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Abstract: A new solution to the problem of galvanometric laser scanning (GLS) system calibration
is presented. Under the machine learning framework, we build a single-hidden layer feedforward
neural network (SLEN) to represent the GLS system, which takes the digital control signal at the
drives of the GLS system as input and the space vector of the corresponding outgoing laser beam as
output. The training data set is obtained with the aid of a moving mechanism and a binocular stereo
system. The parameters of the SLEN are efficiently solved in a closed form by using extreme learning
machine (ELM). By quantitatively analyzing the regression precision with respective to the number
of hidden neurons in the SLEN, we demonstrate that the proper number of hidden neurons can be
safely chosen from a broad interval to guarantee good generalization performance. Compared to
the traditional model-driven calibration, the proposed calibration method does not need a complex
modeling process and is more accurate and stable. As the output of the network is the space vectors of
the outgoing laser beams, it costs much less training time and can provide a uniform solution to both
laser projection and 3D-reconstruction, in contrast with the existing data-driven calibration method
which only works for the laser triangulation problem. Calibration experiment, projection experiment
and 3D reconstruction experiment are respectively conducted to test the proposed method, and good
results are obtained.

Keywords: galvanometric laser scanners; calibration; ELM; SLEN; laser projection; 3D laser
measurement

1. Introduction

A typical galvanometric laser scanner consists of two rotatable mirrors driven by two limited-rotation
motors, respectively. The incoming laser beam are deflected by the mirrors, the orientations of which
are uniquely determined by the control voltages applied to the two motors, so there exists a one-to-one
mapping between the two input voltage signals and the outgoing laser beam.

Due to the good characteristics of high deflection speed, high positioning repeatability, low
price and concise structure, galvanometric laser scanning (GLS) systems are broadly used as the
key component of a variety of devices for diverse applications, such as laser marking [1,2], laser
projection [3,4], optical metrology [5,6], material processing [7-10], medical imaging [11,12], etc.

These GLS-based applications can be classified into two categories: the forward applications and
the backward applications. In the forward applications, e.g., laser triangulation scanning, pre-defined
control voltages are input and the 3D coordinates of the laser spot of the outgoing beam hitting on the
object surface need to be solved, whereas in the backward applications, e.g., laser material processing
and laser marking, the position of the laser spot on the object surface is pre-defined and the control
voltages need to be solved accordingly. An essential problem involved in both forward and backward
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applications is how to establish a system model to accurately reveal the relationship between the input
and the output, which is known as system calibration.

Most existing GLS system calibration methods focus on constructing a model with a set of real
structural parameters to reveal the working mechanism of the device. This kind of methods is called
physical-model-based calibration. Since the GLS system does not have a single center of projection,
the physical model of GLS system is relative complex and suffers from distortion. As a representative
physical-model-based method, Manakov et al. [13] presented a complicated model containing up to
26 physical parameters to predict the distortions caused by installation errors. Even so, not all affecting
factors are involved. In fact, system errors are difficult to be eliminated by additional parameters for a
rather complex device, since too many parameters may lead to hard and non-convex optimization
problems with a growing risk for local minima. To compensate the system error of the physical models,
various distortion correction mechanisms were put forward [14-16]. These distortion correction
methods are applicable only if the object that the laser beam hits on is planar [17], or only works for
a limited set of outgoing rays [18]. Instead, Cui et al. [19] adapted the distortion model of a pinhole
camera to represent the GLS system. This method is highly dependent on the similarities between a
GLS system and a camera. Since a real GLS system does not have an optical center as that of a camera,
it still needs many optimization parameters to ensure the calibration accuracy. In other words, there
exists the same optimization problems as that in the physical-model-based method just mentioned.

A more reliable and flexible approach is to use the statistical learning methods (e.g., artificial
neural networks, support vector machines) to approximate a model function irrespective of the specific
system construction. This kind of methods establish universal regression models, which is called
universal-model-based method, to describe the complex relations to be calibrated. The large amount
of variables in the universal models are irrespective of specific physical meaning and are usually
determined by means of supervised learning from a training data set, so they are also called data-driven
methods. Along this line, Wissel et al. [20] calibrated a galvanometric triangulation device, in which a
GLS system and a camera constitute a fixed triangulation structure. However, their calibration result is
only applicable for the specific triangulation setup to measure the shape of 3D objects, not applicable
for the backward applications mentioned above. In general, the universal-model-based methods are
more adaptive to different hardware structure and can achieve higher calibration accuracy. However,
this type of methods is often criticized for the low learning efficiency, because it usually requires a
large amount of training data and a time-consuming iterative training procedure.

Based on the fact that each pair of voltages corresponds to only one single outgoing ray,
we establish a Single Hidden Layer Feedforward Neural Network (SLEN) [21] to model the system.
The SLEN directly takes the pair of voltage signals as input and the parameters of the outgoing laser
beam as output. To facilitate the training data collection, a straight moving mechanism is employed.
To efficiently train the established model, the Extreme Learning Machine (ELM) [22-24] for specially
solving the SLFN is introduced. This learning method does not need to adjust the connection weights
between the input layer and hidden layer in during the training. It can achieve the unique optimal
solution as long as the number of hidden neuron is selected. Within the framework of ELM, we
only need to solve a linear system in a closed form for completing the calibration of the SLFN model.
The calibration results can be conveniently used for both the forward and the backward applications.

2. Materials and Methods

2.1. System Calibration Configuration

As shown in Figure 1, the setup involved in the calibration procedure is composed of three parts:
the GLS system, the binocular system and the moving mechanism. The GLS system consists of a laser
transmitter, a double-mirror galvanometric scanner, a control board. The transmitter emits a laser
beam, and the galvanometric scanner, including two perpendicular mirrors mounted on two separate
galvanometer motors respectively, deflects the laser beam. The control board is used to control the
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opening or closing of the laser transmitter and the rotation angles of the dual mirrors. A smooth panel,
a stepping motor, a ball screw and a microcontroller constitute the moving mechanism. The panel,
coated with black flat lacquer, is fixed on the ball screw by a special clamp. The microcontroller is in
charge of the stepping motor control, and the panel can do the translational motion in the viewing
field of the binocular system with the help of the rotation of the ball screw driven by stepping motor.
With the rapid deflection of the galvanometer, the laser beam can form a grid of laser spots on the
panel. The 3D coordinates of the laser spots are obtained by the binocular system for the calibration.
All the signals controlling the three parts above are sent by the same computer.

Double - mirror
galvanometric scanner

Laser transmitter
A

S T

GT-400-Scan I

Computer

Control board

GLS System

Moving mechanism

Figure 1. System calibration configuration.

Figure 2 illustrates the specific hardware used in calibration experiment. The GLS system makes
use of an economic 520 nm semiconductor laser and a TSH8050A /D galvanometer (Century Sunny,
Beijing, China). Both the laser transmitter and the galvanometric scanning head are controlled by a
GT-400-Scan control board (GuGao, Shenzhen, China).
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Figure 2. Hardware setup. (a) The GLS system. (b) The moving mechanism. (c) The binocular system.
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The binocular system consists of two MG 419B CMOS cameras (Schneider-Kreuznach,
Bad Kreuznch, Germany), two 35 mm lens and a tripod. The software for completing the whole
calibration process is installed in a personal computer with 3.1 GHz and 8 GB RAM.

2.2. Calibration of GLS System

For the convenience of depiction, we first introduce some symbols used in this paper. We use
O, — XY Z; to represent the camera coordinate system. Denote the digital voltage value applied
to the motor of the first mirror as dy, and that of the second mirror as d,. The symbol V represents
the two-dimensional (2D) digital control voltages [dx, d, | T The outgoing laser beam corresponding
to of a specific d is represented by I. V = [v1,v,,v3, 04,05, 06]T represents the six-dimensional (6D)
vector of | in the camera coordinate system O, — X.Y.Z, where [v1, 13, 03]T represents the direction
of 1, and [vy, vs, v6]" represents a point on the beam /. The mapping between the 2D digital control
voltages [dy, dy| T and the 6D vector [01,0,03,04,05,06]" is denoted as M : d — V.

2.2.1. The SLEN Model

Considering the complexity of the GLS system, we treat the system modelling as a machine
learning problem. More specifically, a SLEN as shown in Figure 3 is used to model the 2D-to-6D
mapping relationship M : d — V. There are two neurons in the input layer, which respectively are
the voltage signals d; and d,. The output layer contains six neurons, which are respectively the
components v1, vz, U3, v4, U5 and vg of V. Denote the number of neurons in the hidden layer as L.

Output neurons
Hidden neurons

Figure 3. SLEN (single-hidden layer feedforward neural network) structure of the 2D to 6D mapping.

The model of M : d — V is formulated as:
L
j=1

where w; = [wj;, w)p] is the input weight vector connecting the hidden neuron and the input neurons,

Bi = [Bj1, B2, Bj3: Bjas Bjs Bio) T is the output weight vector connecting the hidden neuron and the
output neurons, and b; is the bias of the j-th hidden neuron. The activation function g(x) is taken as
the sigmoid function:

1

- 1+ exp(—x) @

g(x)
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After having completed the training of the SLEN model, the corresponding V to an arbitrary d
can be easily obtained by Equation (1). The following two subsections describe the training method
in details.

2.2.2. Generating Training Data

T
As shown in Figure 4, a set of control voltages d; = [der dky} (k=1,2,---,Q) is sent to control

the GLS system to project a gird of laser spots onto the panel. At the same time, the panel does
translational motion in the field-of-view of the binocular system, and stops at every position P;,
i = 1,2,---,N. The left camera records the image I;; of the laser spot grid at position P;, and the
right camera record the image Ig;. According to the extracted image coordinate (“lii' vlil-> of the laser

spot pé‘ in I;; and the coordinate (”11{21" v’lfu) in Ig;, the 3D coordinates (xf.‘, yif,zé‘) of pi? is computed
based on the binocular stereo vision algorithm. Then the 6D vector Vi = [v1, v, 03,04, Us, 06]T of the
laser beam Iy in O, — XY Z. can be estimated by fitting the 3D points {pi-‘,i =1,---,N } of a common
index k from the same laser beam /. The fitting is performed by minimizing the error measure shown

in Equation (3):
N
E=) d ©
i=1
where d¥ is the distance from the point p¥ to the laser beam I;. Given the existence of outliers in
{ pé‘,i =1---,N }, RANSAC method [25] is used to improve the fitting precision of the line. In this
way, we achieve the 6D vectors Vi, k = 1,2,---,Q of all the outgoing laser beams. Associating

T
Vi, k=1,2,---,Q with the corresponding input control voltages dy = |:derdky:| ,k=1,2,---,Q the
training data set (dy, Vi), k =1,2,---, Q is fully achieved.

The Nth position Py ——

. ey /
The ith position P;
z

The first position P,
X
Oc -X cch c
Left camera

Figure 4. Generating the calibration data.

Digital control voltage d,,

Soe—

Mirror-1

2.2.3. Solving the SLFN Model

The gradient-descent-based methods are commonly used for training neural networks. These
methods tune all the parameters wj, b;and B;(j = 1,2, - -, L) of the networks iteratively in many steps.
The gradient computation burden is large, since the number of the parameters is usually huge. So, these
training processes are time-consuming and even may converge to local minima. To efficiently establish
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the 2D to 6D mapping M : d — V, we incorporate the extreme learning machine (ELM) [22,23] to
solve the model formulated in Equation (1).

Given Q arbitrary samples (dg, Vi), k = 1,2, - -, Q the SLFN with hidden neurons in Equation (1)
should satisfy:

L
V=) Big(wj-di+bj), k=12---,Q 4)
j=1
Equation (5) can be written compactly as:

ST = Hypab ()

where:

gwi-di+by) -+ g(wp-di+Dbp)
Hw,b,d (wlrWZI o WL, blrbZI te bL/ dl/ d2/ e rdQ) = .
g(wi-do+b1) - g(wr-do+br) |5

[3 - [Bl/ BZ/' e /BL]TLX6’S = [V1,V2,' ’ 'VQ]éxQ

Given any small positive value ¢ > 0 and randomly chosen w; and b;, if only the activation
function g(x) is infinitely differentiable, there exist L < Q hidden nodes, such that for Q arbitrary
samples || Hy,paB — ST ||< € holds [24]. Based on the above conclusion, we randomly assign the
input weights w;,j = 1,2,--- , L and the hidden layer biases bj, j=1,2,---,L. Then the hidden layer
output matrix Hy, ;, 4 in Equation (6) is fully determined, and the model in Equation (1) can be simply
considered as a linear system. The output weights in 3 is determined by:

T
B = H:«_J,b,ds (©)

where H; p.q 18 the generalized inverse matrix of Hy,;, q- This is the smallest norm least square solution
to the linear system. The solved 3, together with the randomly chosen w; and b;, completely determine
the model in Equation (1).

2.3. Validations

In order to verify the accuracy and efficiency of the proposed calibration method, cross validation
experiment and target shooting experiment are performed respectively. Moreover, we provide
both the forward and the backward applications based on the calibrated mapping M:d — V.
The achievement of these applications fully testifies the wide applicability of the proposed method in
various applications.

2.3.1. Cross Validation

T
Nine hundred (900) pairs of digital voltages d; = [dkx, dky} (k=1,2,---,900) are input to

generate 900 outgoing laser beams in the field-of-view of the binocular system. The 900 pairs of digital
voltages are uniformly spaced on the virtual digital plane as shown in Figure 5. According to the
method in Section 2.2.2, the sample data set (dy, Vi) (k =1,2,---,900) is obtained. Here the number
of the position N is set as 100. The distance between the first position P; and the last position Py is
about 1 m, and the first position P; is approximately 2 m away from the GLS system. With the help of
the moving mechanism, the whole sampling procedure costs less than 10 min.

To evaluate the performance of the new calibration method, the 10-fold cross validation is
adopted. We randomly draw the one-tenth of the sample data as the test data, and use the rest of the
sample data to train the SLFN model by means of the method in Section 2.2.3. For arbitrary input

voltages d;” = [dt“

T
o d]t-ﬂ ,i=1,2,---,90in the test data set, its corresponding outgoing beam Z;St is
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T
represented by the 6D vector V;St = [vﬁt , vﬁt, v]tgt, ?J]t«it, U;ét, v%t] , which is fitted out with the process

in Section 2.2.2.

=, -~
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T
Figure 5. Distribution of the 900 digital voltages d; = [dkx/dky] (k=1,2,---,900).

T
Meanwhile, we calculate a 6D vector denoted as V}VI = [v}\{[, v}\é[, v%[, v%, v}\é{, v%[ for every d]t»St

through the established mapping M : d — V. If the error of the established mapping M:d = V
tends to be zero, the beam l]tSt and the beam l}.v[ determined by V}V[ should be the same line. However,

the evaluation of the difference between / ;St and I}VI is difficult. So, an equivalent evaluation method is

introduced here.

M

T
The corresponding input digital voltages d}VI = { e d}‘ﬂ of the spatial beam Z}VI is given by:

d}VI = argrrhinDj(d) (7)

T
where D;(d) is the distance from the point p?t = [v}ff , végt, v]t-gt } to the corresponding laser beam of
the digital voltages d = [dy, d, | T and p* is a point on the beam I*'. The difference between d}w and
d;St is denoted as ¢; and defined by Equation (8). In the ideal situation that Z;St and l]M exactly coincide,

g is a zero vector:
tst _ M
£ — ij _ djx djx (8)
= e, ) T o
1y 7y 1Y

Then we use the root mean squared error (RMSE) measure in Equation (9) to estimate the error of
the calibrated mapping M : d — V. Obviously, the smaller the value of Eq is, the higher the accuracy
of the calibration is:

tst
o (-4 (3- 41 o
where Q! is the number of the test samples.

In the process of solving the SLFN model by the method mentioned in Section 2.2.3, an inevitable
problem is the determination of the number of hidden neurons L in generalized SLFN. To investigate
the influence of the hidden neuron number L on the calibration accuracy, we also tested the variation
tendency of regression error E4 with respect to the equal increase of L. Considering the possible
influence of the training sample number Q on the variation tendency, three groups of test experiments
with different number of training samples (Q = 810,405,270) are respectively conducted.

2.3.2. Target Shooting

To further verify the proposed calibration method, we design a pattern of 49 target circles (shown
in Figure 6a) to be shot by the laser beam of the calibrated GLS system. The pattern is placed in the

T
field-of-view of the binocular system, and the 3D coordinates |x%*, y‘fﬁ,zﬁﬂ ,n=1,2,---,49 of
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the circle centers p%*,n = 1,2, - - - 49 are obtained by the binocular system. By using the calibrated

T
mapping M : d — V and the coordinates p%*,n = 1,2, - -, 49, the digital voltages d%*' = {d‘f&t, dﬁ“ﬂ ,

n=1,2,---,49 are achieved by:
ddst = argnhinDn(d) (10)

T
where D,,(d) is the distance from the 3D point p®f = [pﬁﬁf, pist, p‘,’lfzt} to the spatial beam /4, which is

the corresponding laser beam of the digital voltages d = [dy, d, | T Utilizing these digital voltages, we
control the GLS system to shoot the target circles as shown in Figure 6b. The coordinates of the laser
spot centers shot on the pattern pflp Ot, n=1,2,---,49 are also obtained by the binocular system. Then

we use the standard deviation of the distance Sy = /& & (pést — p¥ Ot)
n

2
to measure the shooting

precision as shown in Figure 6c.

LA
L
L L
L
L B
L
L

Laser spot

(a) (b) (©)

Figure 6. Design of target shooting experiment. (a) The pattern of target circles. (b) Experiment result
of target shooting. (c) The distance between the centers of laser spot and target circle.

2.3.3. 3D Reconstruction

3D reconstruction is the representative of forward applications of GLS system. In this application,
pre-defined input digital voltages are known and the 3D coordinates of the laser spots hitting on the

T
object need to be solved. More specifically, digital voltages d4s' = [d;i,f,i, dﬁfﬂ ,m=1,2,-,Qum (Qu
is the number of the digital signals) are input to control the GLS system to project Q,, laser spots on
the surface of an object to be reconstructed in 3D space, then the image of the laser spots is taken by

T
the left camera. Using the extracted pixel coordinates [uf,ft, v‘,ift} of the laser spots and the intrinsic

parameters of the left camera, we get a set of straight lines 5" through the origin of the camera
coordinate system by Equation (11):

udst
Ve = A7 vl | m=1,2,--,Qp (11)

m

1

where A is the intrinsic parameter matrix of the left camera, and V5§ is the direction vector of [5%".
The vector VG5 of the laser beam [5;L° going through the spot is easily obtained by substituting the
input digital voltages d’* into the calibrated mapping M : d — V. We then make use of the coordinate

T
xilst qydst st ] of the midpoint p4s! of the common perpendicular between 555

and I to represent
the intersection between the two beams, i.e., the 3D coordinates of the laser spot. In this way, we get a

T
number of coordinates [ngt, yist, zflnst] ,m=1,2,--+,Q of all the laser spots on the surface.

In the real 3D Reconstruction experiment, we choose the surface of an engine blade as
reconstructed object since it is a free-form surface. In addition, 3D reconstruction of the engine
blade by the date-driven triangulation method [20] is also implemented for comparison. To evaluate
the reconstruction accuracy, we use the commercial ATOS system (GOM, Brunswick, Germany) to



Sensors 2018, 18, 197 90f17

measure the surface in advance. The measurement accuracy of the ATOS system is high (0.03 mm),
so we approximately take the measuring result of ATOS system as the real value for comparison.
By the iterative closest point (ICP) method [26], we can achieve the registration result between the
reconstructed 3D points and the measuring result of ATOS system. Then we calculate the root mean
square error (RMSE) by Equation (12) to measure the reconstruction error:

Qm

RMSE = | Y €2 /Qu, m=1,2,--,Qn (12)
m=1

where ¢, represents the distance between the 3D point p;;,, m = 1,2,---, Q; and the closest point
belong to the data cloud measured by ATOS system after the ICP registration.

2.3.4. Projection Positioning

Laser projection positioning is the representative of backward applications of GLS system. In this
application, the position of the laser spot on the 3D object is pre-defined and the digital control voltages
need to be solved accordingly. In this validation, a serial of laser spots needs to be projected on the
edge contour of an object by the calibrated GLS system. The 3D coordinates of the visual feature points
placed on the object and the CAD model of the object in the object coordinate system are measured

T
in advance. By the visual feature points, the coordinates {xégt,yzgt,zigt} ,e=1,2,--,0. (Q, is the

number of the discrete points). pf,gt,e =1,2,---,Q. on the edge contour in the camera coordinate

tgt tgt _tgt
XISt 8t I8

T
system are achieved. Utilizing pégt = [ JYe  Ze } ,e=1,2,---,Q, and the calibrated mapping

. tgt tgt tgt]T .
M :d — V, the digital voltages d,> = {dex , dey } ,e=1,2,---,Q, are obtained by:
ast = argminD, (d) (13)

T
where D, (d) is the distance from the 3D point pég = [xég g yég f 28 t} to the corresponding laser beam

of the digital voltages d = [dx, dy] T We then send the digital voltages dégt, e=1,2,---,0Q, to the GLS
system to realize the laser projection positioning of the edge contour of the object.

In the real projection positioning experiment, we choose the edge of an engine blade as the target
to be projected since the edge is the 3D free curve. The CAD contour of the edge is discretized into
131 points, and 3D coordinates of these discrete points in the binocular coordinate system are obtained
by the feature points placed on the surface of the engine blade. The engine blade is about 2.5 m away
from the GLS system.

3. Results

The results of the laboratorial experiments and the accuracy test for Cross Validation, Target
Shooting, 3D Reconstruction and Projection Positioning are respectively illustrated in this Section.

3.1. Cross Validation Experiment

The test results of the influence of the hidden neuron number L on the calibration accuracy
are shown in Figure 7. According to the theorem proved by Huang et al. [21,22], the training error
is zero when the hidden neuron number L is equal to the training sample number Q. However,
it cannot ensure good generalization performance of the established SLFN, i.e., it cannot guarantee
to achieve low regression error Eq4. Figure 7a,b shows that the regression error E4 rapidly increases
when L exceeds 300, which indicates that the established SLFN model can be seriously over fitted by
improperly increasing the hidden neuron number L. On the other hand, insufficient hidden neuron
number may lead to an under fitting problem. As shown in Figure 7a—c, the value of E4 is also relatively



Sensors 2018, 18, 197 10 of 17

high when L is under 20. Fortunately, all the values of E4 for L € [100, 200] are less than 0.5 as shown
in Figure 7a—c. This can be explained by the fact that the model complexity involved in a specific
problem is constant and should not change with the training sample number. This can be explained by
the fact that the model complexity involved in a specific problem is constant and should not change
with the training sample number. The hidden neuron number L in the SLEN substantially determines
the complexity of the established model of the GLS system. Based on the experiment results and the
above explanation, we conclude that L € [100, 200] and Q > L can achieve a good generalization
performance for the GLS system calibration problem. Therefore, we choose the L = 150 € [100, 200]
as the hidden neuron number of the established SLEN in the follow-up experiments.

17
16 Qtrain = 810
15
d - —
m:g, Qrest = 90
= 12f
S nf
£ oo
@‘37
= o
£ 9
z2 &
%’a 5
ol
g Eq<0.5
o
Lt ]
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The number of hidden neurons L

(a)
17
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15
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;:137 Qtest = 45
12F
511t
£ 10-
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2 7
% o
2 i:
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17\ WWWWWWWW o N S T T T S S A S
0 50 100 150 200 250 300 350 405
The number of hidden neurons L
Qtrain = 270
= 4f
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5 t
£
B9
@
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The number of hidden neurons L
()

Figure 7. The variation tendency of regression error Eq with respect to the equal increase of L.
(a) The number of sample is 900. (b) The number of sample is 450. (c) The number of sample is 300.

Once L is selected, the structure of the SLFN model of the GLS system is determined. With the
determined SLEN and the training data set (d]t(’”"”, Vir”i”) (k=1,2,---,810), the mapping M:d — V
of GLS system is finally determined. When M :d — V is calibrated, the actual distribution of
gj = (gjx,€jy),j = 1,2, ,90 is shown in Figure 8. The actual distribution of (gjy, €j),j = 1,2,---,90
is shown in Figure 8. According to the XY2-100 protocol of the GLSs we used, the voltage signals
d = [dy,dy] T are dimensionless quantities. The range of d, and dy is —32768 to 32767 respectively,
and the rotation angle range of the mirrors is —12.5° to 12.5° respectively. As shown in Figure 8,
the maximums of ¢ jx and ¢ iy (Gj=1,2---,90) are —0.957 and —1.04 respectively which can lead to
6.37 prad and 6.91 prad rotation error for the two GLS mirrors respectively.
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To investigate the association between the sampling density and the calibration accuracy,

900 pairs of digital voltages d;, = [dkx, dky} T, k =1,2,---,900 are uniformly spaced on three
virtual digital planes (Figure 9) of different sizes. The physical-model-based method [13] and the
Look-Up-Table (LUT) based method are also realized for comparison. The physical-model-based
calibration constructs a model with a set of real structural parameters and solves these parameters by
a Levenberg-Marquardt [27] optimization. Utilizing the training data set, the LUT-based calibration
can determine the other space vectors of laser beams corresponding to the signals within the sampling
range by a linear interpolation. Whatever method is used, the goal of the GLS system calibration is to
determine the space vector of the laser beam corresponding to an arbitrary control signal. Therefore,
we can use the same data set (d, Vi) (k =1,2,---,900) achieved in Section 2.3.1 for the three different
calibration methods. Calibration results with different sampling densities are listed in Table 1.

dY
(—4500,4500)

(4500,4500)

0 d,

(—4500,-4500)

(4500, —4500)

(a)

d

(-=9000,9000)

y
(9000,9000)

0 d,

(=9000,-9000)

(9000,-9000)

(b)

d}’
(~13500,13500)

(13500,13500)

0 d,

(—13500,-13500)

(13500,-13500)

(c)

Figure 9. Virtual digital planes of different size corresponding to the three different sampling densities.
(a) The sampling interval is 300. (b) The sampling interval is 600. (c) The sampling interval is 900.

Table 1. Performance of the three calibration methods with different sampling densities. (a), (b) and (c)
respectively represent the different sample density shown in Figure 9.

Physical-Model LUT The Proposed Method
E4(a) 2.82 0.65 0.56
E4(b) 3.09 1.46 0.67
E4(c) 3.36 2.98 0.82
Running time (a) 61.2s 126s 0.872s
Running time (b) 61.2s 508s 0.872s
Running time (c) 61.2s 1188s 0.872s

As shown in Table 1, the accuracy of the physical-model-driven method is the lowest compared
to the LUT method and the proposed method, and the LUT method is remarkably inefficient among
the three calibrations. Both the accuracy and the running time of the proposed method have obvious
comparative advantages.
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Remark. The running time of the physical-model-based method is the time for solving all the parameters of the
model by an optimization. The running time of the LUT-based method is the time for establishing the LUT by a
linear interpolation. The running time of the proposed method is the time for solving the SLFN model with the
training data (including the time for linear fitting mentioned in Section 2.2.2).

3.2. Target Shooting Experiment

Two groups of experiment are conducted. The first group is focused on the influence of the
shooting distance on the shooting accuracy. The experiment results at four different shooting
distances are shown in Figure 10. The second group is focused on the influence of the target poses.
The experiment results are shown in Figure 11 with four target poses at the same distance (2.5 m).
The standard deviations S, for different shooting distances are listed in the first four rows of Table 2.
The last four rows in Table 2 list S; for different target poses at 2.5 m distance.

(@) (b) (c) (d)

Figure 10. Shooting experiment results at four different distances from the GLS system. (a) 2 m.
(b) 2.35m. (c) 2.7 m. (d) 3 m.

(@ (b) () (d)

Figure 11. Shooting experiment results with four different poses (a-d) at a same distance (2.5 m) from
the GLS system.

Table 2. Performance measure S; at different shooting distances. (a), (b), (c) and (d) respectively
represent the four different poses of the target in 2.5 m.

Shooting Distance (m) S4 (mm)

2 0.324

2.35 0.282

2.7 0.278

3 0.346

2.5(a) 0.242

2.5(b) 0.244

2.5(c) 0.256

2.5(d) 0.269

As listed in Table 2, the error of target shooting is less than 0.346 mm within the range of 1 m from
the first sampling position P to the last position Pjg9. The average shooting error of the 8 experiments
is 0.28 mm.
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3.3. 3D Reconstruction Experiment

According to the reconstruction method mentioned in Section 2.3.3, a number of laser spots are
projected onto the surface of an engine blade as shown in Figure 12. The reconstructed 3D points of
the surface are achieved in Figure 12b. The registration result between the reconstructed 3D points
and the measuring result of ATOS system is shown in Figure 12¢c. Although the error distribution of
the registration shows the maximum error is 0.996 mm, most errors of the reconstructed points are in
this interval [—0.5, 0.5] as shown in Figure 12¢c. A few points of relatively large error are distributed in
the surface edge where the laser spot imaging is difficult.

(a) (b) (c)

Figure 12. 3D reconstruction of an engine blade by the proposed method. (a) Laser spots are projected
onto the surface of the engine blade to be reconstructed. (b) Reconstructed 3D points. (c) Error
distribution of the registration.

In the date-driven triangulation method, it also needs to train a data-driven model for direct
triangulation. The input features of the model built by this method consist of 2D coordinates of
laser spots in camera image and the control voltage at the drives of both galvanometric mirrors.

The output feature of the model is the 3D coordinate of the laser spot. Therefore, we can directly
use the experimental data (image coordinates (u’il-, v’il) and the 3D coordinates (x:»‘, y;‘, zi-‘)) obtained
in Section 2.2.2 to train the triangulation model. The respective reconstruction results are shown
in Table 3.

Table 3. Reconstruction of an engine blade by two different methods.

Calibration Methods RMSE of Reconstruction (mm) Time for Training a Model (s)
The proposed method 0.462 0.872
The data-driven triangulation 0.554 8.16

We can find in Table 3 that the reconstruction accuracy of the two different methods is closed.
However the efficiency of the proposed method is higher than the data-driven triangulation (Table 3).
It should be noted that we also adopt the linear system built by the method mentioned in Section 2.2.3
to solve the triangulation model. If the other nonlinear methods (like the Support Vector Machine
(SVM), the Gaussian Processes (GPs)) are used to solve this problem, it will lead to explosive time
growth for GLS system calibration. As mentioned by Wissel et al. [20], the training time by SVM is
8.91 min, and the time by GPs is more than 20 h. Moreover, the number of the training sample in their
experiments (7193 points) is less than one tenth of ours (90,000 points). As we all know, the training
time of the model is proportional to the number of the training sample.
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3.4. Projection Positioning Experiment

The CAD model of the engine blade is shown as Figure 13a, and the red curve is the target contour.
The GLS system has two scan modes: point scan and linear interpolation scan. In the point scan mode,
the laser transmitter is turned off between inputting any two adjacent pairs of digital signals, and the
laser trajectory is pointwise as shown in Figure 13b. Whereas in the linear interpolation scan mode,
the laser transmitter keeps turned on all the time and the laser trajectory are continuous as illustrated
in Figure 13c.

Edge curves to be projected

i -

(@) (c)

Figure 13. The projection positioning experiment. (a) The CAD model of the engine blade. (b) Projection
result in point scan mode. (c) Projection result in linear interpolation scan mode.

To quantitatively evaluate the laser projection accuracy, the 3D coordinates of the 131 laser spots
actually projected on the engine blade, denoted as pég ! e=1,2,---,131 are obtained by using the
binocular system. The theoretical target contour and the actual laser projection contour (i.e., the linear
interpolation of the points pfggt, e=1,2,---,131) are shown in Figure 14a. The Euclidean distance
£, between ngt and ngt’ e=1,2,---,131 are calculated and illustrated in Figure 14b. The average
projection positioning error is € = Zgill £./131 = 0.32 mm, and the maximum of ¢,, e = 1,2,---,1311is

0.62 mm, the standard deviation o = /¥, (g, — £)?/131 = 0.28 mm.

Kk Target point 0.
60 . %k Laser point 0.7
40-
N I,
Ll ol Loyt
w < sl lAh | K*J*ﬁ
|

-50

(Y/mm) o

50 50

(@)

-50
(X/mm)

-150

20 40 60 80 100

(Sample sequence number)

(b)

Figure 14. Evaluation of the projection accuracy. (a) The theoretical target point (in blue) and the actual
laser projection point (in red). (b) Projection errors of the 131 discrete points.

4. Discussion

In the solution of the SLFN model of the GLS system, we determine the number of hidden
neurons L based on the investment in Section 3.1. The value of L is also suitable for other GLS systems
or different sampling date set since L represents the system complexity that is constant. The SLFN
determined by L is equivalent to the physical model of the GLS system built in physical-model-based
calibration, and the parameter setting of the physical model is not changed for a GLS system whose
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inner structure is fixed. According to the actual distribution of g = (s jxr€ jy) in Section 3.1, we consider
the established SLFN model has good imitation ability on the simulation of the real GLS system. In
addition, we indirectly test the calibration accuracy at different positions of the sampling region by
the target shooting experiment. The good accuracy performance of shooting indicates the consistency
of the calibration result in the whole sampling range (1 m) is also great. This accuracy consistency
allows the follow-up GLS-based applications to be less affected with the size or the position of the
experimental object.

The contrast experiment with the other two calibration methods of GLS system is also
conducted, and the results are shown in Table 1. The main reason for the poor performance of
the physical-model-driven method is that the physical model of the GLS system cannot involve some
affecting factors, such as the nonlinear relation between the mirror rotation angles and the applied
digital voltages. Furthermore, the calibration results is wrong sometimes since it optimizes too many
parameters and strongly depends on the given initial values of the parameters. Both the LUT method
and the proposed method have a better performance when sampling in the virtual digital plane shown
in Figure 9a, but the accuracy of the LUT method declines faster than the proposed method as the
sample density reduces. This phenomenon of precision falling reflect a fact that the accuracy of the
LUT-based calibration is more affected by the sampling density than other calibrations with a model.
Substantially, the accuracy of a location in the constructed LUT mainly depends on the neighborhood
sampling points since the calibration outcome of the location is achieved by neighborhood point
interpolation. Relatively, the accuracy of the calibration with a model is the combination of all the
sample data. On top of that, constructing a high resolution lookup table shows higher computational
cost (Table 1). The reason lies in that the space vectors corresponding to the non-sampled digital
voltages in a certain digital area needs to be calculated by interpolation. As the virtual digital plane
(Figure 9) grows in size, the computational burden of interpolation significantly increases, which
results in the ever-increasing time consumption (Table 1). As mentioned in Section 2.2.3, the model
in Equation (1) is a linear system, so the proposed method is much more efficient (only 0.872 s).
The shorter the training time is, the quicker the whole calibration process is. The rapid calibration
brings great convenience to various GLS-based field applications.

In the 3D reconstruction experiment, although the reconstruction accuracy of the proposed
method is closed to that of the data-driven triangulation method, the proposed method has two
obvious advantages. On the one hand, the training time of our method (0.872 s) is much less than that
of the data-driven triangulation method (8.16 s). When the sampling density and sampling region of the
two methods are the same, fitting the laser spots that belong to the same laser beam into a straight line
(the 6D vector) in our method can greatly decrease the number of the training data. Less input training
data means the less number of equations in Equation (6), which can remarkably reduce the computation
time for solving the equations. The linear fitting itself in our method costs 0.801 s in this experiment,
which has been involved in the total training time (0.872 s). On the other hand, the calibration result
M :d — V of our method is the relation between the input digital voltages and the corresponding
outgoing laser beam, which is independent of the binocular system. So, it is applicable to both forward and

backward applications. However, the calibrated mapping M : (dz‘“’t, dgst, utst, vdSt) — (det,det,zdSt>

of the data-driven triangulation method [20] contains the 2D image coordinates (ud“, vdSt) of the laser
spot in its 4D input, leading to the inapplicability for the backward applications.

The proposed calibration also applies to the projection positioning of 3D contour, which is widely
used in prepreg layup of composite. Compared with the accuracy requirement of aeronautic composite
layer (£0.7 mm) [28], the projection errors (Figure 14b) indicates that the accuracy of the projection
positioning experiment satisfies the requirement. Similar to the principle of target shooting, this
application changes the target point into the discrete point of 3D contour to be projected. Therefore,
without consideration to the machining precision of the impeller to be projected, the target shooting
accuracy determines the projection positioning accuracy. The standard deviation o calculated in
Section 3.4, representative of the positioning precision, is in line with the expected accuracy range.
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Besides the calibration method, the sampling data for training the system model is another
factor to determine the calibration precision. In other words, the accuracy of the space vector Vi
corresponding to the digital d is important for a good calibration result. For achieving good space
line fitting results, we usually need to collect the 3D sample points in a relative long distance (1 m in
this paper). However the depth of the binocular vision system is limited. Inevitably, the accuracy of
the 3D sample points outside of the depth is affected due to the degradation of the sampling image
quality. Therefore, we can take some methods (such as the image deblurring) to improve the accuracy
of the sampling data in the future.

5. Conclusions

An accurate and efficient method for calibrating the GLS system is proposed. Based on the
one-to-one mapping between the input digital voltages d and the space vector of the outgoing laser
beam V, we establish the system model M : d — V using a single-hidden layer feedforward neural
network (SLEN). Within the extreme learning machine framework, the system model calibration is
completed by only solving a linear system, which avoids the long training time required by most
machine learning methods. More importantly, taking the space vector of the outgoing laser beam V as
the output of the established SLEN greatly reduces the number of equations in the linear system, thereby
further improves the computational efficiency. Calibration experiments demonstrate that the proposed
method outperforms the mainstream approaches in accuracy and efficiency. In addition, the calibrated
mapping M : d — V allows the calibration method to handle various GLS-based applications. The 3D
reconstruction and the laser projection positioning experiments validate the versatility of our method.

Acknowledgments: The work of this paper is partially supported by National Science Foundation of China
(Grant Number 51575276).

Author Contributions: Junchao Tu conceived and designed the experiments. Junchao Tu performed the
experiments. Junchao Tu and Liyan Zhang analyzed the data. Liyan Zhang contributed experiment tools;
Junchao Tu and Liyan Zhang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bartholomeusz, B.J.; Gupta, M.C. Laser marking of thin organic films. Appl. Opt. 1992, 31, 4829-4833.
[CrossRef] [PubMed]

2. Chen, M.F; Chen, Y.P; Hsiao, W.T.; Wu, S.Y.; Hu, C.W. Ascribing laser marking system using DSP controller.
Opt. Lasers Eng. 2008, 46, 410-418. [CrossRef]

3. Kurtz, A.F; Kruschwitz, B.E.; Ramanujan, S. Laser Projection Display System. Patent No. 6,594,090,
15 July 2003.

4. Johnson, T.; Gyarfas, F.; Skarbez, R.; Towles, H.; Fuchs, H. A personal surround environment: Projective
display with correction for display surface geometry and extreme lens distortion. In Proceedings of the IEEE
Virtual Reality Conference, Charlotte, NC, USA, 10-14 March 2007; pp. 147-154.

5. Reiner, J.; Stankiewicz, M. Evaluation of the predictive segmentation algorithm for the laser triangulation
method. Metrol. Meas. Syst. 2011, 18, 667-678. [CrossRef]

6.  Wulfo, O.; Wagner, B. Fast 3D scanning methods for laser measurement systems. In Proceedings of the
International Conference on Control Systems & Computer Science, Bucharest, Romania, 2-5 July 2003;
pp- 1-14.

7. Sukman, Y.P.; Gorham, E.W,; Risser, C.J.; Schultz, D.W. Laser Material Processing System with Multiple Laser
Sources Apparatus and Method. Patent No. 6,313,433, 6 November 2001.

8. Hsiao, W.T; Tseng, S.F.; Chung, C.K.; Chen, PH.; Chen, M.F. Development of portable laser machining
system for laser writing applications. Opt. Rev. 2013, 20, 167-172. [CrossRef]

9.  Reinhardt, C.; Passinger, S.; Chichkov, B.N.; Marquart, C.; Radko, I.P.; Bozhevolnyi, S.I. Laser-fabricated
dielectric optical components for surface plasmon polaritons. Opt. Lett. 2006, 31, 1307-1309. [CrossRef]
[PubMed]


http://dx.doi.org/10.1364/AO.31.004829
http://www.ncbi.nlm.nih.gov/pubmed/20725495
http://dx.doi.org/10.1016/j.optlaseng.2007.11.010
http://dx.doi.org/10.2478/v10178-011-0063-7
http://dx.doi.org/10.1007/s10043-013-0027-0
http://dx.doi.org/10.1364/OL.31.001307
http://www.ncbi.nlm.nih.gov/pubmed/16642094

Sensors 2018, 18, 197 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Qi, L.; Wang, S.; Zhang, Y.X,; Tang, Z.Q.; Yang, H.; Zhang, X.P. Laser cutting of irregular shape object based
on stereo vision laser galvanometric scanning system. Opt. Lasers Eng. 2015, 68, 180-187. [CrossRef]
Podoleanu, A.G.; Dobre, G.M.; Jackson, D.A. En-face coherence imaging using galvanometer scanner
modulation. Opt. Lett. 1998, 23, 147-149. [CrossRef] [PubMed]

Yun, S.; Boudoux, C.; Pierce, M.; Deboer, J.; Tearney, G.; Bouma, B. Extended-cavity semiconductor
wavelength-swept laser for biomedical imaging. IEEE Photonics Technol. Lett. 2004, 16, 293-295. [CrossRef]
[PubMed]

Manakov, A.; Seidel, H.P; Ihrke, I. A mathematical model and calibration procedure for galvanometric laser
scanning systems. In Proceedings of the 16th Annual Workshop on Vision, Modeling, and Visualization,
Berlin, Germany, 4-6 October 2011; pp. 348-357.

Chen, ML.E; Chen, Y.P,; Hsiao, W.T. Correction of field distortion of laser marking systems using surface
compensation function. Opt. Lasers Eng. 2009, 47, 84-89. [CrossRef]

Xie, ].; Huang, S.H.; Duan, Z.C.; Shi, Y.; Wen, S. Correction of the image distortion for laser galvanometric
scanning system. Opt. Laser Technol. 2005, 37, 305-311. [CrossRef]

Chen, Z,; Liu, X.D. Calibration arithmetic of the quick software for laser galvanometric scanning system.
J. Huazhong Univ. Sci. Tech. 2003, 31, 68-69.

Chen, X.M.; Hong, J.; Yan, H.; Lu, B. Study on error correction in Dual Galvanometer Scanning System Based
on Elman Recurrent Neural Network. J. Xi'an Jinotong Univ. 2006, 40, 587-590.

Wagner, B.; Stiieber, P.; Wissel, T.; Bruder, R.; Schweikard, A.; Ernst, F. Accuracy analysis for triangulation
and tracking based on time-multiplexed structured light. Med. Phys. 2014, 41, 082701. [CrossRef] [PubMed]
Cui, S.; Zhu, X.; Wang, W.; Xie, Y. Calibration of a laser galvanometric scanning system by adapting a camera
model. Appl. Opt. 2009, 48, 2632-2637. [CrossRef] [PubMed]

Wissel, T.; Wagner, B.; Schweikard, A.; Stiieber, P,; Ernst, F. Data-driven learning for calibrating galvanometric
laser scanners. Sensors 2015, 15, 5709-5718. [CrossRef]

Huang, G.B.; Chen, L.; Siew, C.K. Universal approximation using incremental constructive feedforward
networks with random hidden nodes. IEEE Trans. Neural Networ. 2006, 17, 879-892. [CrossRef] [PubMed]
Huang, G.B.; Zhu, Q.Y.; Siew, C.K. Extreme Learning Machine: Theory and Applications. Neurocomputing
2006, 70, 489-501. [CrossRef]

Huang, G.B.; Chen, L. Enhanced random search based incremental extreme learning machine.
Neurocomputing 2008, 71, 3460-3468. [CrossRef]

Zhu, Q.Y,; Qin, A K,; Suganthan, PN.; Huang, G.B. Evolutionary Extreme Learning Machine. Pattern Recogn.
2005, 38, 1759-1763. [CrossRef]

Fischler, M.A.; Bolles, R.C. Random Sample Consensus: A Paradigm for Model Fitting with Applications to
Image Analysis and Automated Cartography. Commun. ACM 1981, 24, 381-395. [CrossRef]

Besl, PJ.; Mckay, N.D. A method for registration of 3D shapes. IEEE Trans. Pattern Anal. Mach. Intell. 1992,
14, 239-256. [CrossRef]

Moré, J.J. The Levenberg-Marquardt algorithm: Implementation and theory. In Numerical Analysis;
Watson, G.A., Ed.; Springer: Berlin, Germany, 1978; pp. 105-116.

Gutowski, T.G. Advanced Composite Material Manufacturing Technology; Chemical Industry Press: Beijing,
China, 2004.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.optlaseng.2014.12.007
http://dx.doi.org/10.1364/OL.23.000147
http://www.ncbi.nlm.nih.gov/pubmed/18084441
http://dx.doi.org/10.1109/LPT.2003.820096
http://www.ncbi.nlm.nih.gov/pubmed/20640193
http://dx.doi.org/10.1016/j.optlaseng.2008.07.017
http://dx.doi.org/10.1016/j.optlastec.2004.04.012
http://dx.doi.org/10.1118/1.4890093
http://www.ncbi.nlm.nih.gov/pubmed/25086557
http://dx.doi.org/10.1364/AO.48.002632
http://www.ncbi.nlm.nih.gov/pubmed/19424382
http://dx.doi.org/10.1109/JSEN.2015.2447835
http://dx.doi.org/10.1109/TNN.2006.875977
http://www.ncbi.nlm.nih.gov/pubmed/16856652
http://dx.doi.org/10.1016/j.neucom.2005.12.126
http://dx.doi.org/10.1016/j.neucom.2007.10.008
http://dx.doi.org/10.1016/j.patcog.2005.03.028
http://dx.doi.org/10.1145/358669.358692
http://dx.doi.org/10.1109/34.121791
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	System Calibration Configuration 
	Calibration of GLS System 
	The SLFN Model 
	Generating Training Data 
	Solving the SLFN Model 

	Validations 
	Cross Validation 
	Target Shooting 
	3D Reconstruction 
	Projection Positioning 


	Results 
	Cross Validation Experiment 
	Target Shooting Experiment 
	3D Reconstruction Experiment 
	Projection Positioning Experiment 

	Discussion 
	Conclusions 
	References

