calibration
method base on color circular landmark pattern, this method used the common calibration
checkerboard to project the color circular landmark pattern, according to the center

calibration process, this paper uses Gray ¢ @ ern an ezoid phase shift code pattern
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coordinates of the color circular landmark pattern, it calculated the projector’s parameters.
But this method is complex and the accuracy is not very high. In 2013, Zhao Wagng [8]
proposed a kind of projector calibration method based on beam method, this method improves
the calibration accuracy, but the calibration process is complex.

In order to improve the calibration accuracy and speed of the projector, it has great
significance to study how to improve the accuracy of corner point extraction. Therefore, this
paper will put forward a new projector calibration method which combines the Zhang’s plane
model calibration method and orthogonal Gray code + trapezoid phase shift code, then verify

the projector calibration results after calibration.
2. Calibration Principle /\)

2.1. Projector Imaging Model 6

Because the projector can be regarded as a reverse c : |ts i | model can be
regarded as a reverse camera pinhole model, the j odel nin Figure 1. A
specific point in the space Q intersected with the p f the i ane In order to get
the two dimensional coordinate of g, this paper opose hod by projecting the
orthogonal phase shift coding pattern to the sméoe of t.he model then calculated the
two dimensional coordinate through the a |mag aIIy we can use the image

coordinate (u,v) and the world coo’gvx(x
external parameters matrix of the r%

,\ng) to calculate the internal and

Figure 1. Projector Imaging Model

2.2. Calibration Procedure

This paper uses the checkerboard plane model to set up the relation between the projector
images and camera images. In the calibration process, this paper used the Gray code +
trapezoid phase shift code pattern of horizontal and vertical direction to project the images
[9]. The main steps are as follows:
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(1) Take a checkerboard plane model image using the camera, and project the horizontal and
vertical Gray code and trapezoid phase shift code images to the surface of the plane model,
and use the camera to take these images, the calibration plane model images are shown in
Figure 2.

lane Model

Figure 2. Checkerb@ﬂ Cal&

(2) Use the images taking from @g)t e calib: %n toolbox to extract the corner sub-pixel
coordinates of the checkerboar

(3) The Gray code and trap id phase shi e combines the low error rate of Gray code,
simple and easy reallzatl accur high sampling density of trapezoid phase shift
code. So this paper LT Gray cotle”™ trapezoid phase shift code to accomplish the

calibration of pl‘OjeC t the wi paper on the surface of the checkerboard plane model,
nd vew y code and trapezoid phase shift code images. In order
e

to improve the acy of cg r'point extraction, this paper used five Gray code images and

three trapezoid phase shi es to project. First, project the five Gray code in turn then use
the camera take the in% hen project the three trapezoid phase shift images and use the
camera take the ima e code image is shown in Figure 3.

Gray
code

phase’“IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Figure 3. Gray Code + Trapezoid Phase Shift Code Pattern

The intensity function of trapezoid phase shift pattern can be denoted by the following
equations:
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[1'(x,y)+ 1" (x,Y) x e [0,T /6)or [5T /6,T]
P'(x,y)+ 1 (X, y)(2-6x/T) Xxel[T/16,T/3)

1 (x,y) = 1)
|I'(x,y) xe [T /13,2T /3)

LI'(x,y)+ I1""(x,y)(6x/T —4) xe[2T /5,2T /6)

[, y)+ 1" (x,y)(6X/T) xe[0,T /6)
I'(x,y)+ 1" (x,y) xel[T16,T/2)
I, (x,y) = 2)
|I(x y)+ 1" (x,y)(4-6x/T) xel[T /2,2T /3) .
Lo y) X e[2T /3,T)
[ 1(x,y) xe[0,T/3
JI'(x,y)+I "(x, y)(6x/T—2 e[T/
I (x,y) =
|I'(x,y)+l "(X,Y) Xe[ 5171 6)

oG y)+ 1 (xy)(6— Y /3,T)

where 1y(X, y), (X, y), Ix(X, y) are ntensny fu n of the three patterns
respectively, I'(x, y) and I"’(x, y) are them |nte d intensity modulation of the
pixel point(x,y), T is the distance of o e20|d h shlft code period. The decode
principle of the trapezoid phase shlft simi the sin phase shift code, we can get
the intensity function by prOJectl ee im uren, then calculate the relative phase
value.

The trapezoid phase shift cod ase va be denoted by the following equation:

)—l (x,y)
r(x,y 4)
Q & (X, y)=1,.(x,y)
Where 1, (x,y) \(X y@(x,y) are the minimum value, medium value and
0i

maximum vaIMt e pixel X, Y) intensity respectively. r(x, y) is the relative phase
value, the mini val e pixel point (x, y) is zero, and the maximum value is one.
Therefore, the range of ) is from 0 to 1.

In order to get ear value of the phase value in one period, this paper uses the
following equatio t a linear curve

r, = 2 x round (N_1)+(_1)N+1|M(X y)—1.(x,y) )
O 2 W (GY) =T Y)
QS a relative phase value, round is the upward integer function, use the equation

(5) to'gét rid of the triangular, and the r(x, y) range is from 1 to 6, then the images can be
projected to the object linearly, and get the depth information of the three dimensional
coordinate.

The decode major problem of the Gray code + trapezoid phase shift code is to calculate the
absolute phase, firstly calculate the period value of the Gray code and relative phase value,
then combines the two values to calculate the absolute phase value, the equation is as follows:

r(x,y) (6)

Where R(x, y) is the absolute phase value, k is the period value of Gray code.

N +1

N -1
R(x,y) =6k + 2xround ( )+ (-1)
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(4) Use the absolute phase values and the corner coordinate extracted in step (2) to calculate
the image coordinate in the projector imaging plane.
(5) Repeat the above steps until we get at least three different perspective image coordinates
of the projector to accomplish the internal parameters calibration of the projector, then choose
another images to calculate the external parameters matrix of the projector.

The projector calibration flow chart is shown in Figure 4.

y
Calculate the internal
parameters

Read images and image numbers(N>=3)

L

Select the model plane of the external

\’
parameters ‘

Corner detection image _!
numbers(N<3) m
AY? X Y
; ) -
Corner detection ‘ ‘@ i % the model plane
Project orthogonal Gray code and trapezgid Q Xalculah th@‘ner coordinate of the projector
phase shift code pattern to the model plan N v
Y Calculate the external
¢ N ‘o \Q) parameters
Calculate the corner coordinatle t@bector ‘ \
| ~ End
[ ]
Flgur PrOJe t ibration Flow Chart
3. Verification E ent
This paper u : utode ax 2010 software to verify the calibration experiment.
The device sc diagra ca e shown in Figure 5.

Figure 5. The Device Schematic Diagram

The parameters in the verification experiment are shown in Table 1.
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Table 1. The Parameters of the Projector

Device parameters Coordinate rotation Coordinate translation
N°xM® 1024 768 o’ 21.8° t 0
Projector B’ 20° o’ -180° ty 0
B 15° o’ 90° t, 539.516

In the experiment, there’s a distance between the camera and the calibration model plane,
in order to ensure the camera can take all the corners of the calibration model plane, the
checkerboard plane model should consider the range of the camera. In this paper,
calculate the internal parameters, the size of the model plane is 210 x 270
calculate the external parameters, the size of the model plane is 140x180.

After calibration, the parameters matrix can be denotedi p 5 o @

[ 0.1589 1306 .1 52 293, .61:

1051 8 _o0.0089 - 6 a@.@% I
L 0 —0.3705O %0.9288 %39 .6104 J
X N

The projector calibration parameter: @ﬁownh‘@le 2. Note that the projector in the
ion.

simulation environment is off-axi ppﬁ
The data in the Table 2 sh@ correctnéss, of the projector calibration method, the

projector calibration error is cauSed by <¢h antization error when locating the corner
coordinates using the orthog@l Gray o% pezoid phase shift code.

a_c=

Table 2. The Pro&&gsalibra ion"Parameters using the Method of this Paper
- m;

System b& R elative System Calibration Real Relative
parameters u value error parameters value value error

I 0 0 I 0.3705 0.3704 0.027%
I 0.9288 9286 0.022% I -0.9284 -0.9286 0.022%
rs 0.3705 .3704 0.027% tx 0 0 0
ra 1 (b 1 0 ty 0 0 0
I 0 0 t, 539.6104 539.516 0.017%
I3 0 0 B 20.0037° 20° 0.019%
3 AL 0 0 0 ) 15.0021° 15° 0.014%

he relative error between the calibration value and standard value is 0.027%,
very small, it can even be ignored, it verified the correctness of this paper’s
n method.

Because this paper adopted the whole image feature points rather than the feature points
near the image center, this ensures the integrity of the calibration parameters and avoids the
complex and unstable of the nonlinear optimization, and it improves the accuracy of the
calibration.

This paper also uses the orthogonal Gray code to calibrate the projector, and the calibration
parameters results are shown in Table 3.
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Table 3. The Parameters using the Orthogonal Gray Code

System Calibration Real Relative System Calibration Real Relative
parameters value value error parameters value value error

r 0 0 0 I3 0.3714 0.3704 0.27%
I 0.9290 0.9286 0.043% I3 -0.9281 -0.9286 0.054%
s 0.3714 0.3704 0.27% tx 0 0 0

ro1 1 1 0 t, 0 0 0

I 0 0 0 t, 545.3828 539.516 1.09%
I3 0 0 0 yia 20.0124° 20° 0.062%
3 0 0 0 i 15.0322° 15° 0.21%

In the actual experiment, we also use the orthogonal Gray code and this paper’swa to

measure the plane model, the measurement error is shown in Table 4. Yy
Table 4. The Measured Data Comparison o
\ 3
Orthogonal Gray code %ﬁid phase shift code
Standard value/mm Measured value/mm Error/mm m) Error/mm
1 50 49.440 -0.560 -0.050
2 50 50.116 0.116 ) 0.006
3 50 50.656 0.656 4 0.042
4 50 49.106 -o.ssty 49.913 -0.087
5 50 50.445 .0.4® ¢ %o.ozo 0.020
6 50 50.210 \ 50.004 0.004

According to Table 4 the accurac Q]g th *(ggnal Gray code is significantly lower
than the method of this paper,be the trapézqid phase shift code is continuous coding,

the corner point extraction accuraCy is higherC=herefore, the accuracy of this paper’s method

is higher than the accuracy o@ing the@a al Gray code.
4. Conclusion \\: N

In this paper,wgeombine th ‘%’s plane model calibration method with the orthogonal
Gray code ant nezoid phase shift code, use the coding pattern to calculate the image
coordinates on the imagj @ane of the projector. The results show that the maximum
relative error is 0.0279 e parameters error is very small, it can even be ignored. This
paper also used th gonal Gray code to compare with the method of this paper, the
results show that t curacy of this paper’s method is high.
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