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ABSTRACT A surface reconstruction technology, which is contributed from the parallel constraint between
two laser planes, is introduced and achieved by a laser projector guided by a linear path system. The
projection geometry is constructed by the projection planes, the target planes, the laser planes, the image
planes, and the intersection lines. First, the angle between the direction of the projector translation and the
normal vector of the laser plane is contributed by the bilinear product operator of the intersection line and
the projection matrix. Second, the distance errors are generated from the points on two laser planes and
parameterized by the angle and the laser plane for the optimization. Finally, the surface reconstruction is
realized by the optimized angle and laser plane. The experiments are conducted to prove the validity of the
surface measurement method. The mean of the reconstruction errors is 0.78 mm in the test, which indicates
the application potentials from the experimental investigations.

INDEX TERMS Surface reconstruction, structured light, calibration.

I. INTRODUCTION
Surface reconstruction of 3D object is an absorbing study in
the research field of the optical measurement [1]–[3]. The aim
of the study is to provide the 3D shape of an object, which
is an effective approach to understand the real structure in
the world [4], [5]. Thus, the surface reconstruction method is
widely described in the technologies ofmedical and industrial
applications [6]–[9].

The previous works of the surface reconstruction with
respect to the camera are classified into two types: passive
reconstruction and active reconstruction. In the passive recon-
struction, as a camera captures only one 2D image, the other
camera is employed to capture the other 2D image [10]. Then
the 3D information of an object is acquired by the feature
matching and projection geometry [11]. The reconstruction
method is based on the stereo vision. Kieu et al. [12] presents
an accurate method to build the 3D surface of an object by the
stereo vision. In the method, the scale-invariant feature trans-
form (SIFT) [13] is employed to extract the feature points
in the images and match them correctly. Then a registration
method in the full view-field is adopted to match the points in

the subpixel accuracy. The 3D surface is reconstructed by the
matching points and calibrated cameras. Sandoz et al. [14]
proposes a stereo-vision method for the visual measurement
of the position and orientation of a target. The pseudo-
periodic pattern (PPP) is designed on the target to facilitate
the image processing by phase calculations. The test results
of the position and orientation are reported in the paper.
Shao et al. [15] outlines a stereo-vision-basedmethod tomea-
sure the deformation of the large engineering structure. The
stereo-digital image correlation (stereo-DIC) is developed to
obtain the non-intrusive characteristic in the measurement.
Luo et al. [16] provides a stereo vision method to solve the
3D pose of an object. The intersection point of the contour
line is chosen as the feature points and the epipolar constraint
is employed in the estimation. As only the natural light on
object is reflected to the cameras, the surface reconstructions
above are the passive processes, which tend to be impacted by
the stochastic illumination. Furthermore, the feature match-
ing is a difficult problem for the smooth surface without
evident texture. Hence, the passive reconstruction is valid for
the rough surface or the surface with texture.
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In order to overcome the shortcoming of the passive recon-
struction, the illumination from a projector is chosen as the
non-touch, active mark on the measured object [17], [18].
The projector can be regarded as an active camera.
Huang et al. [19] describes a method with the polarization-
coded structured light to improve the 3D reconstruction in
the ambient illumination. Shi and Liang [20] reports a sur-
face reconstruction method for the object processed by the
coating spray. A flexible coordinate control network (CNN)
is achieved to adjust the whole-field accuracy. There are
also active reconstruction methods based on the linear path
system. Villa et al. [21] presents a transformation from the
structured-light phase to the 3D coordinate of measured
object. The structured-light phase is calibrated by a flat target
on a linear path stage, which is moved to different positions.
In the calibration, as the coded light is project on the flat
target, the light code on the target changes with different
movement displacement of the linear path stage. The slope
of the phase-time is proportional to the known displace-
ment. Therefore, a fifth order polynomial fitting is chosen
to determine the relationship between the displacement and
the coded light on the flat target. The Fourier transform is
employed to determine the 3D points on the object. The
linear stage is also employed by Hu and Huang [22] in order
to acquire the projection images of the plate on different
positions and calibrate the geometrical parameters of the
surface measurement system. A spot is project to the plate on
the stage for the measurement of the distance parameter and
angle parameter. The linear path stage in the previous works
takes a flat plate on the stage. The movement of the plate is
derived from the motorized linear stage. However, the linear
path stage in the method is employed to motor the laser
projector. Then, the linear path stage in the previous works
contributes the standard displacement of the plate for the
system calibration. The standard displacement relates to the
size of the light marks on the plate. However, the linear path
stage here provides the standard displacement of the laser
projector for both the system calibration and reconstruction.
The method takes the advantage of the parallel constraint
from the linear path stage. Moreover, the structured-light
methods above are based on the coded gratings from the
digital light processing (DLP) projector, which tends to be
more influenced by illuminations than the laser plane from
the laser projector. In the paper, a reconstruction method is
achieved by the laser plane motored and positioned by the
linear path system. The calibration and reconstruction are
realized by the movement of the linear path system. The laser
plane is registered by the parallel constraint of the linear path
and optimized by the standard distances on the laser planes.
The high reconstruction accuracy is contributed by the laser
plane positioned by the step motor.

The following paper includes three parts. Section 2
describes the camera-laser-plane system that is guided by
a stepper motor and rails. Then the projection geometry is
outlined in the reconstruction model. The angle between the
direction of the table translation and the normal vector of

the laser plane as well as the laser plane is initialized by the
bilinear product operator of the intersection laser line and the
projection matrix. The angle and laser plane are optimized by
the parallel constraint and two distances on two laser planes.
The aim of Section 3 is to verify the surface reconstruction
method by the experiments. The surfaces of different objects
are recovered in the experiments. Section 4 summarizes the
paper.

II. RECONSTRUCTION APPROACH
Acamera-laser-plane system that is guided by a steppermotor
and rails is constructed to perform the surface reconstruction.
The reconstructionmodel is illustrated in Fig. 1. A test system
consists of a camera, a laser projector on the table, a stepper
motor and guide rails. The stepper motor is controlled by the
digital stepping driver. The computer with the I/O card sends
pluses to the digital stepping driver. Then, the guide screw
rotates with the output shaft of the stepper motor. The laser
projector on the stage moves along the rails. Thus, the laser
planes are parallel to each other. 1D, 2D and 3D targets are
reported for the calibration in computer-vision-measurement.
The 1D target benefits for the easy manufacture. However,
the calibration with 1D target should satisfy the strict move-
ment conditions. The 3D target is made by three vertical
plates and difficult to be manufactured. Therefore, consid-
ering the easy manufacture of the target and the flexible
movement, a convenient 2D target, a plate with the texture,
is employed to perform the calibration of the measurement
system. 15 positions of the target are tested in the calibration
process. The laser plane moves from the starting position to
the second position. In system calibration, the laser planes are
projected on the 2D target in different positions. Therefore,
several laser lines are generated from the intersections and
also captured by the camera. As the translation value of the
linear path system is derived from the pulses of the computer,
the angle between the direction of the table translation and the
normal vector of the laser plane is solved by the laser planes
in position I and position II.

The geometrical model is represented by Fig. 2. The cam-
era, image and world coordinate systems are represented
by O1-X1Y1Z1, O2-X2Y2, O3-X3Y3Z3 and fixed on the cam-
era, image and target, respectively. As the world coordinate
system moves with the target, the fixed camera coordinate
system is treated as the global coordinate system where all
the geometrical variables are transformed.

The i-th-position target plane 9 i
tc = (ψ i

tc,1, ψ
i
tc,2,

ψ i
tc,3, ψ

i
tc,4)

T in the camera coordinate system is generated
from the target plane in the world coordinate system as [23]

9 i
tc = (Hi

w)
-T9 tw (1)

where Hi
w is the homography from the world coordinate

system to the camera coordinate system and derived from the
Zhang’s method [24].ψtw = (0, 0, 1, 0)T is the coordinate of
the target plane in the world coordinate system.
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FIGURE 1. Calibration approach of a camera-laser-plane system that is guided by a stepper motor
and rails.

FIGURE 2. Projection geometry of the projection planes, the target
planes, the laser planes, the image plane and the intersection lines.

The projection plane 9I,i
cc (i = 1, 2, . . . , n) is determined

by [23]

9I,i
cc = (Hi

w)
−T(Pi)TλI,i (2)

where Pi is the projection transform from the world
coordinate system to the image coordinate system [24].

λI,i is the mapping of the intersection line between the
laser plane on the I-st position and the target on the
i-th position. The closed form solution of the laser plane
9I

a has been obtained from the singular value decompo-
sition (SVD) method in [23]. Therefore, we focus on the
approach to improve the accuracy of the laser plane by the
parallel constraint of the linear path system.

In order to rebuild the object surface by a laser plane on
the second position, the laser plane 9I

a on the I-st position is
translated to the laser plane 9II

a on the II-nd position. 9II
a is

parallel to 9I
a and denoted by 9II

a = (ψ I
a,1, ψ

I
a,2, ψ

I
a,3, ψ

II
a,4)

T

consequently. The displacement of the laser plane in the
direction of the normal vector of the laser plane can be given
by the projection of the known table translations. It also can
be expressed by the coordinates of two laser planes 9I

a, 9
II
a .

Accordingly, we have the relationship

s cos δ = (ψ II
a,4 − ψ

I
a,4)[(ψ

I
a,1)

2
+ (ψ I

a,2)
2
+ (ψ I

a,3)
2]−1/2

(3)

where δ is the unknown angle between the direction of the
table translation and the normal vector of the laser plane.
Figure 3 illustrates the process to solve the angle δ by the
following steps.

Figure 4 outlines the optimization process with the solu-
tions of the angle δ and the coordinate of the laser plane 9I

a
From Eq. (3), the laser plane 9II

a is denoted by

9II
a = (ψ I

a,1, ψ
I
a,2, ψ

I
a,3, ψ

I
a,4

+ [(ψ I
a,1)

2
+ (ψ I

a,1)
2
+ (ψ I

a,1)
2]1/2s cos δ)T (4)
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FIGURE 3. Registration process of the angle δ between the direction of the table translation and the normal vector of the laser plane.

The Plücker matrix (3II,i)∗ of the intersection line between
the laser plane on the II-nd position and the projection plane
is parameterized by the unknown angle δ as

[3II,i(δ)]∗ = 9II
a (δ)(9

II,i
cc )

T
−9II,i

cc [9
II
a (δ)]

T (5)

where the projection plane 9II,i
cc = (ψ II,i

cc , ψ
II,i
cc , ψ

II,i
cc , ψ

II,i
cc )T.

According to Eqs. (2) and (5) and the proportion of the
Plücker matrix, the parameterized Plücker coordinate of the
intersection laser line is

3II,i(δ) = {µII,i
12 , µ

II,i
13 , µ

II,i
14 (δ), µ

II,i
23 , µ

II,i
42 (δ), µ

II,i
34 (δ)} (6)

where

µ
II,i
12 = ψ

I
a,1ψ

II,i
cc,2 − ψ

II,i
cc,1ψ

I
a,2,

µ
II,i
13 = ψ

I
a,1ψ

II,i
cc,3 − ψ

II,i
cc,1ψ

I
a,3,

µ
II,i
23 = ψ

I
a,2ψ

II,i
cc,3 − ψ

II,i
cc,2ψ

I
a,3,

µ
II,i
14 (δ) = ψ

I
a,1ψ

II,i
cc,4 − ψ

II,i
cc,1{ψ

I
a,4 + [(ψ I

a,1)
2
+ (ψ I

a,2)
2

+ (ψ I
a,3)

2]1/2s cos δ},

µ
II,i
42 (δ) = −ψ

II,i
cc,4ψ

I
a,2 + ψ

II,i
cc,2{ψ

I
a,4 + [(ψ I

a,1)
2
+ (ψ I

a,2)
2

+ (ψ I
a,3)

2]1/2s cos δ},

µ
II,i
34 (δ) = ψ

I
a,3ψ

II,i
cc,4 − ψ

II,i
cc,3{ψ

I
a,4 + [(ψ I

a,1)
2
+ (ψ I

a,2)
2

+ (ψ I
a,3)

2]1/2s cos δ}.

The Plücker coordinate of the intersection laser line is
projected to the image plane to solve the unknown angle δ
and then

λII,i =


P2,i ∧ P3,i|3II,i(δ)

P3,i ∧ P1,i|3II,i(δ)

P1,i ∧ P2,i|3II,i(δ)

 (7)

where ∧ is the operator of the Plücker coordinate that
consists of the left plane and right plane. | is the

bilinear product operator [25]. λII,i = (λII,i1 , λ
II,i
2 , λ

II,i
3 )T

is the projection line of 3II,i(δ) in the image. Pi =
[(P1,i)T, (P2,i)T, ( P3,i)T]T3×4 is the projection matrix of the
camera. Let

{q23,i12 , q
23,i
13 , q

23,i
14 , q

23,i
23 , q

23,i
42 , q

23,i
34 } = P2,i ∧ P3,i,

{q31,i12 , q
31,i
13 , q

31,i
14 , q

31,i
23 , q

31,i
42 , q

31,i
34 } = P3,i ∧ P1,i,

{q12,i12 , q
12,i
13 , q

12,i
14 , q

12,i
23 , q

12,i
42 , q

12,i
34 } = P1,i ∧ P2,i.

For the target on the i-th position, Eq. (7) contributes
three equations of the unknown angle δ. Stacking the three
equations, then

δi = arccos[
1
3
(Qi1 + Q

i
2 + Q

i
3)] (8)
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FIGURE 4. Reconstruction process with the angle δ and the laser plane that are optimized by the distances from two laser planes.

where

Qi1 = {[λ
II,i
1 − q

23,i
12 ψ

I
a,3ψ

II,i
cc,4 − q

23,i
34 (ψ I

a,1ψ
II,i
cc,2 − ψ

i
cc,1ψ

I
a,2)

+ q23,i13 ψ
II,i
cc,4ψ

I
a,2 − q

23,i
42 (ψ I

a,1ψ
II,i
cc,3 − ψ

II,i
cc,1ψ

I
a,3)

− q23,i14 (ψ I
a,2ψ

II,i
cc,3 − ψ

II,i
cc,2ψ

I
a,3)− q

23,i
23 ψ

I
a,1ψ

II,i
cc,4]

× (−q23,i12 ψ
II,i
cc,3 + q

23,i
13 ψ

II,i
cc,2 − q

23,i
23 ψ

II,i
cc,1)
−1
− ψ I

a,4}

× {[(ψ I
a,1)

2
+ (ψ I

a,2)
2
+ (ψ I

a,3)
2]1/2s}−1,

Qi2 = {[λ
II,i
2 − q

31,i
12 ψ

I
a,3ψ

II,i
cc,4 − q

31,i
34 (ψ I

a,1ψ
II,i
cc,2 − ψ

II,i
cc,1ψ

I
a,2)

+ q31,i13 ψ
II,i
cc,4ψ

I
a,2 − q

31,i
42 (ψ I

a,1ψ
II,i
cc,3 − ψ

II,i
cc,1ψ

I
a,3)

− q31,i14 (ψ I
a,2ψ

II,i
cc,3 − ψ

II,i
cc,2ψ

I
a,3)− q

31,i
23 ψ

I
a,1ψ

II,i
cc,4]

× (−q31,i12 ψ
II,i
cc,3 + q

31,i
13 ψ

II,i
cc,2 − q

31,i
23 ψ

II,i
cc,1)
−1
− ψ I

a,4}

× {[(ψ I
a,1)

2
+ (ψ I

a,2)
2
+ (ψ I

a,3)
2]1/2s}−1,

Qi3 = {[λ
II,i
3 − q12,i12 ψ

I
a,3ψ

II,i
cc,4 − q

12,i
34 (ψ I

a,1ψ
II,i
cc,2 − ψ

II,i
cc,1ψ

I
a,2)

+ q12,i13 ψ
II,i
cc,4ψ

I
a,2 − q

12,i
42 (ψ I

a,1ψ
II,i
cc,3 − ψ

II,i
cc,1ψ

I
a,3)

− q12,i14 (ψ I
a,2ψ

II,i
cc,3 − ψ

II,i
cc,2ψ

I
a,3)− q

12,i
23 ψ

I
a,1ψ

II,i
cc,4]

× (−q12,i12 ψ
II,i
cc,3 + q

12,i
13 ψ

II,i
cc,2 − q

12,i
23 ψ

II,i
cc,1)
−1
− ψ I

a,4}

× {[(ψ I
a,1)

2
+ (ψ I

a,2)
2
+ (ψ I

a,3)
2]1/2s}−1.

Considering the situations of the target on all the positions,
the unknown angle δ is

δ =
1
n

n∑
i=1

δi (9)

According to Eqs. (4) and (9), the laser plane on the
j-th position is given by

9
j
a = (ψ I

a,1, ψ
I
a,2, ψ

I
a,3, ψ

I
a,4 + [(ψ I

a,1)
2
+ (ψ I

a,1)
2

+ (ψ I
a,1)

2]1/2sj cos δ)T (10)

where sj is the displacement of the table along the
rails.

In the surface reconstruction, the measurement object is
located in the view field of the camera. Then the laser plane
is driven by the stepper motor to scan the object. Several laser
curves are generated from intersections between the laser
plane and the object. The k-th 3D pointWj

k on the intersection
curve between the j-th laser plane and the measured object is
placed on the laser plane, and satisfies the camera projection
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relationship, thus [23]

(9 j
a)TW

j
k = 0 (11)

KWj
k = wj

k (12)

where wj
k is the projection image point. K is the intrinsic

parameter matrix.Wj
k is determined by the SVDmethod [25].

The laser plane and the angle δ are further enhanced by
an optimization process, which considers the reconstructed
distances in the laser planes on the starting position and
the second position. The optimization parameters of the
function are the coordinate of the laser plane 9I

a and
the angle δ. From Eqs. (11) and (12), the k-th 3D point
Wj

k on the j-th laser plane is parameterized by Wj
k (9

I
a, δ).

The standard distance is generated from two different points
Wj

k (9
I
a, δ),W

j
k−1(9

I
a, δ) on the j-th laser plane [26]. In order

to model the optimization function, we take the standard
distances on both I-and II-laser planes into consideration.
Therefore, the pointsWI

k (9
I
a),W

I
k−1(9

I
a) on the laser plane I

and WII
k (9

I
a, δ), W

II
k−1(9

I
a, δ) on the laser plane II construct

two distances for the optimization function as

h(9I
a, δ) =

n∑
k=1

{[∥∥∥WII
k (9

I
a, δ)−WII

k−1(9
I
a, δ)

∥∥∥− lk]2
+

[∥∥∥WI
k (9

I
a)−WI

k−1(9
I
a)
∥∥∥− lk]2} (13)

where lk is the standard distance on the vernier caliper.
The optimization solutions of the angle δ̂ and the laser
plane 9̂

I
a are related to the arguments of the smallest opti-

mization function. Then, the j-th laser plane 9 j
a is derived

from Eq. (10). Thus, the 3D points on the surface are recon-
structed by Eqs. (11) and (12).

III. EXPERIMENTS AND DISCUSSIONS
A 2048× 1536 resolution camera and a 260 mm × 380 mm
target covered by 20 mm × 20 mm squares are chosen
to perform the reconstruction experiments. The laser pro-
jector is positioned on the table of the linear path sys-
tem. The 57HS56-3004A stepper motor is controlled by the
C++ code and digital stepping driver, M542 5.0. The com-
puter sends pulses to the digital stepping driver with the
I/O card, PCI8735. The I/O card provides 16 channels. Two
channels control the movement velocity of the stepper motor.
Two channels control the movement direction of the stepper
motor. The accuracy of the step motor movement is 0.01 mm.
The reconstruction errors of the laser plane on the first posi-
tion and the errors of the laser plane on the second position are
evaluated by changing the standard distance of the measured
object as well as the measurement distance from the object
to the camera. The distance between the first laser plane and
the second laser plane is 100 mm along the rail. The distance
between the two laser planes is determined by the size of
the target and also determined by the measurement accuracy.
Figure 5 describes the influence of the distance between the
two laser planes on the performance of the measurement

FIGURE 5. The influence of the distance between the two laser planes on
the performance of the measurement technology.

technology. Laser plane I and laser plane II are projected to
the target. The projection points A and B are the boundary
points of the target in the horizontal plane. The distance
AB relates to the distance between the two laser planes.
Points a and b are the projections of point A and point B.
The large distance from A to B takes the large projection
distance from a to b. In other words, the large distance AB is
represented by many pixels in the image. Therefore, the large
distance AB benefits for the measurement accuracy. How-
ever, as the size of the target is fixed, the laser plane II does
not intersect to the target with the increasing distance AB.
Hence, considering the size of the target and the measurement
accuracy, the distance between the two laser planes is 100mm
in the experiments. The experimental errors are calculated
by the initialization reconstruction and the optimization
reconstruction. The surfaces of three objects are recovered
in the experiments. The experimental results are shown
in Fig. 6. The experiment setup is described in Fig. 6(a). The
experiment instruments in the reconstruction are explained
in Fig. 6(b). Figures 6(c), 6(e) and 6(g) are the measured
objects in the test. Figures 6(d), 6(f) and 6(h) are the recon-
structed shapes of the objects. The reconstruction results
in Figs. 6(c), 6(e) and 6(g) agree with the real shapes of the
objects in Figs. 6(d), 6(f) and 6(h), respectively.

For the purpose to quantitively verify the reconstruction
errors, the errors of the optimization and initialization are
illustrated in Fig. 7 and Fig. 8. The statistical errors on
different conditions are listed in Table 1. The experimen-
tal errors of the first laser plane are interpreted in Fig. 7.
Considering the measurement distance of 500 mm and the
standard distances of 20 mm, 40 mm, 60 mm and 80 mm,
the averages of the recovery errors of the initialization are
0.68 mm, 0.70 mm, 0.82 mm and 1.44 mm in Fig. 7(a).
Furthermore, the averages of the optimization are 0.51 mm,
0.36 mm, 0.55 mm and 0.54 mm. In Fig. 7(b), while the
measurement distance climbs to 600 mm, the corresponding
error means of the initialization recoveries are 0.73 mm,
0.86 mm, 1.04 mm and 2.24 mm. Then, for the optimization
results, the reconstruction errors are 0.54 mm, 0.62 mm,
0.69 mm and 1.23 mm. Fig. 7(c) displays the test results
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FIGURE 6. Experiment instruments and surface reconstructions of three objects. (a) Experiment instruments in the
calibration. (b) Experiment instruments in the reconstruction. (c), (e) and (g) are the three objects measured by the
camera-laser-plane system. (d), (f) and (h) are the reconstruction results constructed by the method of the parallel
constraint.
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TABLE 1. Reconstruction errors adopting the laser planes registered by the parallel constraint.

FIGURE 7. Reconstruction errors of the standard distances on the first
laser plane that is contributed by the linear path system and registered by
the parallel constraint in the verification experiments. ‘‘A’’ and ‘‘B’’ along
the x-axis indicate the initialization and the optimization methods,
respectively. (a), (b), (c) and (d) express the errors of the measurement
distances of 500 mm, 600 mm, 700 mm and 800 mm.

that are achieved by the measurement distance of 700 mm
and the same standard distances. The error averages of the
recoveries are 0.87 mm, 0.95 mm, 1.09 mm and 4.00 mm in
initialization method. The correspondingmeans are 0.78mm,
0.81 mm, 0.92 mm and 1.12 mm in optimization method. For
the measurement distance of 800 mm, the related averages
of the initialization method are 2.29 mm, 2.45 mm, 5.60 mm
and 6.68 mm in Fig. 7(d). Besides, the error averages of the
optimization are 1.15 mm, 1.17 mm, 1.26 mm and 0.88 mm.

In the first group of experiments, when the standard dis-
tance is a constant, with the measurement distance growing
up from 500 mm to 800 mm, the reconstruction errors of
experiments evidently increase in the initialization method.
In particular, a significant jump of the errors is observedwhile
the measurement distance rises from 700 mm to 800 mm.
For the constant measurement distance, the errors grow up
as the standard distance increases from 20 mm to 80 mm
in the initialization method gradually. The smallest errors

FIGURE 8. Reconstruction errors of the standard distances on the second
laser plane that is contributed by the linear path system and registered by
the parallel constraint in the verification experiments. ‘‘A’’ and ‘‘B’’ along
the x-axis indicate the initialization and the optimization methods,
respectively. (a), (b), (c) and (d) express the errors of the measurement
distances of 500 mm, 600 mm, 700 mm and 800 mm.

are observed for the standard distance of 20 mm and the
measurement distance of 500mm in the initializationmethod.

Figure 8 shows the reconstruction errors of the laser plane
on the second position. Based on the measurement distance
of 500 mm and standard distances of 20 mm, 40 mm, 60 mm
and 80 mm, the error means are 0.81 mm, 1.44 mm, 1.69 mm
and 2.66 mm in the initialization method in Fig. 8(a). The
corresponding errors are 0.74 mm, 1.11 mm, 0.60 mm and
0.68 mm in the optimization method. With respect to the
measurement distance of 600 mm, the error means of the
initialization are 0.82 mm, 1.61 mm, 1.79 mm and 2.81 mm
in Fig. 8(b). Relatively, the means of reconstruction errors
are 0.65 mm, 0.56 mm, 0.53 mm and 0.83 mm in the
optimization method. Figure 8(c) indicates the experiments
that are performed by the measurement distance of 700 mm
and the standard distances of 20 mm, 40mm, 60 mm and
80 mm. The error means of the reconstructions are 0.99 mm,
2.10 mm, 3.26 mm and 3.82 mm in the initialization method.
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The corresponding error means are 0.76 mm, 0.65 mm,
0.59 mm and 1.14 mm in the optimization method. For the
measurement distance of 800 mm in Fig. 8(d), the error
means of the initialization method are 1.38 mm, 2.92 mm,
4.21 mm and 4.26 mm. Furthermore, the error averages
of the optimization are 0.69 mm, 1.04 mm, 0.61 mm
and 0.90 mm.

For the measurement distance of 500 mm and 600 mm,
the recovery errors of the laser plane I are overall smaller
than those of the laser plane II. While for the measurement
distance of 700 mm and 800 mm, the opposite situation can
be found. We explain the possible reasons by Fig. 9. In Fig. 9,
the laser planes I and II are demonstrated by two parallel
lines in the horizontal plane. The four dash lines stand for the
planes with measurement distances from 500 mm-800 mm in
the horizontal plane. In the horizontal plane, the line segment
of the test length is projected to a point. Then, A500, A600,
A700, A800 are the test places in the laser plane I with the
measurement distances from 500 mm-800 mm. B500, B600,
B700, B800 are the test places on the laser plane II with
the measurement distances from 500 mm-800 mm. The test
places A500, A600, A700, A800, B500, B600, B700, B800 are
projected to a500, a600, a700, a800, b500, b600, b700, b800 in
the image plane. The red center plane passes the optical
center O and is vertical to the image plane. As the pixels
near the center plane are more accurate than the pixels away
from the center plane, The projections a500, a600, b700, b800
are more accurate than the corresponding projections b500,
b600, a700, a800, respectively. Therefore, for the measurement
distance of 500 mm and 600 mm, the recovery errors of the
laser plane I are smaller than those of the laser plane II. For the
measurement distance of 700 mm and 800 mm, the recovery
errors of the laser plane I are larger than those of the laser
plane II.

FIGURE 9. The projection principle of the reconstruction test by the
method of the parallel constraint.

Figure 8 shows that all the blue error bars are much closer
to zero than the red error bars. Therefore, the optimiza-
tion method effectively reduces the experimental errors and
improves the accuracy of the object reconstruction. In addi-
tion, for the initializationmethod, the errors of the reconstruc-
tion experiments obviously grow up when the measurement
distance rises from 500mm to 800mm. For the constant mea-
surement distance, the errors of reconstruction experiments
gradually increase as the standard distances increase from
20 mm to 80 mm in the initialization method. The smallest
errorsare achieved with the standard distance of 20 mm and
the measurement distance of 500 mm in the initialization
method.

In summary, in the test of the laser plane on the first
position, the measurement distance increases from 500mm to
800 mm with the interval of 100 mm. The error means of are
0.91mm, 1.22mm, 1.73mm and 4.26mm in the initialization
method and 0.49 mm, 0.77 mm, 0.91 mm and 1.12 mm in the
optimizationmethod. Thus, the reconstruction errors increase
when the measurement distance goes up. It’s worth noting
that the errors climb up while the measurement distance
is 800 mm in the initialization method. When the standard
distance increases from 20 mm to 80 mm with the interval
of 20 mm, the error means are 1.14 mm, 1.24 mm, 2.13 mm
and 3.59 mm in the initialization method and 0.74 mm,
0.74 mm, 0.85 mm and 0.94 mm in the optimization method.
Hence, the errors of reconstruction experiments gradually
ascendwith the increasing standard distance.Moreover, in the
experimental results of the second laser plane, the errormeans
are 1.65 mm, 1.76 mm, 2.54 mm and 3.19 mm in the initial-
ization method and 0.78 mm, 0.64 mm, 078 mm and 0.81 mm
in the optimization method. The errors obviously increase
in the initialization method when the measurement distance
increases from 500 mm to 800 mm. For the increasing stan-
dard distance from 20 mm to 80 mm, the error means are
1.00mm, 2.02mm, 2.74mm and 3.39mm in the initialization
method and 0.71 mm, 0.84 mm, 0.58 mm and 0.89 mm in
the optimization method. Therefore, the errors of reconstruc-
tion experiments gradually increase as the standard distances
increase from 20 mm to 80 mm in the initialization method.
However, there is no such trend for the reconstruction errors
in the optimization method. The reason is that the two laser
planes are simultaneously optimized by Eq. (13). The opti-
mization process minimizes the reconstruction errors in the
two laser planes and also balances the error distributions in
the two laser planes. Thus, the error distribution generated
from the optimization method is different from the one gen-
erated from the initialization method.

IV. CONCLUSION
A surface reconstruction approach is contributed from the
parallel constraint between two laser planes, which are cre-
ated by a laser projector on a linear path system. The paper
also studies the effects of measurement distances and stan-
dard distances on the reconstruction errors. The optimiza-
tion and the initialization methods are evaluated by the
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reconstruction errors under different test conditions. The
error mean of the initialization method is 2.16 mm.
The error mean of the optimization method is 0.78 mm in the
experiments. The experimental results from the optimization
are much smaller than the errors obtained by the initializa-
tion method, which suggests the potential applications in the
surface inspection fields.
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