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Chapter 1

Introduction

1.1 Background

In the field of computer vision, 3D measurement has always held a significant po-
sition. 3D measurement refers to the process of converting surface information of certain
scenes or objects in the real world into discrete geometric data through corresponding
algorithms, allowing the three-dimensional information of the surface to be presented in
a computer. [1-10]

3D measurement can be classified into contact measurement and non-contact mea-
surement based on whether contact with the surface of the object being measured is re-
quired. [11-15] Contact reconstruction technology involves obtaining the surface coordi-
nates of an object by directly contacting it, such as with a coordinate measuring machine
or a scanning tunneling microscope. Its advantages include high measurement accuracy,
but it has disadvantages such as low efficiency, high cost, and the inability to measure
objects with complex surface structures, fragile materials, or soft textures. [16—18]

Non-contact reconstruction technology uses optical or electromagnetic waves to
scan or project onto the object being measured to obtain surface information. Non-contact
measurement methods include the Stereo Vision Method [19-21], Time of Flight (TOF)
Method [22-24], and Structured Light 3D Measurement (Camera-Projector Method) [25,

26,26, 27]. The Stereo Vision Method uses multiple cameras to capture images of ob-
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jects, extract features for matching, and then calculate the 3D information of these feature
points. However, this method requires objects to have sufficient texture. The TOF Method
obtains depth information by emitting infrared light and then calculating the reflection
time of the infrared light. This method has lower measurement accuracy but higher mea-
surement speed. The Structured Light Method system consists of a camera and a projec-
tor. The projector projects patterns onto the object, which can be points, lines, or planes.
The patterns deform when reflected off the object’s surface. The camera captures the
surface, obtaining a set of encoded feature points. These points are then decoded and
matched with the corresponding points on the projection plane and imaging plane. Fi-
nally, the 3D data information is calculated based on the system’s calibration parameters.
This method is known for its high measurement accuracy, speed, and adaptability.

From the above introduction, it is evident that contact-based 3D measurement sys-
tems have high setup costs, a limited range of measurable objects, and narrow application
areas. In contrast, non-contact 3D measurement primarily relies on physical information
such as sound, light, and electricity interacting with the object’s surface to obtain 3D in-
formation. Non-contact measurement has significant advantages in this regard. Among
various non-contact 3D measurement systems, the Camera-Projector technique stands out
for its superior accuracy and speed, gradually becoming a major research focus in the field
of computer vision.

The 3D measurement of moving objects has garnered significant interest in various
fields, including online industrial production inspection [28], robotic arm grasping for
moving object navigation [29], motion analysis [30], high-precision positioning in medi-
cal robotics [31], and dynamic 3D data acquisition for virtual reality [32]. Currently, the
precision and speed of Camera-Projector measurement methods have made significant
leaps in the field of 3D measurement. However, existing Camera-Projector methods face
significant challenges with 3D reconstruction of high-speed moving objects due to two

primary reasons: the static nature of the system, with fixed cameras and projectors, which
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limits the 3D imaging range, and the lack of dynamic feedback on the target’s motion,
making it difficult to address reconstruction errors caused by the object’s movement.

To overcome the first issue, researchers have proposed various active 3D reconstruc-
tion systems. One approach mounts the projector on the end of a robotic arm to improve
scanning flexibility; however, its accuracy is limited by the precision of the robotic arm.
Another system employs gimbals to drive the projector and camera for scanning, but the
system size was significant, and its scanning speed was slow. For the issue of target mo-
tion, some researchers have used high-speed projectors for quicker pattern projection and
capture. However, the projection speed of multi-tone patterns remains a limiting factor,
affecting effectiveness. The fixed field of view (FOV) of both the camera and projec-
tor further limits the reconstruction range, making it difficult to accurately reconstruct
high-speed moving objects. Other approaches have focused on algorithmic solutions to
compensate for measurement errors due to object motion. Although these methods cor-
rect some inaccuracies caused by movement, they generally assume uniform motion and

are computationally intensive, limiting their utility in real-time applications.

1.2 Overview of the research

This paper proposes a novel active 3D reconstruction method for wide-range sens-
ing, which is further combined with a visual feedback-based approach to achieve 3D
reconstruction of moving objects. This approach integrates a galvanometer-based track-
ing system with a dual-galvanometer-based active light-section 3D reconstruction sys-
tem. Our strategy ensures synchronization between projector scanning, adjustment of
the tracking camera’s FOV, and modification of the 3D reconstruction camera’s FOV,
achieved via the precise control of three galvanometers. This setup enables the tracking
system to capture the object’s motion dynamics and subsequently send this feedback to

the active 3D reconstruction system. Consequently, the 3D vision system actively per-
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High-Speed Active Camera-Projector Based 3D Reconstruction Method for Moving Objects
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Figure 1.1: Overview of the research.

forms laser scanning and captures laser images to facilitate 3D reconstruction of moving
objects. Additionally, we have devised a joint calibration technique for both the tracking
and active 3D reconstruction systems and introduced a 3D motion error compensation
method. Experiments indicate the effectiveness of the proposed method for high-quality

3D reconstruction of moving objects.

1.3 Outline of thesis

This thesis is organized as six Chapters, including this introduction.

Chapter 2 summarized related works on 3D reconstruction methods, active camera-
projector 3D reconstruction systems and their calibration methods.
In Chapter 3, the concept of active light-section 3D reconstruction method for wide-

range sensing is proposed. Besides, a concept of visual-feedback based active 3D recon-
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struction method for moving objects is also proposed

Chapter 4 introduces the system and algorithms of proposed active light-section 3D
reconstruction method that synchronizes laser scanning by switching the field-of-view
(FOV) of a camera using multi-galvanometers. Beyond the advanced hardware setup,
we establish a comprehensive mathematical model of the system by modeling dynamic
camera, dynamic laser, and their combined interaction. Furthermore, since existing cal-
ibration methods mainly focus on either dynamic lasers or dynamic cameras and have
certain limitations, we propose a novel high-precision and flexible calibration method by
constructing an error model and minimizing the objective function.

Chapter 5 introduces the system and algorithms of proposed visual-feedback based
active 3D reconstruction method for moving objects that synergistically combines track-
ing and active 3D reconstruction tailored for moving objects. By integrating visual feed-
back derived from tracking outcomes, the proposed system ensures that the object main-
tains a relatively stable relationship with the 3D reconstruction process throughout its
movement. The hardware configuration facilitates simultaneous control of tracking, laser
scanning, and 3D reconstruction. A comprehensive mathematical model is established to
encompass the tracking, active 3D reconstruction, and 3D motion compensation. Further-
more, a precise calibration method based on this mathematical model is detailed.

In Chapter 6, it summarized the contributions of this study and discussed future

work.



CHAPTER 1. INTRODUCTION



Chapter 2

Related Works

2.1 Camera-Projector-based 3D Reconstruction Methods

Camera-projector based 3D reconstruction methods improve the efficiency and ac-
curacy of feature point identification by artificially constructing easily recognizable fea-
ture points [33,34]. The primary approach involves using projection devices to emit light
beams with specific patterns onto the target object. These projected patterns are modu-
lated by the surface shape of the object, resulting in specific changes that can be captured
by cameras. By establishing spatial geometric relationships based on the equations of the
light beams and cameras, the surface depth can be calculated to create a 3D model. This
method is known as structured light-based 3D reconstruction. Structured light refers to
light beams that can be described using spatial equations. Structured light reconstruc-
tion methods solve the problem of reconstruction failure in stereo vision methods due to
a lack of features, making them more widely applicable. Additionally, structured light
reconstruction methods are known for their simplicity, high reconstruction accuracy, and
ease of implementation. However, they require the surface being reconstructed to have a
certain degree of diffuse reflection. Surfaces that are mirror-like, transparent, or absorp-
tive pose significant challenges for reconstruction.

Structured light comes in various types, distinguished by the shape of the projected

patterns and the type of light source. Based on the projection pattern, structured light
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can be categorized into point structured light, line structured light, and grating structured

light. Based on the light source, it can be divided into line structured light and projector

structured light.

1y

2)

3)

Point Structured Light: This type of structured light uses a point laser to project onto
the target surface. The camera captures the reflected point image, and reconstruction
is achieved using spatial triangulation. However, it can only obtain a limited number

of points at a time, leading to low reconstruction efficiency [35-37].

Line Structured Light: Line structured light is generated using a scattering mirror
group to produce line patterns. Each captured image can provide the depth of points
along one or more lines. By translating the lines, the depth of a surface can be ob-
tained. Line structured light offers higher reconstruction efficiency and is commonly

used in current reconstruction devices [27, 38, 39].

Pseudo-random Speckle: This method uses the diffuse reflection of laser light on
the target surface to produce highly random and distinctive speckle patterns. These
patterns mark the space, and depth information is calculated based on geometric re-

lationships for reconstruction [40—42].

Grating structured light is typically produced by projection devices. When refer-

ence fringes are projected onto the target surface, they deform according to the surface

contours. A mathematical model of fringe deformation and surface shape is established

based on system parameters. For 3D coordinate calculation, the sequence information

of the projected fringes must be known. The process of assigning sequence information

to the projected fringes is called encoding, while the process of solving the sequence

information is called decoding. Common encoding rules include time encoding, spatial

encoding, and direct encoding, with corresponding decoding methods varying based on

the encoding approach.
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In this paper, we choose line structured light as the method for validation. The
proposed approach can be applied to point structured light or grating structured light as

well.

2.2 Active Camera-projector 3D Reconstruction Systems

The 3D measurement of moving objects has garnered significant interest in vari-
ous fields, such as industrial production inspection, robotic navigation, motion analysis,
medical robotics, and virtual reality. Recognizing this need, scholars have explored var-
ious active sensing and 3D reconstruction methods for moving objects based on camera-
projector systems [80].

One prominent approach is phase shifting profilometry, which has been developed
to achieve high-accuracy reconstruction. However, these methods often face challenges in
synchronizing the projection pattern with the object’s motion, and the fixed field of view
(FOV) of both the camera and projector restricts the reconstruction range. These lim-
itations make it difficult to accurately reconstruct high-speed moving objects [83] [84].
Maruyama et al. [85] utilized a high-speed projector to enhance pattern projection and
capture, achieving the reconstruction of objects moving at speeds of 300-500 mm/s. How-
ever, due to limited reconstruction range, this method cannot handle higher speed objects
and the accuracy is still constrained by the projector’s frame rate. Namiki et al. [86] de-
veloped an active vision approach using a pan-tilt platform for the camera and projector,
capable of reconstructing objects moving at 1000 mm/s; however, detailed accuracy as-
sessments were not provided as the study only presented point clouds. Blais et al. [87]
proposed a new acquisition method for 3D laser scanners of freely moving objects, but
it can only estimate the object’s pose and does not achieve complete 3D reconstruction.
Salil et al. [88] presented a technique for obtaining a 3D point cloud of a moving object

by applying motion correction for a laser scanner, but its application is limited to slowly
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moving objects.

In light of these challenges, our study aims to develop an advanced active 3D recon-
struction system that combines dynamic laser scanning and a dynamic camera setup using
multiple galvanometers. This approach seeks to overcome the limitations of fixed FOV
and synchronization issues, enabling high-precision and wide-range 3D reconstruction of

moving objects.

2.3 Calibration Methods

Existing camera-projector calibration methods can be divided into two categories.
The first category involves capturing both the calibration chessboard and the projected
chessboard in the same scene [43,44]. These methods use the calibrated parameters of
the camera to calculate the parameters of the projector, leading to the accumulation and
amplification of calibration errors from the camera during the projector calibration pro-
cess. To avoid projector calibration being affected by the calibration errors of the camera,
some researchers proposed the “inverse camera” method. In this approach, fringe patterns
are generated and projected onto the calibration target, and the pixel coordinates of the
feature points on the image plane of the projector are determined. The camera is used only
to enable the projector to ’capture” the calibration target. The precision of these methods
depends on the accuracy of extracting and mapping the corresponding pixel coordinates
of feature points on the image plane of the camera and the projector. For instance, phase-
shifting patterns are directly projected onto a printed chessboard, and feature points are
extracted by the camera and mapped to their pixel coordinates on the projector’s image
plane [45]. Zhang et al. [46] implemented sub-pixel mapping between corresponding
feature points on the image planes of the camera and the projector, based on the projec-
tion invariance of the cross ratio. With the advancement of machine learning and deep

learning, some learning-based calibration methods have also emerged. Liu et al. [47] pro-
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posed a Bayesian network based on the Markov random field hypothesis, transforming
the image intersection point matching problem between a camera and a projector into a
maximum a posteriori estimation problem. Yuan et al. [48] designed an unsupervised im-
age deblurring network to recover a sharp target image from a deteriorated one, enabling
more accurate feature learning from multi-quality target datasets.

However, these methods are all designed for static camera-projector systems. In this
study, we propose a novel active light-section 3D reconstruction system that combines
dynamic laser and dynamic camera using multi-galvanometers. Our approach utilizes
multiple galvanometers to synchronize laser scanning and the FOV switching of the cam-
era, enabling high-precision and wide-range 3D reconstruction. Calibration is required
to achieve this, including the system calibration of the galvanometer-based dynamic laser
and camera, and their joint calibration.

For calibrating galvanometer-based dynamic laser systems, Eisert [73] introduced a
geometric model and calibration procedure; however, the model was complicated, and its
optimization was difficult, thus leading to low accuracy. Yu [74] designed a one-mirror
galvanometer laser scanner. However, the calibration procedure was complex, and the
objective function was difficult to optimize. Similarly, Yang [75] proposed a calibration
method based on a precision linear stage. However, this approach relies on a precision
instrument and lacks flexibility.

For calibrating galvanometer-based dynamic camera systems, Ying et al., [§89-91]
introduced self-calibration methods, which were complex in theory and difficult to im-
plement. Kumar [93] proposed a calibration method based on the look-up table (LUT)
using simple linear parameters, which required complex pre-processing. Junejo et al.,
[89,90,92,93] proposed feature-based calibration methods, which were time-consuming
and had low accuracy. Han [94] introduced a calibration method for galvanometer-based
camera using an end-to-end single-hidden layer feed forward neural network model, but

it was computationally intensive. Boi et al., [87] [29] proposed manifold constrained
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Gaussian process regression methods for galvanometer setup calibration, which relied on
data-driven and complex calibration procedures. Hu [95] built a galvanometer mirror-
based stereo vision measurement system and established a mirror reflection model, but it
still lacked an accurate calibration method.

Existing calibration methods only focus on calibrating either dynamic lasers or dy-
namic cameras and still have some shortcomings, as mentioned above. To address these
limitations, this study proposes a novel comprehensive calibration solution for the pro-
posed system, encompassing the calibration of the dynamic camera, dynamic laser, active

tracking, and their joint calibration.
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3.1 Active Vision and Projection-Based 3D Reconstruc-

tion Method
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Figure 3.1: Concept of active vision and projection-based 3D reconstruction.

As analyzed in Chapter 1 and Chapter 2, existing Camera-Projector methods face
significant challenges with 3D reconstruction of high-speed moving objects due to two
primary reasons: the static nature of the system, with fixed cameras and projectors, which
limits the 3D imaging range, and the lack of dynamic feedback on the target’s motion,
making it difficult to address reconstruction errors caused by the object’s movement.

To address these challenges, this study proposes a High-Speed Active Camera-

13
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Projector Based 3D Reconstruction Method for Moving Objects, conceptually depicted
in Figure 3.1. The concept is to make the 3D reconstruction system dynamic through a
galvanometer-based system, thereby expanding the reconstruction range. Furthermore,
by introducing a tracking module, the moving target remains stationary relative to the 3D
system.

The system comprises three main components: an active tracking camera system
(labeled (D), an active reconstruction camera system (labeled 2)), and an active projec-
tion system (labeled (3)). System (1) encompasses Galvanometer-1 and Camera-1, which
work together to track the object. System (2) includes Galvanometer-2 and Camera-2 for
3D reconstruction. System (3), consisting of Galvanometer-3 and a projection device, is
responsible for projecting structured light onto the object. The projection light source
in System (3 varies depending on the type of structured light reconstruction: it can be
a point laser source for point structured light reconstruction, a line laser source for line
structured light reconstruction, or a projector/planar light source for plane structured light
reconstruction. These light sources are integrated into System (3) to enable different struc-
tured light reconstruction techniques, as necessitated by the specific application. In this

paper, we choose the laser for validation using the light-section method.

3.2 Working Procedure

This system functions by first employing an active tracking camera (Camera-1) to
monitor the motion of objects. Subsequent to this tracking, an active projection system
projects patterns onto the objects based on the acquired tracking data. Concurrently, an
active reconstruction camera (Camera-2) captures images of moving objects with these
projection patterns, enabling 3D reconstruction. Before operating the system, a compre-
hensive calibration is essential. This includes calibrating Camera-1 and Galvanometer-1

to establish the relationship between the control voltage offset for Galvanometer-1 and
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Figure 3.2: Working procedure

pixel offset for Camera-1; calibrating Galvanometer-1,2,3 to delineate the positional rela-
tionships among the galvanometers; and calibrating the relationship between the voltages
of Galvanometer-2,3 and their rotational angles. Additionally, calibration of the intrinsic
parameters of both Camera-2 and the projector is performed, along with calibration to de-
termine the positional relationships between Camera-2 and Galvanometer-2, and between
the projector and Galvanometer-3. A joint calibration of the active camera and active
projector systems is also conducted. The specific calibration process is depicted in Figure
3.2, where solid frames indicate process steps and dashed frames highlight the calibration
parameters required for each step.

Galvanometer-1 triggers Camera-1 to capture images. An object detection algo-
rithm is employed to identify objects in the image and extract the center points of the ob-
jects. The pixel offset of the object center between consecutive frames is then calculated
to adjust the control voltage of Galvanometer-1, ensuring the object remains centered in
the image, thus achieving active tracking. Based on the control voltage of Galvanometer-
1, the control voltage for Galvanometer-3 is calculated to project the pattern onto the
object, achieving active projection. Similarly, the control voltage for Galvanometer-2 is

computed, enabling Camera-2 to capture the object adorned with the projection pattern.
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The rotational angles of Galvanometer-2 and Galvanometer-3 are calculated based on
their control voltages, which then facilitates the computation of the transformation matrix
of the active camera and active projector. Subsequently, feature extraction is performed
on the images captured by Camera-2, and combined with the calibration results, the co-
ordinates of the feature points within the active camera coordinate system are calculated
to complete the 3D reconstruction and obtain the 3D point cloud of the moving object.
The entire research is divided into two parts. The first part is the development of
an active 3D reconstruction system, where the galvanometer simultaneously drives the
camera’s field of view (FOV) and laser scanning. This dynamic system for both the cam-
era and projection achieves large-range and high-precision 3D reconstruction, addressing
the first issue of limited 3D reconstruction range for moving targets. The second part
builds upon the first by adding a visual feedback system that tracks the target in real-time
and feeds the target’s movement information back to the active 3D reconstruction sys-
tem. This resolves the second issue of synchronization between the moving target and the

projection.



Chapter 4

A Novel Active Light-Section 3D Reconstruction
Method for Wide-Range Sensing

4.1 Introduction

Light-section vision systems are widely used in many applications for their adapt-
ability, high accuracy, and effective cost [56], such as rail traffic monitoring [49], medical
imaging [58], robotics [51], and industrial production [31]. Such systems typically com-
prise a camera, laser projector, and mechanical scanning platform. The line laser projects
laser stripes onto the surface of the object, whereas the camera captures an image of the
object with the laser stripes. The three-dimensional (3D) geometric information of the ob-
ject is then obtained by triangulation, as extensively reviewed in literature [57]. The 3D
reconstruction of an object can be completed by passing laser stripes or objects through a
mechanical scanning platform.

Traditional laser scanners rely primarily on mechanical driver shafts, which are
large, complex, and slow [62], [58]. To overcome these limitations, various scanning
mechanisms have been proposed. For instance, Du designed a system that mounts a line
laser on the end of a robotic arm to improve scanning flexibility; however, its scanning
accuracy was limited by the precision of the robotic arm. Jiang [67] proposed a system

that uses gimbals to drive the laser and camera for scanning; however, the system size

17
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was significant, and its scanning speed was slow. In recent years, galvanometers have
emerged as promising scanning devices because of their small size, fast rotation, and
high control accuracy. This galvanometer-based solution provides a better alternative in
terms of laser scanning accuracy and speed [72]. However, existing galvanometer-based
laser-scanning systems are primarily designed to perform laser scanning while leaving the
camera fixed. The limited FOV of a fixed camera causes a trade-off between the accuracy
and the sensing range of the system, which significantly affects its efficiency.

In this study, we propose a novel dynamic light-section 3D reconstruction sys-
tem that combines dynamic laser and dynamic camera using multi-galvanometers. Our
approach utilizes multiple galvanometers to synchronize laser scanning and the FOV
switching of the camera, thereby enabling high-precision and wide-range 3D reconstruc-
tion. Calibration is required to achieve this, which includes the system calibration of the
galvanometer-based dynamic laser and camera, and their joint calibration. For calibrating
galvanometer-based dynamic laser systems, Eisert [73] introduced a mathematical model
and calibration procedure; however, the model was complicated, and its optimization
was difficult, thus leading to low accuracy. Yu [74] designed a one-mirror galvanome-
ter laser scanner. However, the calibration procedure was complex, and the objective
function was difficult to optimize. Similarly, Yang [75] proposed a calibration method
based on a precision linear stage. However, this approach relies on a precision instru-
ment and lacks flexibility. For calibrating galvanometer-based dynamic camera systems,
Ying et al., [89-91] introduced self-calibration methods, which were complex in theory
and difficult to implement. Kumar [93] proposed a calibration method based on the look-
up table (LUT) using simple linear parameters, which required complex pre-processing.
Junejo et al., [89, 90,92, 93] proposed feature-based calibration methods, which were
time-consuming and had low accuracy. Han [94] introduced a calibration method for
galvanometer-based camera using an end-to-end single-hidden layer feed forward neu-

ral network model, but it was computationally intensive. Boi et al., [87] [29] proposed
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manifold constrained Gaussian process regression methods for galvanometer setup cali-
bration, which relied on data-driven and complex calibration procedures. Hu [95] built
a galvanometer mirror-based stereo vision measurement system and established a mirror
reflection model, but it still lacked an accurate calibration method.

In conclusion, current light-section 3D reconstruction systems cannot simultane-
ously have high accuracy and wide range. Moreover, existing calibration methods only
focus on calibrating either dynamic lasers or dynamic cameras and still have some short-
comings, as mentioned above. To address these limitations, this study proposes a novel
dynamic 3D reconstruction system that overcomes the trade-off between accuracy and
measurement range by synchronizing laser scanning and FOV switching of a camera
based on multiple galvanometers. Additionally, we propose a novel comprehensive cal-
ibration solution for the proposed system, encompassing the calibration of the dynamic
camera, dynamic laser, and their joint calibration. The contributions of this study can be

summarized as follows:

1) A novel dynamic light-section 3D reconstruction system is designed based on multi-
ple galvanometers. To the best of our knowledge, the system is the first to synchro-
nize laser scanning and FOV switching of camera, thus enabling high-precision and

wide-range 3D reconstruction simultaneously.

2) A novel high-precision and flexible calibration method for the dynamic 3D system is
proposed by constructing an error model and objective function based on the com-
bined model of the dynamic camera and dynamic laser. This method is not only ap-
plicable to the proposed system but also to other single galvanometer-based dynamic

laser or camera systems.

3) Experiments are conducted to validate the proposed dynamic 3D reconstruction method

and demonstrate its accuracy. To the best of our knowledge, compared to all existing
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galvanometer-based laser scanning methods, our approach has the highest measure-

ment range while maintaining the same level of measurement accuracy.

4.2 System Design

The dynamic light-section 3D reconstruction system consists of a CMOS camera,
a line laser, and two galvanometer mirror systems, as shown in Fig. 4.1. The camera and
Galvanometer-1 form a dynamic camera system, whereas the laser and Galvanometer-2

form a dynamic laser system.

Galvanometer-1

Yw

Ow
Iw
Xw ¥ Camera

Galvanometer-2

Figure 4.1: System design.

Based on the geometric model of the system and pre-calibration, the 3D informa-
tion of the target can be calculated from the captured laser image and voltage values of
the two galvanometers. The working principle is illustrated in Fig. 5.1. A spherical ob-
ject on a flat plane is employed to demonstrate the process of dynamic 3D reconstruction.
First, the system utilizes multi-galvanometer control to scan the target surface. When the
system is activated, a line laser projects a laser stripe onto Galvanometer-2, which reflects
the stripe onto the surface of the object. By controlling the voltage of Galvanometer-2,

the laser stripe can scan the target. Simultaneously, the dynamic camera system captures
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Figure 4.2: Framework of dynamic 3D reconstruction method. (a) The flowchart of
dynamic light-section 3D reconstruction. (b) Geometric modeling and calibration of
dynamic 3D reconstruction system.

laser images from different angles by adjusting the voltage of Galvanometer-1. Next,
the laser-center-pixel coordinates are obtained using the laser stripe extraction algorithm.
The 3D reconstruction of the laser stripe is performed by combining the voltage values
of multiple galvanometers, laser pixel coordinates, geometric models of the dynamic 3D
reconstruction system, and calibrated parameters. The point clouds of all the laser stripes
are converted to the same coordinate frame using the transformation matrix of the dy-
namic camera. The system performs error correction based on the joint calibration to op-
timize accuracy. Finally, the system generates a point cloud for the target and completes
the dynamic 3D reconstruction. Accurate geometric modeling and calibration methods

are essential to ensure the 3D reconstruction accuracy of the system.

4.3 Geometric Model

The geometric model of the system is shown in Fig. 5.1(b). When the system is
precisely machined, we can assume that for the dynamic camera system, the optical axis

of the camera is perpendicular to the rotation axis of Galvanometer-1’s pan mirror and
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incident at the center of the pan mirror. For the dynamic laser system, the laser plane
is perpendicular to the rotation axis of Galvanometer-2’s pan mirror and incident on the
center of the mirror. Four coordinate frames are established. {W} is the world coordi-
nate frame, defined on the surface of the planar chessboard target, with the origin point O
located at the upper-left corner of the chessboard. The X-axis and Y-axis are parallel to
the chessboard array, while the Z-axis is perpendicular to the O-XY plane, following to
the right-hand coordinate system. {C} represents the camera coordinate frame, where the
Z-axis corresponds to the camera’s optical axis, and the X- axis and Y- axis are parallel
to the image plane, following the right-hand coordinate frame. {G} denotes the coordi-
nate frame of Galvanometers-1, with the Z-axis corresponding to the rotation axis of the
pan mirror. The X-axis is aligned with the camera’s optical axis, while the Y-axis aligns
with the line connecting the center points of the pan and tilt mirrors. {V,} is the virtual
camera coordinate frame, formed by the reflection of {C} through the pan and tilt mirrors
of Galvanometers-1. According to the operating principle of a galvanometer, the rota-
tion angle of the pan-tilt mirror is proportional to the voltage. For Galvanometer-1, the
voltages of the pan-tilt mirrors are denoted by U,_,., and U;_;;;. Therefore, the rotation
angle of the pan mirror is 6, = ki_,a,U1-pan and the rotation angle of the tilt mirror is
6, = ki—iuUi—si. As the pan-tilt mirror rotates, {V;} reflects the change in U,_,,, and
Ui—in. When Uj_pq, = Uj_sy; = 0, the initail virtual camera coordinate frame is denoted

by {Vy}. The relationship between {V,} and {V))} is given by Eq. (5.1).

V’TVU — VtTGGTVU, (41)

where V1T, is the transformation matrix between {Vy} and {V,}. VT denotes the
transformation matrix between {G} and {V,}. ©Ty, denotes the transformation matrix be-

tween {V;} and {G}. As shown in the geometric model diagram, {C} is first reflected by
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a pan mirror and then by a tilt mirror. The geometries of the two reflections are modeled
using Eq. (5.2). For {V,}, the rotation angle of the pan-tilt mirror is 8; = 6, = 45°. The
transformation matrix “/T'y, is calculated using Eq. (5.3). Thus, the geometric model of

the dynamic camera is established.

Ty, = Y T6" T ((Ui—pan = Urgir = 0). 4.2)

The coordinates of the pixel points on the laser stripe are denoted by (u,v). The
coordinates of the corresponding 3D points in {V,} are denoted by (Xy, Yy, Zy). Based on
the pinhole model of the camera, the mapping relationship between their coordinates can

be obtained using Eq. (5.5).

u S 0 u || Xv
Zvlv |=]0 fy o Yy |> 4.4)
1 0 0 1 Zy

where (u, v9) is the principal point of the image, f, and f, are the focal length of the

camera. For Galvanometer-2, the rotation angle of the pan mirror is denoted by 6; =
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ky—panUs—pan, and the rotation angle of the tilt mirror is denoted by 6, = kit Usr—yiss.
When Us_pun = Ur—iyy = 0, the dynamic laser is in its initial position. The initial laser
plane in {V;} is denoted by "° plane, and its equation is Agx + Boy + Coz + Dy = 0. The
rotation axis of the dynamic laser in {V}} is denoted as = (ny,ny,,n;). The plane of
the laser after rotation about the rotation axis is denoted as "°plane, and the equation is
Ay,x+ By,y + Cy,z+ Dy, = 0.

The light path of the dynamic laser is reflected by a mirror and rotated along its
axis. The rotation angle of the laser plane is twice that of the mirror plane. Therefore, the

equation for the dynamic laser plane after rotation in {Vj} can be solved using Eq. (5.6),

Ay, Ao
By, |=R(%.26,)| B, |. 4.5)
Cv, Co

where R represents the Rodrigues transformation. Using a point P = (X, Yo, Zy) on the
rotation axis, Dy, can be calculated as Dyy = —Ay, Xy — By, Yo — Cy,Zy. Combining this
with the transformation matrix "*Ty, in Eq. (5.3), the equation for the dynamic laser plane

in {V,} can be calculated as

Viplane = "'T Vo Yo plane. 4.6)

The equation for " plane is denoted as Ayx + Byy + Cyz + Dy = 0. By extracting
the pixel points (u, v) from the laser stripe, the corresponding 3D point can be calculated
as V'"P = (Xy,Yy,Zy). Therefore, the relationship between "' P and the change in the

galvanometer mirror angles can be expressed by Eq. (5.8).
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Zy = Dy/[Ay X (u — up)/ fx + By X (v —v9)/ f, + Cv]
Xy = (u—up)/frx X Zy

4.7
Yy =@-vo)/fy xZy

{Av, By,Cy, Dy} = F (61,05, 64; Ao, By, Co, Do, 1,d, 10, P).

F represents a parameterized mapping function, where 6y, 6,, 6, are variables and
other parameters are constants. Because {V;} changes constantly with the scanning angle,
it is necessary to convert all " P into a coordinate frame that is fixed with {W}. For ease
of calculation, we choose {Vy} and obtain " P = (Xy,, Yy,,Zy,) = "°Ty,"' P.

Thus, we establish the relationship between (u, v) and (Xy,, Yy, , Zy,) to formulate the
3D reconstruction. In the geometric model of the 3D dynamic system, Eq. (5.8) shows
that f., f,, uo, vo can be obtained by calibrating the camera. Ay, By, Co, D, can be obtained
from the laser plane calibration. /, d,Tz) = (ny,ny, n;), P = (Xo, Yo, Zy) are unknown, and a

calibration algorithm must be designed to obtain the unknowns.

4.4 Calibration Method

The proposed system calibration method is divided into three parts: the dynamic
camera calibration, the dynamic laser calibration, and the joint calibration of the dynamic

camera and laser for error correction.

4.4.1 Dynamic Camera Calibration

To calibrate the intrinsic parameters, fy, f;, to, Vo, of the camera, we use the method
proposed by Zhang. The dynamic camera mathematical model described in Section II
is used to determine the constraint relationship between {V;} and {G}, as shown in Eq.

(5.2); thus, we can obtain the parameters / and d. The proposed dynamic camera cali-
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bration method uses a large calibration board as shown in Fig. 5.1(b). The calibration
board measures 740 x 740 mm and comprises a total of 35 x 35 circular markers. These
markers are constructed from 25 individual 7 X 7 sub-patterns. Each sub-pattern features
a central larger circular marker with a diameter of 15 mm, while the remaining smaller
circular markers have a diameter of 10 mm, with a center-to-center spacing of 20 mm.
The purpose of the larger circular markers is to establish the relationships between cal-
ibration points across different FOVs. The calibration board is scanned by varying the
galvanometer voltage to obtain numerous images at different rotation angles. Each image
corresponds to a virtual coordinate frame. The number of images is denoted as n. The
transformation matrix between {V;} and {W} is obtained through Zhang’s extrinsic param-
eter calibration method, denoted as YTy, "1 Ty, V2T, ..., """ Ty. As the relative positions
between the calibration points in these images are known, the transformation matrix be-
tween virtual coordinate frames is calculated as "1 Ty,, "2 Ty,, ..., ""Ty,. These values are
taken as observations. Multiple sets of observations are used to solve for the parameters
to be calibrated. The initial pan-tilt angles of Galvanometer-1 are denoted by 6(10) and 9;0).
They are the corresponding angles of {V} and the first calibration image. The pan-tilt
angles of Galvanometer-1 corresponding to {V,,} and nth calibration images are denoted

as 9(1") and 9;") . Therefore, {V,} and {V,} are defined as follows:

Vi =V . (ONy (U]
T = TG|91:9<10)‘92:9§0) =kij(0,",0,",1,d), “8)
Vil = ViTg| =67 gyt = g,.j(9<n>,9;n>, L d),

where k;; and g;; represent the function of "7 and " T;. [ and d are parameters to

be calibrated using Eq. (5.8). The transformation matrix between {V;} and {V,,} is a 4x4

matrix, which can be expressed as:
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n n n n
ap Gy a4z dy
n n n n

ar a, a, a
21 Gy Gz Ay

iy, (n) = =d. (4.9)

ay ay dy o dy

| 0 0 0 1

Simultaneously, T can be calculated using YT from Eq. (4.8), and ""T',. For

ease of representation, this is denoted as 4;;.

T ="Ty,n)- T =

e (4.10)
DU dkiy (601,69, 1.d) = hyj (a6, 6, 1.d)

Eq. (5.11) is the result of {V;} obtained from multiple observations. Eq. (4.8) shows
the results calculated using the mathematical model of the dynamic camera. For all the
measured coordinate frames ({Vy}, {V1},{V2},...,{V,}), the sum of the errors between the
theoretical and measured values must be minimized. Therefore, the objective function is

formulated using Eq. (5.17).

n 4 4

[*,d* = arg min Z
bd 521 i= = (4.11)
it 0. 0.1.0) =, (... )

ij°

In Eq. (5.2), the parameters / and d exist only in translation vector. Based on the
objective function, Eq. (5.15) can be obtained. Finally, the parameters / and d are obtained

by solving Eq. (5.15) using the least-square method.
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g13 (6.6, 1.d) =y (al,. 6.6, 1.d) = 0

g2 (0. 6.1, d) = o (a};. 6.6, 1.d)

]

0

G (eg”, 0y.1,d) — hay (al,. 01, 69,1, d) =0
(4.12)
guu (60,6, 1.d) = hyy (). 6.6, 1.d) = 0

924 (6", 65, 1,d) = oy (a2, 67,65, 1,d) = 0

g3 (6. 65, 1,d) = Iy (a2, 67,65, 1,d) = 0.

4.4.2 Dynamic Laser Calibration

Based on the mathematical modeling of the dynamic laser presented in Section
I, the equation of 0 plane, and the rotation axis of the dynamic laser 7 must be cal-
ibrated when Galvanometer-1 is at the initial position. The calibration of *°plane, is
conducted utilizing the methodology outlined in [?]. This process involves the acquisi-
tion of laser images at various positions using a checkerboard calibration plate. Through
this approach, the laser plane is accurately defined by fitting multiple laser lines. For the
extraction of the laser center, the technique described in [32] is employed, offering the
advantage of sub-pixel precision in the extraction process. Following these procedures,
we successfully derive the equation Agx + Boy + Coz + Dy = 0.

The Galvanometer-2 voltage U,_,; = U, U, ..., U, are used to move the laser
and obtain multiple laser planes. Next, the respective equations are calibrated in the same
manner as " plane, and denoted as Y plane,," plane,, . ..,"° plane,,. The unit normal vec-
tors of these planes are calculated as 72 (1, Nyos nm),Tz)l(nx1 SNy, Mg ),sz(nx2 JMyys gy )se e ,71)m(nxm, Ny, Nz,,).
In the absence of errors, the laser planes intersect along the same straight line. This line is
the laser rotation axis 7 and is also the rotation axis of the tilt mirror in Galvanometer-2.

For a normal vector in any laser plane, we obtain n - n; = 0(i = 0, 1,2, ...,m). However,
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- = .
n - n; do not exactly equal zero because of various errors. Therefore, for all laser planes,

the objective function is formulated as shown in Eq. (4.13).

m

T’ = argmin Z (nxnxi + nyn,, + nznzi)2 . (4.13)
nengn: \ 55

The direction vector 7 of the rotation axis is obtained by minimizing the objective

function. P = (Xy, Yy, Zy) is a point on the rotation axis in all laser planes and can be

obtained using the least-square method. All parameters in Eq. (5.8) are obtained by cali-

brating the camera, laser plane, dynamic camera, and dynamic laser. Thus, we complete

the calibration of the proposed dynamic 3D system.

4.4.3 Joint Calibration for Error Correction

For a well-calibrated dynamic light-section 3D reconstruction system, there are two
sources of error, dynamic camera and dynamic laser, as listed in Table 5.2.

This study proposes an error correction method based on the joint calibration of a
dynamic camera and dynamic laser. After the calibration is completed, error correction
is performed based on the 3D reconstructed results. Theoretically, when Galvanometer-1
is scanning and Galvanometer-2 is fixed, the reconstructed laser point cloud coincides
perfectly. However, as explained in the error source analysis, there is some deviation
between the multiple laser point clouds owing to these errors. We correct these errors
using point-cloud registration based on the Iterative Closest Point (ICP) algorithm [28] to
obtain the accuracy transformation matrix.

The calibration process is designed based on the following principle. If Galvanometer-
2 remains stationary, the laser will be out of the FOV after Galvanometer-1 has scanned a
certain range. Therefore, multiple calibration positions must be set in advance to maintain

the laser in the FOV. These are set in advance as py, p», ..., p, and the corresponding volt-
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Table 4.1: Error Source and Analysis

Error Source and Analysis
1 | Rotation angle of galvanometer mirror (61, 62) Non-linear deviations exists between voltage and rotation angle of Galvanometer-1.
2 Dynamic camera geometric model The spectacular reflection geometric model has deviations with mechanical structure.
3 Calibration of parameter ([, d) This error has been optimized by proposed error model and objective function in this paper.
4 Camera intrinsic parameters calibration This non-linear error is optimized using the Zhang’s [?] calibration method.
5 | Rotation angle of galvanometer mirror (63, 64) Non-linear deviations exists between voltage and rotation angle of Galvanometer-2.
6 Dynamic laser geometric model This error depends on the accuracy of the laser mechanical installation.
7 Calibration of laser rotation axis This error is optimized by the proposed objective function.
8 Laser center curve extraction Center extraction algorithm is based on the Hessian Matrix and ensures a high extraction accuracy.

ages of Galvanometer-2 at these positions are (sy, t1), (52, %), . .., (84, £,), respectively. The

laser plane equations plane,, , plane,,, ..

., plane,, at these positions are calibrated using

the laser plane calibration method described in Part B. The voltage of Galvanometer-1

is denoted by (s}, 1)), (s}, 1), ...,(s,,, t;,), respectively. The error-correction flow is pre-

m>

sented in Algorithm 2.

Algorithm 1 Joint Calibration for Error Correction

1:

18:
19:
20:

Input: fx,fy, u()’ UQ;L d;Ah Bl9 CI’D19 .. ,Am Bm Cn9
Dn;(Sl, tl)a (SZa t2)9 s (Sm tn)'
Output: Ty, " Ty,,...."° Ty .

m

Initialize: i < 1, (s,1) < (s1,11), (5',7) « f(s,1), du « 0.1,V plane « plane, , M < Unit

matrix.
Using Eq. (5.8) to obtain the laser point cloud Y P;.
while i < m do
Laser Image capture and center curve extraction;
Viplane = ¢(s,t, s',1);
Using Eqgs. (5.1)(5.2)(5.3) to calculate VTVI;
Vplane « VTy," plane;,
Using Eq. (5.8) to obtain the point cloud " P;.
VTy, « Transformation matrix between " P; and " P;;
Vo TV, — MVTV,;
if i%50 == 0 then
(s, 1) « (S(i/50), l‘(i/50)), V"plane <V plane;

Using Step. (8) — Step. (11) to obtain point cloud P.

M « Transformation matrix between P and " P;;
end if
i—i+1;
(8,1") « (8" +duxi%200,¢ + 1 x int(i/200));
end while
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4.5 Experiment

The proposed dynamic 3D reconstruction system is built as shown in Fig. 5.5. The
camera model is MV-CA004-10UC, with a pixel size of 6.9 um X 6.9 um, resolution of
720 pixels x 540 pixels, and frame rate of 500 fps. The exposure time of the camera to
capture the dark image of the laser is 500 us. The laser model is LXL65050-16 and the
laser wavelength is 650 nm. The models of both Galvanometer-1 and Galvanometer-2 are
TSH8310. The galvanometer is used to scan a range of +20° using a control voltage range
from —10V to +10V. The maximum scan frequency is 1 kHz, with an angular resolution

of 0.0008, thus, the system has the potential for high accuracy and resolution.

4.5.1 Calibration Accuracy Verification
4.5.1.1 Dynamic camera calibration accuracy

Twenty-five images of the calibration board are collected when U _p,, = Uiy = 0.
The camera is calibrated using Zhang’s [?] calibration method in OpenCV. After calibra-
tion, the intrinsic parameters are f, = 7801.38, f, = 7798.24, uy = 359.51, and vy =
269.54. The focal length is 53.83 mm. According to the calibration method for the dy-
namic cameras presented in Section III, the system parameters are solved as / = 83.45 mm
and d = 22.14 mm. Based on these calibration results, the mathematical model proposed
in Section II can be used to calculate the theoretical transformation matrix for the pan-tilt

mirror of Galvanometer-1 at different angles.
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Figure 4.3: 3D dynamic reconstruction system based on multiple galvanometers and

light section.

The transfer matrices corresponding to these angles are directly measured using a
calibration board. The matrix 2-norm is calculated according to Eq. (4.14) to compare the
theoretical matrices A and measured transfer matrices B for calibration accuracy verifi-
cation. The pan-tilt voltages of Galvanometer-1 are varied from —10V to 10V, at intervals
of 4V. Thirty-six positions are measured. The error between the theoretical and measured
transfer matrices is obtained, and the error curves are shown in Fig. 5.6(a). The results
show that the RMSE (Root Mean Square Error) is 1.231 mm between the theoretical and

measured values.

4 4
E(A.B) = (A -B,) (4.14)
i=1 1

i j=

This confirms the accuracy of the dynamic camera calibration. The observed errors

originate from the geometric model and the calibration process, as explained in the error
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analysis section. It is important to note that the measured values obtained for the virtual
camera using the calibration board may also exhibit slight deviations. Consequently,
these findings serve as a validation of the accuracy of the dynamic camera calibration;
however, these cannot be solely relied upon to assess the accuracy of the calibration. A
more detailed accuracy verification can be conducted based on the outcomes of the 3D

reconstruction analysis.

4.5.1.2 Dynamic laser calibration accuracy

With Galvanometer-1 fixed, the calibration board is positioned within the FOV
of the virtual camera. The tilt mirror of Galvanometer-2 is rotated 30 times with a
step size of 0.1V, allowing the system to scan the calibration board, whose position is
randomly changed five times (ensuring clear imaging in the virtual camera); the same
30 scans are repeated for each position. The laser rotation axis is solved as (m,P) =
([0.99,0.02,-0.0004], [-18310.30,—-195.93,257.97]). Fig. 5.6(b) visually represents the
laser plane and the rotation axis. Notably, the calibrated rotation axis align with the in-
tersection of the laser planes, providing evidence for the accuracy of the dynamic laser
calibration. A detailed accuracy assessment is subsequently performed by analyzing the

results of the 3D reconstruction.
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Figure 4.4: Calibration accuracy verification. (a) Error of dynamic camera trans-
formation matrix. (b) Visualization of laser planes and the calibrated rotation axis.
(c) Error curve before and after correction.
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4.5.1.3 Joint calibration accuracy

A calibration sphere is selected as the 3D reconstruction target for error correc-
tion. Galvanometer-2 is controlled to project the laser stripe onto the sphere, while
Galvanometer-1 is fixed. The virtual camera, controlled by Galvanometer-1, captures
images of the laser stripe from different views. The 3D reconstruction of these laser stripe
images is performed based on the calibration results and mathematical models of the 3D
dynamic system. The reconstructed point clouds, which are indicated as white, are shown
in Fig. 5.1(a), ’Error Correction’. Notably, white point clouds exhibit non-overlapping
regions owing to errors. The correction method described in Algorithm 2 is employed
to register these white point clouds. The registration results are shown as colored point
clouds in Fig. 5.1(a). The distance between the point clouds before and after the correc-

tion is calculated to evaluate the error. The calculation formula is as follows:

|Ps|

1 i i
dzl?sl;”pr_ps

2

: 4.15)

here, p, represents the point cloud of the laser stripe captured in the first virtual camera
view, and p, represents the point cloud of the laser stripe captured from another view. |Py|
denotes the number of points in p;. The error between p, and p; is determined by perform-
ing a nearest-neighbor search, denoted as Errorl. After the point-cloud registration, the
error between p, and p; is calculated as Error2. In addition, the error before correction is
computed as Error3 using the matched points from the point-cloud registration result. The
error curves are shown in Fig. 5.6(c). The RMSE of Errorl and Error3 before correction
are calculated as 4.928 and 5.475 mm, respectively. However, after error correction, the
RMSE of Error?2 is significantly reduced to 0.197 mm. These results evidently indicate a

substantial improvement in the accuracy following the error-correction process.
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Table 4.2: Accuracy and Reconstruction Range Comparison of Traditional and Pro-
posed Methods.

. Traditional methods Proposed method
Working Factor of
distance/mm Name Year Accuracy/mm  Range/mm  Accuracy/mm Range/mm actoro
expanded range

100 NOM-LSS 2017 [16] 0.01 10x 10 0.01 130 x 200 260
3DM-LS 2018 [17] 0.1 80 x 80

250 0.057 350 x 500 27.3
EAC-LSS 2020 [14] 0.061 80 x 80 %

350 1S-LSS 2020 [30] 0.08 200 x 200 0.08 500 x 700 8.75
FFV-LSS 2007 [32] 0.222 150 x 200

400 0.092 650 x 800 17.3
FLR-LSS 2022 [31] 0.1 150 x 200 %

1000 U3D-LSS 2016 [33] 0.382 200 x 300 0.314 1600 x 2000 53.3

4.5.2 3D Reconstruction Accuracy Verification
4.5.2.1 Standard blocks reconstruction test

A standard stair block is employed to test the stability of the system and analyze
its reconstruction accuracy at different angles. The stair block has a distance of 30 mm
between its two planes, with machining errors within 1 um. The 3D dynamic system
proposed in the paper is used to reconstruct a stair block. Scanning is performed by
synchronously controlling the tilt mirrors of both Galvanometer-1 and Galvanometer-2,
rotating each by 0.1°. Once the scanning and reconstruction processes are completed,
a point cloud of the stair block is generated. Two planes (Plane-1 and Plane-2) of the
stairs are fitted, and the distance between them is calculated. Point clouds belonging to
Plane-2 are used to fit a plane equation using the least-square method. Next, 500 points
belonging to Plane-1 are randomly selected and the average distance between these points
and Plane-2 is calculated as the distance of the fitted plane. The difference between the
calculated and actual distances is considered as the error, which serves as a measure of
the reconstruction accuracy achieved by the system.

The reconstruction distance is 650 mm. The FOV for a single virtual camera is
120 mm X 120 mm, while the dynamic camera’s FOV expands to 1300 mm x 1300 mm

(including a 10% overlap area for better stitching), thus enlarging the camera’s imaging
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Figure 4.5: Standard blocks reconstruction test at different angles. (a) The point
clouds of the stair at different angle. (b) 3D reconstruction error distribution at
different angles.

range by a factor of 117.4. The scanning range of the dynamic laser is 1100 mm X 1640
mm. The measurement range of the system is determined by the overlapping FOV of the
dynamic camera and dynamic laser, which measures 1100 mm X 1300 mm. Thirty differ-
ent positions are selected to analyze the reconstruction accuracy at different angles. The
dynamic camera and laser simultaneously scan the target from these positions to complete
the 3D reconstruction process. Fig. 4.5(a) shows the example reconstructions obtained
from four different positions, providing a visual representation of the reconstructed 3D
models. The thickness error, which is related to the rotation angles of Galvanometer-1
and Galvanometer-2, is analyzed, as shown in Fig. 4.5(b). It is evident from the graph
that the error in 3D reconstruction increases as the rotation angles of the galvanometers
deviate from their initial positions (calibration position). This is because the camera’s fo-

cal length is adapted to the calibration position, and imaging areas far from the calibration
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position may become blurred due to defocusing, thereby affecting accuracy. Furthermore,
as analyzed in Table 5.2, errors due to various reasons accumulate more as the distance
from the calibration position increases. The RMSE for these thirty positions is calcu-
lated as 0.165 mm. These values provide evidence of the high precision achieved by the

proposed system for 3D reconstruction.

4.5.2.2 Accuracy and reconstruction range comparison with existing methods

To compare the performance of the proposed method with that of existing meth-
ods [72,74-78, 88], we conduct comparative experiments using the standard component
scanning method. The accuracy of the dynamic light-section 3D system depends primar-
ily on the working distance. To perform a fair comparison, we repeat the standard com-
ponent scanning procedure at various reconstruction distances, namely 100, 200, 350,
400, and 1000 mm, which are consistent with the working distances employed in existing
methods. As analyzed in the previous experiment, the system’s reconstruction accuracy
is related to the scanning position. In order to reduce errors other than calibration errors,
we placed the target at the center of the scanning area.

The 3D reconstruction accuracy, measurement ranges of the traditional methods,
and the magnification factor of the proposed method’s reconstruction range compared to
traditional methods are presented in Table 4.2. Fig. 4.6 more clearly shows the com-
parison of the reconstruction accuracy and range between traditional methods and our
proposed method, with each color oval representing the same working distance. From the
obtained results, it can be concluded that the proposed method exhibits smaller errors and
larger measurement ranges than the existing methods at the corresponding working dis-
tances. This demonstrates the superior performance of our method in terms of accuracy

and range compared with existing methods.
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4.5.2.3 Large object scanning test

The high-precision machined large flat plate and sphere are also used to test the 3D
reconstruction accuracy. The size of the plate is 740 mm X 740 mm, and the sphere has a
diameter of 350 mm. Similar to the Experiment B (1), the system scans the target and ob-
tains its point clouds with the scanning distance set at 650 mm, and the 3D measurement
range is 1100 mm X 1300 mm. The position and angle of the target are arbitrarily changed
within the scanning range, and the reconstruction is repeated three times for each target.
For the plate target’s point cloud, a plane equation is fitted using the RANSAC algorithm.
The distances between all the points and the fitted plane are calculated, and the average
of these distances is considered the error of the dynamic 3D system reconstruction. For
the sphere target’s point cloud, a sphere is fitted based on RANSAC algorithm, and the
diameter is calculated. The difference between the calculated diameter and the sphere’s
actual diameter is taken as the error of the dynamic 3D reconstruction. The RMSE val-
ues for the three measurements are 0.281 mm for the plate and 0.226 mm for the sphere,

respectively.
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Figure 4.6: Comparison of 3D reconstruction accuracy and measurement ranges

between existing method and proposed method.
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This experimental result demonstrates that the system achieves sub-millimeter re-
construction accuracy within a meter-scale reconstruction range, indicating that the sys-
tem enables high-precision multi-scale 3D reconstruction across a wide-range reconstruc-

tion area.

4.6 Concluding Remarks

A dynamic light-section 3D reconstruction system is proposed in this study, which
overcomes the trade-off between accuracy and measurement range by using multiple gal-
vanometers. A mathematical model of the system is established, and a flexible and ac-
curate calibration method is developed. The experimental results demonstrate that the
proposed system performs well in terms of measurements, indicating its potential for in-
dustrial applications where high-precision and wide-range 3D reconstruction is required.
Furthermore, the proposed method can be used in conjunction with the active tracking
system for 3D reconstruction of moving targets. This will be introduced in our other

work.
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Chapter 5

A Visual-Feedback Based Active Light-Section

3D Reconstruction Method for Moving Objects

5.1 Introduction

Light-section vision systems are widely applied fields such as rail traffic monitor-
ing [49], medical imaging [50], robotics [51], and industrial production [52, 53] due to
their adaptability, high accuracy, and cost-effectiveness [54-56]. Generally, these sys-
tems comprise a camera, laser projector, and mechanical scanning platform. The laser
projector casts laser stripes onto the object’s surface, which are then captured by the
camera. The object’s three-dimensional geometric information is subsequently obtained
through triangulation, a process extensively reviewed in literature [57]. By manipulat-
ing the movement of either the laser stripes or the object through a mechanical scanning
platform, 3D reconstruction of the object can be completed.

However, traditional laser scanning systems rely on mechanical driveshafts that are
bulky, complex, and slow [58-61]. To enhance the scanning efficiency, a system with a
line laser mounted on the end of a robotic arm was designed [62-66]. Despite improving
the scanning flexibility, its accuracy was limited by the precision of the robotic arm. A
gimbal-based system was proposed to drive the laser and camera for scanning [67-70], but

the system was bulky, and the scanning speed was slow. The galvanometer has emerged

41
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as a promising scanning mechanism due to its compact size, fast rotation, and high control
accuracy, ofafering a superior alternative to laser scanning and is widely used in various
industrial inspection scenarios [71-79]. Despite these developments, existing systems
lack feedback functionality, limiting their 3D reconstruction capabilities only to static
objects.

The ability to achieve 3D reconstruction of moving objects is crucial for applica-
tions such as online industrial production inspection [28], robotic arm grasping for mov-
ing object navigation [29], motion analysis [30], high-precision positioning in medical
robotics [31], and dynamic 3D data acquisition for virtual reality [32]. Recognizing this
need, scholars have explored various active sensing and 3D reconstruction methods for
moving objects [80]. 3D reconstruction methods for moving objects can be categorized
into Time of Flight (TOF), Stereo Vision, and Camera-Projector techniques [81] [82].
Among these methods, the Camera-Projector technique is noted for its superior accuracy
in reconstructing moving objects. Some researchers have developed high-accuracy re-
construction techniques based on phase shifting profilometry, however, these approaches
often face challenges with synchronizing the projection pattern with the object’s motion,
and the fixed field of view (FOV) of both the camera and projector restricts the reconstruc-
tion range. These limitations make it challenging to accurately reconstruction high-speed
moving objects [83] [84]. Maruyama et al. [85] utilized a high-speed projector to enhance
pattern projection and capture, achieving the reconstruction of objects moving at speeds
of 300-500 mmy/s. However, due to limited reconstruction range, this method cannot han-
dle higher speed objects and the accuracy is still constrained by the projector’s frame rate.
Namiki et al. [86] developed an active vision approach using a pan-tilt platform for the
camera and projector, capable of reconstructing objects moving at 1000 mm/s; however,
detailed accuracy assessments were not provided as the study only presented point clouds.
Blais er al. [87] proposed a new acquisition method for 3D laser scanners of freely mov-

ing objects, but it can only estimate the object’s pose and does not achieve complete 3D
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reconstruction. Salil er al. [88] presented a technique for obtaining a 3D point cloud of
a moving object by applying motion correction for a laser scanner, but its application is
limited to slowly moving objects.

In conclusion, on the one hand, existing light-section 3D reconstruction systems
are not suitable for the reconstruction of moving objects due to the lack of visual feed-
back. On the other hand, the current methods for reconstructing moving objects still pos-
sess some shortcomings, as discussed above. To address this issue, this paper proposes
a novel visual-feedback based active light-section 3D reconstruction method. This ap-
proach integrates a galvanometer-based tracking system with a dual-galvanometer-based
active light-section 3D reconstruction system. Our strategy ensures synchronization be-
tween laser scanning, adjustment of the tracking camera’s FOV, and modification of the
3D reconstruction camera’s FOV, realized via the precise control of three galvanometers.
This setup enables the tracking system to obtain the object’s motion dynamics, and sub-
sequently, sends this feedback to the active 3D reconstruction system. Consequently, the
3D vision system actively executes laser scanning and captures laser images to facilitate
3D reconstruction of moving objects. Additionally, we have devised a joint calibration
technique for both the tracking and active 3D reconstruction systems, and introduced a 3D
motion error compensation method. The contributions of this paper can be summarized

as follows:

1) A novel active light-section 3D reconstruction system based on visual feedback is
introduced. This system achieves the tracking and active 3D reconstruction of freely
moving objects by synchronously controlling three galvanometer systems. To the best
of our knowledge, this is the first system that utilizes the light-section technique to
scan and reconstruct moving objects. It not only capitalizes on the high precision and
robustness of the light-section technique but also overcomes its traditional limitations

in scanning efficiency and adaptability to moving objects.
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2) The geometrical model of the proposed system was developed by unifying the ac-
tive tracking model, the active 3D reconstruction model, and the 3D motion error
compensation model. Furthermore, an innovative and flexible calibration method
was developed by formulating error models and corresponding objective functions.
This enables the newly proposed system to achieve high-precision reconstruction of
moving objects, attaining an accuracy level comparable to that of static object recon-

struction.

The remainder of this article is organized as follows. The concepts underlying the
work in this paper are introduced in Section II. In Section III, the proposed geometrical
model is described in detail. Calibration methods are described in Section IV. Section V

presents our validation experiments and results. Finally, Section VI concludes this article.

5.2 Framework

In laser scanning 3D reconstruction systems, the movement of the target can re-
sult in the laser scan not projecting at the anticipated location, thereby introducing errors
into the 3D reconstruction results. To address this challenge, it is essential to employ
visual feedback to ensure that the target remains stationary relative to the laser 3D re-
construction system, as conceptually depicted in Fig. 5.1(a). Initially, a visual system
is required to track the target, capture the motion information, and feeding it back to the
3D reconstruction system. Subsequently, the laser 3D reconstruction system must also
be dynamic, capable of real-time projection and capturing images of the target adorned
with laser stripes based on the motion information. Due to the target’s movement, there
will be motion errors in relation to the world coordinates, although it remains stationary
relative to the laser 3D reconstruction system. This necessitates 3D motion compensation
to ultimately achieve 3D reconstruction of the moving target.

Consequently, the proposed visual feedback-based active light-section system is
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structured into three distinct subsystems. Subsystem-1 functions as the tracking mecha-
nism, encompassing Galvanometer-1 and Camera-1. Both Subsystem-2 and Subsystem-3
collectively constitute the active 3D reconstruction mechanism. Subsystem-2, the dy-
namic camera system, integrates Galvanometer-2 and Camera-2. Subsystem-3, the dy-
namic laser system, comprises Galvanometer-3 and a laser module. The FOV for Camera-
1 and Camera-2 can be modulated by manipulating Galvanometer-1 and Galvanometer-2,
respectively. Similarly, the laser’s projection position can be adjusted via Galvanometer-
3. Through mathematical modeling, calibration, and image processing, this system en-
ables the executing of the 3D reconstruction of moving objects.

The operational principle of the system is shown in Fig. 5.1(b). Galvanometer-1
triggers Camera-1 to capture Image-1 of the target. A target detection algorithm is applied
to identify the target in Image-1 and calculate the pixel coordinates at the center. Based on
the computed pixel coordinate (Apixel) of the target’s center between consecutive frames,
the control voltage for Galvanometer-1 is determined to ensure that the target remains
at the center of Image-1 and enables tracking. Based on the voltage of Galvanometer-1
and calibration parameters of Subsystem-1, the voltage for Galvanometer-2 is calculated,
aligning the target with the center of Image-2 captured by Camera-2. Galvanometer-2
triggers Camera-2 to capture the laser image, and the center of the laser curve is extracted
to obtain the pixel coordinates (u, v) of the laser stripe.

Additionally, using the voltage of Galvanometer-1, calibration parameters of Subsystem-
1 and Subsystem-3, and pixel coordinates of the target center, the control voltage for
Galvanometer-3 is computed, enabling the laser stripe to scan the target. Furthermore,
based on the calibration parameters of Subsystem-2 and Subsystem-3, as well as the rota-
tion angles of Galvanometer-2 and Galvanometer-3, the rotation matrix for the dynamic
camera and plane equation for the dynamic laser can be calculated. Consequently, the
laser plane calculation in the dynamic camera coordinate system, denoted as ¥ Plane, is

obtained. The combination of ¥ Plane and (u, v) enables the 3D reconstruction of the laser
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stripe. The reconstructed laser stripes are then fused into the same coordinate system for
error correction. By using the calibration parameters of Subsystem-1 and Subsystem-2
and the voltage of Galvanometer-1, 3D motion error compensation for the target is per-
formed. Finally, a complete 3D point cloud of the moving target is obtained. Throughout
the entire process, accurate mathematical modeling and calibration of the system are cru-

cial.
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Figure 5.1: Framework (a) Concept of visual-feedback based active light-section 3D
reconstruction. (b) Working principle.

5.3 System Design and Synchronization Strategy

The proposed system is shown in Figure. 5.2 and As illustrated in Figure. 5.3,
the system’s complex control sequence is segmented into four distinct components. Se-
quence (1 governs Galvanometer-1, which is linked to the tracking function of Camera-1.
Sequence (2) controls Galvanometer-2, tasked with aiding the 3D reconstruction capabil-

ities of Camera-2. Sequence (3) manages Galvanometer-3, which is responsible for active
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Galvanometer-2

Dynamic camera syste

Tracking syste
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Figure 5.2: System design of visual-feedback based active 3D reconstruction system.

projection, and Sequence (4) is dedicated to the control of Camera-2. Notably, all three
galvanometers operate in a coordinated manner within a synchronized control cycle of
10 ms. This cycle includes a 2 ms rotation time for accurate positioning, followed by
a 5 ms delay to ensure stability before image capture. After this delay, Galvanometer-3
triggers a signal to Camera-2, initiating image capture. The ’stabilization time’ for the
galvanometers, following the camera trigger is set at 3 ms to ensure precise imaging con-
ditions. Conversely, Camera-2’s exposure time is finely tuned to 1 ms to capture sharp
images with minimal motion blur. This meticulous synchronization of time intervals is
critical for the system’s ability to accurately capture and reconstruct images of moving

objects.
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Figure 5.3: Control sequence.

5.4 Geometric Model

5.4.1 Tracking and Active 3D Reconstruction Model

The mathematical model is as shown in Figure. 5.4. In the model, {W} is defined on
the surface of the planar chessboard target, with the origin point O located at the upper-left
corner of the planar. The X- and Y-axes are aligned with the direction of the chessboard
array, while the Z-axis is perpendicular to the O-XY plane according to the right-hand
coordinate system. {C;} and {C,} represent the coordinate systems of the cameras. The
Z-axis of each camera corresponds to the corresponding optical axis, while the X- and Y-
axes are aligned with the direction of the image plane following the right-hand coordinate
frame. Similarly, {G,} and {G,} denote the coordinate systems of the galvanometers. The
Z-axis of each galvanometer corresponds to the rotation axis of the pan mirror. The X-
axis of {G} corresponds to the optical axis of the camera, while the Y-axis is aligned
with the line connecting the center points of the pan mirror and tilt mirror. For {G;}, the
Z-axis is oriented upward along the rotating shaft of the galvanometer. The X-axis is set
according to the direction of the normal vector of the laser plane when the control voltage

is at its initial value, and the Y-axis is determined based on the right-hand coordinate
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frame. According to the operating principle of the galvanometer, the rotation angle of
the pan-tilt mirror is proportional to the applied voltage. Hence, for Galvanometer-1, the

rotation angle of the pan-tilt mirror can be calculated using Eq. (5.1):

91 = kl—panUl—pam
5.1

0> = ki Ui sitr»
Here, ki_,q and k_; represent the scale factors of Galvanometer-1, which can be
calculated based on the voltage range and angle range. A point in {W} is represented as
P = (Xpl., Ypi,Zpl.), and its corresponding point in {V} is denoted as p; = (xp,., ypi). The

relationship between p; and the voltage of the galvanometer can be expressed as Eq. (5.2):

AU\ _pun = aAx,,
o ¢ (5.2)

AU _ii = BAY),,

AU\ _pan and AU, _;; represent the voltage offsets. Ax, and Ay, denote the offsets
of the pixel coordinates of p;. @ and g are offset factors that can be determined through
calibration. The pixel offset of the object center between consecutive frames captured
by Camera-1 can be calculated using an object detection algorithm. By applying Eq.
(5.2), the control voltage for Galvanometer-1 can be calculated to ensure the tracking of
the object by Subsystem-1. Based on the principle of light path reflection, the deflection
angle of the light path is twice the deflection angle of the galvanometer mirror. Combining
this with Eq. (5.1), in order to maintain point P; at the center of the virtual camera image,
the relationship between the control voltage of the galvanometer mirror and observation

point P; can be described by Eq. (5.3):
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Figure 5.4: Geometric model visual-feedback based active 3D reconstruction sys-
tem.

The same model as that in Egs. (5.1), (5.2), and (5.3) is also applied to Galvanometer-
2 and Galvanometer-3. Therefore, for the same observation point in {W}, the relationship
between the voltages of Galvanometer-1, Galvanometer-2, and Galvanometer-3 can be

described by Eq. (5.4) to maintain the observation point at the image center of the virtual

camera:
Ul— pan a bl Ci U2—pan
Uiin |T| a2 by Ur—in
1 0O 0 1 1
(5.4)
U 2-pan U3—pan

=T\| Uyt |=T2| Us_
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(5.6)

T, and T, are 3 X 3 matrices with six unknown parameters. According to Eq. (5.4),
the tracking results of Subsystem-1 can be utilized to enable Subsystem-2 to capture the
object image, and Subsystem-3 to project the laser stripe onto the object. As the pan-tilt
mirror rotates, {V,} undergoes changes corresponding to variations in the voltages U,_p,

and U,_;;. The relationship between {V5} and {V,_} can be expressed as Eq. (5.5):

(Vo) = V2 Ty, (Voo = V2T, " Ty, {Varo) (5.5)

As depicted in the geometric model diagram, {C,} undergoes reflection first by a
pan-mirror and then by a tilt-mirror. The geometry of the two reflections is modeled
by Eq. (5.6). When U,_,,, = Uiy = 0, the rotation angles of the pan-tilt mirror for
Galvanometer-2 are 6; = 6, = 45°. The transformation matrix > Ty, can be calculated

using Eq. (5.7), representing the geometric model of the dynamic camera.

V2 Ty, , = V2T, TGl | (65 = 64 = 0). (5.7)

The coordinates of the pixel point on the laser stripe are denoted as (u,v). The co-
ordinates of the corresponding 3D point in {V,} are denoted as (Xy, Yy, Zy). The mapping
relationship between them, based on the pinhole model of the camera, can be expressed

as Eq. (5.8):
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Xy
u fi 0 uy O
R T Yy
v (=10 f, v O . (5.8)
o' 1 Zy
1 0 0 1 0
1

The initial laser plane in {V,_y} is denoted as "* plane,, with the equation Agx+ Boy +
Coz + Dy = 0. The equation governing the rotation axis of the dynamic laser 77 in {V>_o}
can be written as n,x+n,y+n,z+d = 0. The laser plane after rotating by an angle 6 around
the rotation axis is denoted as "> plane,, with the equation Ay,x + By,y + Cy,z + Dy, = 0.
The light from the dynamic laser is reflected by the mirror and rotates along with the
mirror’s rotation. The rotation angle of the laser plane is twice the rotation angle of the
mirror. Therefore, the equation of the dynamic laser plane after rotation in the {V,_¢} can

be expressed as Eq. (5.9):

Ay, Ao
By, |=R(.266)| B, |- (5.9)
Cv, Co

Where R represents the Rodrigues transformation. By selecting a point (X, y,,, Z,)
on the rotation axis, Dy, can be calculated as Dy, = —Ay, x, — By,y,—Cv,z,. By combining
V2o plane, and Eq. (5.7), the equation of the dynamic laser plane in {V,}, denoted as
V2 plane, can be computed. The equation is represented as Ayx + Byy + Cyz + Dy = 0.
By extracting the pixel points (u, v) on the laser stripe, the corresponding 3D point can be

denoted as 2P = (Xy, Yy, Zy). Thus, the relationship between "2 P and the change in the

galvanometer mirror angle can be expressed as Eq. (5.10):
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Zy = Dy/ [AV X (u—up) /[ fx+ By X (@—wvo) /[ f + CV]
Xy = (u—up) [ fe X Zy
Yy=@-vo)/fyxXZy (5.10)

{Av, By,Cy, Dy} = F (63,04, 65,66 Ao, Bo, Co, Do, 1, d, i, P)

{63,04,605,06} = G (Ul—pam UiZiii; T1, To, a,ﬁ)

Since {V,} changes constantly with the scanning angle, it is necessary to transform
all 2P points into a coordinate system that remains fixed with the world coordinates
system {W}. For convenience, we select {V,_(} as the reference coordinate system and
obtain P = (Xy,, Yv,,Zy,) = "°Ty,"2P. This establishes the relationship between

(u,v) and " P, enabling complete 3D reconstruction of the moving object.

5.4.2 3D Motion Compensation Model

In the process of object motion, Camera-1 tracks the target, with the acquired image
denoted as I;. The center of the image is represented as (/1,, I1,), while the center of the
bounding box of the target within /; is denoted as (O, O,,). The height of the bounding
box is represented as h. Concurrently, the laser conducts periodic scanning on the object
following the algorithm presented in Algorithm 2. If the target remains stationary, the
complete point cloud of the target can be reconstructed based on the above mathemat-
ical model. However, due to the target’s displacement between each image frame, the
reconstructed point cloud will contain 3D errors, as illustrated in Fig. 5.1(a). Hence,
3D motion compensation is necessary to rectify the reconstruction and obtain accurate
results. The coordinates of the target center on the motion plane are denoted as (x,, y,),

and their relationship with the Galvanometer-1 voltage is described by Eq. (5.11):
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Xn = Span Upan—l + Lpan
(5.11)
Yn = Sttt Usiti—1 + Ltz

Here, $pan, tpans Suiis ta are linear parameters. The coordinates of the target center in
{Va_o} is denoted as (X, Y,,, Z,). The relationship between (x,, y,) and (X,, Y,,Z,) can be
expressed by Eq. (5.12):

X Ny Ox ax Ie || X X
Yn n O, a Z yn yn
| % Wl | 7. (5.12)
Zn nz OZ az tz 0 0
1 0 0 0 1 1 1

Algorithm 2 Tracking and Scanning algorithm
1. Initialize: i <0, I\, I,,.
2: (Oiy, Oyy, h) «Detection(Image)
3: if Image contains objects then

4:  while (Apixel, < Oy, — 1,, + 0.5h) do

5: Apixel, 0O, — I,

6: Apixel,«<—0O,, — I, —0.5h + i

7: i—i+1

8 Ul_panﬁkl_panApl.XEZX + Uy

9: U\iiine—ki—inApixel, + vy

10: (U3 pan> Us—sites 11T <T3[U1—pans Ur—sir, 11"
11:  end while
12: end if

Thus, the displacement generated by the motion can be calculated as d = (X, —
Xugs Yo — Yuyo Zy — Z,,). The point cloud after 3D motion compensation is denoted as
Vo P' = (Xy, + dx, Yy, + dy,Zy, + dz). In the mathematical model of the tracking and
dynamic 3D system described by Eqs. (5.10), (5.11), and (5.12), the parameters f,, f,, uo,

vy can be obtained from camera calibration, while A, By, Cy, Dy can be obtained from the
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laser plane calibration method. The parameters a, 3, [, d,Tz’ = (ny, ny, ny), P = (X, Yo, Zp),
S pans tpans Stite> Lites 11, T2, T3 are unknown, and a calibration algorithm should be designed

to obtain them.

5.5 Calibration Method

The system calibration method proposed in this study comprises four steps, as
shown in Fig. 5.5: active 3D reconstruction system calibration, tracking system cali-
bration, joint calibration of tracking and active 3D system, and 3D movement compen-
sation calibration. The color-coded titles in Fig. 5.5 correspond to the hues presented in
Fig. 5.1(b), with the parameters derived from each calibration step being employed in
the respective color-matched workflow. The active 3D reconstruction involves dynamic
camera calibration, dynamic laser calibration, and joint calibration of the dynamic camera
and dynamic laser. These calibrations ensure that accurate and reliable 3D information
can be calculated. The tracking system calibration establishes the relationship between
Subsystem-1 and the {W} coordinate system, enabling Subsystem-1 to track the object
accurately. The joint calibration of the tracking and active 3D system establishes the re-
lationship between Subsystem-1, Subsystem-2, and Subsystem-3, allowing Subsystem-3
to project the laser stripe onto the object and Subsystem-2 to capture the object image
based on the tracking results. The 3D movement compensation calibration corrects the
3D motion errors caused by the object’s movement. After completing all the calibration
steps, the system is ready to be used for tracking and active 3D reconstruction of moving

objects, providing enhanced accuracy and performance.

5.5.1 Active 3D Reconstruction Calibration

For the calibration of the active 3D reconstruction system, the first step is to cali-

brate the camera’s intrinsic parameters, including fy, f,, uo, and vy. We adopt the method
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(Step 1 Active light-section 3D reconstruction calibration )

pi—(R-pi+T) H.

al-2
. Camera-2 Camera-2 g~
_1 X J.
Uiy = st tan 1 2P Ui- pan Uz-—pan Us—pan _
{ 1=-pan Zklfl;m ‘ ‘Z,P. Ui | = Usin | =T2 | Us—in { Tn = Sr"angpanfl + tpan
_ a—1 Tri = S i1 At
Ui = T — tan 7, 1 1 1 Yn tittUtite—1 + Leite

Figure 5.5: Calibration method of visual-feedback-based active light-section 3D
reconstruction system. Step 1. Active light-section 3D reconstruction system cali-
bration includes Steps 1-1. dynamic camera calibration, Steps 1-2. dynamic laser
calibration, and Steps 1-3, joint calibration of dynamic camera and laser. Step 2.
Tracking system calibration. Step 3. Joint calibration of active light-section 3D re-
construction and tracking. Step 4. 3D motion compensation calibration.
proposed by Zhang [?] for this purpose. Next, we perform dynamic camera calibration
to determine the relationship between the coordinate frames {V,} and {G,}. Specifically,
we aim to obtain the parameters / and d in Eq. (5.10). Our proposed calibration method
utilizes a large calibration board. By scanning the calibration board while varying the
voltage of Galvanometer-2, we acquire a significant number of images of the board at
different galvanometer rotation angles, with each image corresponding to a virtual co-
ordinate system. We denote the number of these images as n. The conversion matrices
between {V,} and {W} can be obtained through extrinsic parameter calibration, denoted as
VeoTy, V1 Ty, V22 Ty,...,"> Ty,. Given the known relative positions between the calibra-

tion points in the images, we can calculate the transformation matrices between the virtual

coordinate systems as "' Ty, , "2Ty, ,..., " Ty, ,. These values serve as observations
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for the calibration process. By utilizing multiple sets of observations, we can solve for the
parameters to be calibrated. The initial pan-tilt angles of Galvanometer-2 are denoted as
05(0) and 6,4(0), which are the corresponding angles of {V},} and the first calibration image.
The pan-tilt angles of Galvanometer-2 corresponding to {V,_,} and n calibration images

are denoted as 83(n) and 84(n). Therefore, {V,_¢} and {V,_,} can be represented as follows:

(Voo = kij(6), 6,1, d),
(5.13)

(Vo) = gi(65". 60", 1. d),
where k;; and g;; represent the function of {V,_} and {V>_,}, respectively, and / and d
are the parameters to be calibrated. The transformation matrix between {V>_y} and {V,_,}
is a 4x4 matrix denoted as VZ-"TVZ_O(n)a?j. Additionally, {V>_,} can be calculated based on
{Va_o} in Eq. (5.13) and "> T v,.,- For simplicity of notation, we denote this relationship

as a function h;;:

Vau) =Ty, () - (Vo) =

4 4 (5.14)
Z =1

aikii (6,6, 1,d) = hy; (6,6, 1.d) .
i=1 j

In the proposed calibration framework, {G,} serves as the base coordinate frame,
and {V,} is defined as {V,} ="* T, - {G,}. Therefore, Eq. (5.6) also represents the math-
ematical model of {V,}. Eq. (5.13) represents the obtained result of {V,} from multiple
observations. Eq. (5.14) represents the result calculated based on the mathematical model
of the dynamic camera. To ensure the accuracy of calibration, the objective is to minimize
the sum of errors between the theoretical and measured values for all observed coordinate
frames, including {V>_o}, {V2-1}, {V2-2},..., {V2-,}. Thus, an objective function can be for-

mulated as shown in Eq. (5.15). By solving this objective function, we can complete the
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dynamic camera calibration.

N 4 4
r,d = argminZZZ
1d

n=1 i=1 j=1 (5.15)
[y (68 60.1.d) - g, 3. 651, D)] .

Furthermore, we conduct dynamic laser calibration to calibrate the equation gov-

V20 plane, and determine the rotation axis of the dynamic laser 7. For Vo plane,

erning
we employ the calibration method described in [?], which involves using a checkerboard
calibration plate and capturing laser images at multiple positions. By fitting the laser
plane using multiple laser lines, we can obtain the equation Agx + Boy + Coz + Dy = 0 for
Yo planey.

By changing the voltage of Galvanometer-3 U;_,;; = Uy, U, ..., U,,, we can induce

the movement of the laser and obtain multiple laser planes. Similar to the calibration

process for V2-0 planey, we calibrate the equations of these laser planes and denote them as

Voo Vao Voo

plane,,”” plane,, ...,”* plane,,. From each plane, we calculate the unit normal vec-
tors denoted as Tio(nx(), Nyy»> Ny, 71)1(nx, My g, 7l>2(nx2, Nyyy Mzy)sens 71)m(nxm, ny,.,n;). In
the absence of errors, these laser planes should intersect at the same straight line repre-
senting the laser rotation axis 7= (ny, ny, n;). This axis also corresponds to the rotation
axis of the tilt-mirror in Galvanometer-3. Ideally, the dot product between the laser rota-
tion axis and any normal vector from the laser planes should be zero, that is, n -71>,~ =0
(fori =0,1,2,...,m). However, due to errors, the dot produCtTi -Tfi is not exactly zero. To
account for these errors, we have designed an objective function as shown in Eq. (5.16),

which aims to minimize the sum of squares of the dot products between the laser rotation

axis and normal vectors of all laser planes.
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I

2
- .
n’ = arg min (nxnxl. + nyn,, + nznzi) . (5.16)

T,y 1 =0

S

The direction vector 7 of the rotation axis can be obtained by minimizing the ob-
jective function. P = (Xo, Yy, Zp) represents a point on the rotation axis that lies in all
laser planes, and can be obtained using the least squares method.

Following the calibration of the dynamic camera and laser system, all the parame-
ters in Eq. (5.10) are determined, enabling the extraction of accurate 3D information. In
principle, during the scanning process of Galvanometer-1 while Galvanometer-2 remains
stationary, the reconstructed laser point clouds should align perfectly. However, due to
inherent system errors, slight deviations exist among the multiple laser point clouds. To
rectify these deviations, point-cloud registration techniques were employed, leading to the
derivation of a precise transformation matrix utilizing a calibration sphere. By performing
a joint calibration of the dynamic camera and laser system to address the identified errors,
we successfully achieved the comprehensive calibration of the active 3D reconstruction

system.

5.5.2 Tracking System Calibration

Tracking system calibration aims to determine the offset factors a and 8. To achieve
this, we select an arbitrary point P in space, and denote its corresponding pixel coordi-
nates in Camera-1 as Py(xy, o), with Galvanometer-1’s voltage being Uo(U pan-10, Usitr-10)-
By varying the voltage of Galvanometer-1 to U1(U pan-11, Usiti-11)> U12(U pan-12> Usiti=12) .-,
U1,(U pan-1n> Usit-1), We can obtain the corresponding coordinates of point P in {V;} as
P (x1,y1), P2(x2,42),..., Py(x,,y,). By utilizing Eq. (5.17), we can calculate the parame-

ters a and g for the tracking system calibration process.



60 CHAPTER 5. A VISUAL-FEEDBACK BASED ACTIVE LIGHT-SECTION 3D RECONSTRUCTION METHOD FOR MOVING OBJECTS

n
a/—l X; — Xo

b
n i1 Upan 11_Upan 1i

1 + Yyi— Y
:ZIZ; 0

(5.17)

tllt i = Utllt 11

5.5.3 Joint Calibration of Tracking and Active 3D Reconstruction

A set of n points in {W} is selected (where n > 6). With the calibrated values
of @ and B, the galvanometer voltage can be calculated to ensure that these points are
centered in the imaging of {V,}, {V,}, and {V3} simultaneously. The voltage values for
Galvanometer-1 are denoted as U1(U pan-11, Usiti—11), U12(U pan—12, Uiti=12)++-s U1n(U pan—1n> Usitr=1n)-
The voltage values for Galvanometer-2 are denoted as U1 (U pan—21, Usit-21), U22(U pan-22, Usitr=22) -5
U2 (U pan-2n> Usit—2n). The voltage values for Galvanometer-3 are denoted as U3 (U pan-31, Usin-31),
U3 (U pan-32, Usitr=32)5--+» U3n(U pan—3n> Usitr—3,). By inputting these data into Eq. (5.4) and

using the least-square method, the matrices T; and T, can be calculated.

5.5.4 3D Motion Compensation Calibration

For the calibration of 3D motion compensation parameters, namely $,an, fpan, it
and t,;,;, we utilize a calibration board equipped with circular calibration points. Virtual
Camera-1 captures the pixel coordinates of each circle’s center on the calibration board:
O1(x1,y1), O2(x2,Y2), -.., On(x,, y,). By utilizing Eq. (5.2), the voltages needed to align
each circle’s center with the imaging center can be computed: U (U pan-11, Usitr-11)U12(U pan-125 Usitr-12)5-..
U1n(U pan-1n» Usinr-1,)- By inputting the circle center coordinate values and the correspond-
ing pan-tilt mirror voltage values into Eq. (5.11) and applying the least squares method,
Span> tpan> Stiir, and t;;, can be calculated. Zhang’s [?] calibration method is utilized to
calibrate the external parameters of V,_, with respect to the calibration board coordinate
system, thereby yielding T;. Calibrating the tracking system, projecting system, active

3D system, and 3D motion compensation completes the necessary processes of the pro-
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posed visual-feedback based active 3D reconstruction system.

5.6 Experiment

The proposed visual-feedback active light-section 3D reconstruction system was
constructed as shown in Fig. 5.6. The camera model was MV-CA004-10UC, with a pixel
size of 6.9 um X 6.9 um, resolution of 720 pixels x 540 pixels, and frame rate of 500
fps. The exposure time of the Camera-1 was 5000 us in capturing the light information
of the tracked object. The exposure time of Camera-2 was 500 us in capturing the dark
image of the laser with a wavelength of 650 nm. Galvanometer-1, Galvanometer-2, and
Galvanometer-3 used were of model TSH8310. The galvanometer was used to scan a
+20° range using a control voltage range of —10V — +10V. The maximum scan frequency
was 1 kHz, with an angular resolution of 0.0008; thus, the system has the potential for

high accuracy and resolution.

Figure 5.6: Visual-feedback active light-section 3D reconstruction system.
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5.6.1 Moving Laser Imaging Accuracy Verification

In the experiments, we first validate the design of the control sequence under the
proposed method, particularly focusing on its ability to capture clear images of a moving
line laser without motion blur. Specifically, we test the system by driving the line laser
to move at a speed of 90 lines per second while simultaneously moving the camera to
capture the laser images. The scanning step of the galvanometer is set at 0.03V. A total
of 45 laser lines are collected for analysis. We examine the grayscale distribution of
these moving laser lines to understand the uniformity and clarity of the laser lines across
different positions. The results reveal that each laser line is approximately 10 pixels wide
and exhibits a distinct peak in grayscale values. This indicates that the proposed system
successfully captures clear images of the moving line laser, thereby facilitating the precise
extraction of the laser center using a laser center extraction algorithm. These results
demonstrate the control sequence’s capability to effectively reduce motion blur, thereby

enhancing the clarity of images for moving objects.

5.6.2 System Calibration

5.6.2.1 Active 3D reconstruction calibration

A total of 25 images of the calibration board were captured by Camera-2 at a
Galvanometer-2 voltage of (0, 0). The camera intrinsic parameter calibration process
was performed using the Zhang calibration method available in OpenCV. Following cal-
ibration, the intrinsic parameters were determined as f, = 7801.375, f, = 7798.242, uy =
359.5, vp = 269.5. By applying the calibration method for dynamic cameras described in
Part I11, the system parameters were derived as [ = 83.45 mm and d = 22.14 mm.

To proceed with the calibration, the Galvanometer-2 tilt mirror was fixed, and the
calibration board was positioned within the FOV of the virtual camera. The tilt mir-
ror of Galvanometer-2 was then controlled to rotate 30 times with a step size of 0.1 V

while scanning the calibration board. Additionally, the position of the calibration board
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was randomly changed five times to ensure clear imaging in the virtual camera. This
process was repeated for 30 scans. The laser rotation axis were determined as (1, P) =

([0.99,0.02,—-0.0004], [-18310.30, —-195.93, 257.97]).
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Figure 5.7: Calibration images. (a) Calibration of Camera-1 and Galvanometer-1
for active tracking. (b) Calibration of Galvanometer-1 and Galvanometer-2,3 for
active projecting. (¢) Calibration intrinsic matrix of Camera-2. (d) Calibration geo-
metric relationship of Camera-2 and Galvanometer-2 for active 3D reconstruction.

(d) Calibration geometric relationship of laser and Galvanometer-3 for active 3D

construction.

5.6.2.2 Tracking system calibration

Ten images of a QR code marker are captured by Camera-1 at ten different voltage

levels of Galvanometer-1 denoted as U,_;. A marker detection algorithm is used to obtain
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the pixel coordinates of the marker center (x;,y;). These data are then used to calibrate

the parameters in Eq. (5.17), resulting in the values a = -0.0182482 and 8 = -0.0188679.

5.6.2.3 Joint calibration of tracking and active 3D system

The same QR code marker calibration board used previously is employed. Galvanometer-
1 and Galvanometer-2 are controlled to scan this calibration board, and the markers are de-
tected. According to Eq. (5.3), the voltage values U;_g, U;_», ..., Uj_g and Up_¢, Up_3, ..., Us9
at which the centers of these ten markers are aligned with the centers of Camera-1 and
Camera-2 images, respectively, are computed. By substituting these values into Eq. (5.4),

the transformation matrix T; can be solved.

0.99599012  0.03435418 —2.54364167
T, =| -0.01393105 0.96893803 1.12522601 |- (5.18)
0 0 1

5.6.2.4 3D motion compensation calibration

Galvanometer-1 was controlled to scan the large calibration board shown in Fig.
5.5. The size of the calibration board was 740 mm X 740 mm, and it contained 25 large
circular markers. The distance between the large circular markers was 140 mm. By utiliz-
ing the pixel coordinates of the large circular markers and their corresponding scanning
voltages, the voltages required to align the centers of the large circular markers with the
image centers were calculated. The relationship parameters between {G,} and {W} were
determined as follows: s,q, = 77.77, s;; = 70.00, 1,,, = =314.00, t,;, = 142.55. While
keeping Galvanometer-2 at its initial position, we applied the Zhang calibration method
in OpenCV to compute the extrinsic matrix T3 between the calibration board coordinate

system and {V>}.
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1.29¢ — 03 0.999 -0.04527 =259

1 —9.64e — 04 7.23¢—03 —22.4
T, = (5.19)

7.18¢ — 03  —0.04527 -0.9989 996.4
0 0 0 1

All parameters in Eq. (5.10), (5.11), and (5.12) are computed, completing the sys-
tem calibration process. In the next section, we will describe experiments using the pro-

posed visual-feedback-based active 3D system to perform 3D measurements on moving

objects and evaluate the accuracy of the calibration.
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Figure 5.8: 3D recontruction of moving ceramic sphere with single laser stripe. (a)
Image sequence of Camera-1. (b) Image sequence of Camera-2. (c¢) The 3D point

cloud of moving ceramic sphere. (d) Circle fitting of each point cloud.

5.6.3 Accuracy Evaluation
To assess the feasibility and accuracy of the proposed system, we conducted two

experiments. The first experiment aimed to evaluate the precision of tracking, projection,
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and 3D reconstruction for moving objects. Therefore, we tested the 3D reconstruction
accuracy of a moving object using a single laser stripe at different speeds. In the second
experiment, we further validated the 3D reconstruction accuracy after scanning and apply-
ing 3D motion compensation to the moving object. We completed the 3D reconstruction
of the object by simultaneously tracking and scanning the object with laser stripes at dif-
ferent speeds. Then, we used the 3D motion compensation method to correct motion

errors, and tested the overall reconstruction accuracy of the object.

5.6.3.1 Accuracy test for 3D reconstruction with single laser stripe at different
speeds

A standard ceramic sphere with a diameter of 20 mm was used for measurements
at four different speeds. To control the sphere’s motion speed for quantitative analysis,
a linear slider was employed, allowing the sphere to move at speeds of 100 mm/s, 200
mm/s, 500 mm/s, and 1000 mm/s. Camera-1 detected the target, and the laser stripe was
projected onto the center of the sphere, as shown in Fig. 5.8(a), which represents the
image sequence captured by Camera-1. Camera-2 captured the dark laser stripe image,
as shown in Fig. 5.8(b), and the resulting reconstructed point cloud is presented in Fig.
5.8(c). Each laser stripe’s point cloud was fitted to calculate the diameter of the circle, as
shown in Fig. 5.8(d).

To verify the effectiveness and accuracy of the proposed calibration method, we
compared the actual diameter of the ceramic sphere with the fitted diameter obtained from
the 3D point clouds. The error between the actual value and fitted value were calculated
at each design speed. The mean, max, and root mean square error (RMSE) are presented
in Table 5.1. The results indicate that the RMSE values at different speeds are within 0.2
mm, demonstrating the high precision and stability of the measurement for the proposed
system. Furthermore, the consistent RMSE values at different speeds indicate the high

robustness of the proposed system.
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Table 5.1: Mean, Max and RMSE Error of Fitting Circle Diameter

Speed/mm-s~! 0 100 200 500 1000
Mean Error /mm 0.0821 0.1147 0.1654 0.1379 0.1032
Max Error /mm 0.1043 0.1184 0.1725 0.1441 0.1127
RMSE /mm 0.0962 0.1265 0.1175 0.1858 0.1547

5.6.3.2 Accuracy test for scanning and 3D motion compensation at different speeds

The standard ceramic stair, standard ceramic sphere, and linear slider were used in
this experiment. As in the previous experiment, the object was also moved at speeds of
100 mm/s, 200 mm/s, 500 mm/s, and 1000 mm/s. Subsystem-1 was used for tracking the
object, while Subsystem-3 controlled the laser stripe to scan the object circle by circle.
Subsystem-2 captured the images for 3D reconstruction. Fig. 5.10 presents the results
of 3D reconstruction and 3D motion compensation for the moving object at different
speeds. It can be observed that, theoretically, the intervals between adjacent scan slices
in the 3D point cloud’s layer slicing should be consistent due to the uniform scanning
speed. However, some intervals appear larger, which is attributed to frame drops during
the tracking of the moving object. Increasing the camera’s frame rate can ameliorate this
issue.

To verify the accuracy, the object was reconstructed repeatedly from ten positions
at each designed speed. The 3D point cloud of the stair and sphere was fitted after 3D
motion compensation. The distance of the stair and the diameter of the sphere were
calculated. The error between the actual distance/diameter and fitted distance/diameter
of the ceramic stair/sphere is illustrated in Fig. 5.9. The mean error, max error, and
RMSE of the moving object at different speeds are calculated and presented in Table 5.2.
When the object was stationary, the repeated measurement error ranged between 0.0124
mm and 0.1086 mm, with an RMSE of 0.0845 mm. In contrast, when the object was

in motion at different speeds, the repeated measurement error varied from 0.2232 mm
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to 0.5993 mm, with the RMSE remaining below 0.5 mm. These results demonstrate the
high precision and stability of our system in measuring moving objects. Analysis of the
errors from corresponding points at each position indicates that the error slightly increases
with speed. This can be attributed to the fact that at higher speeds, the object covers a
larger distance during one scanning cycle, resulting in accumulated errors in 3D motion
compensation. Enhancing the image capture speed of the system could further improve
its accuracy, particularly at higher object speeds. Moreover, a limitation of this system
is that the 3D motion errors caused by the object’s movement in the depth direction of
the camera cannot be effectively compensated by the methods described in the paper, thus
affecting the reconstruction accuracy. To address this issue, increasing the scanning speed
of the system could be beneficial, as shortening the scanning cycle time could reduce the

generation of errors.

5.7 Concluding Remarks

In this study, a novel 3D reconstruction method for moving objects based on the
light-section technique is proposed. This method integrates visual feedback from tracking
results to ensure the object remains stationary relative to the 3D reconstruction system
during movement. A comprehensive mathematical model of the system is established,

and a flexible and accurate calibration method is developed.
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Table 5.2: Mean, max, and RMSE errors of fitting stair distance and sphere diame-
ter

Speed Stair/mm Sphere/mm
1

/mms™  Eyean  Emax  Erumse Epean Emax  Erumse

0 0.0834 0.1086 0.0845 0.091 0.0981 0.0921
100 0.2487 0.4034 0.2624 0.2864 0.3638 0.2902
200 0.4368 0.5427 0.4456 0.3417 0.3921 0.3346
500 0.3902 0.5993 0.4036 0.3852 0.4452 0.3879
1000 04756 0.5727 0.4867 0.4425 0.5177 0.4458

(a) 3D Reconstruction Error for Moving Stair (b) 3D Reconstruction Error for Moving Sphere
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Figure 5.9: 3D reconstruction error of the moving object at different speeds. (a) 3D

reconstruction error of the stair. (b) 3D reconstruction error of the sphere.

Experimental results demonstrate that the system maintains a high level of mea-
surement accuracy for moving objects, comparable to the accuracy achieved with station-
ary objects, thereby underscoring its efficacy in measuring moving objects. Moreover,
the method’s versatility extends its applicability beyond traditional uses. It can enhance
camera-projector systems by expanding their reconstruction range and resolving synchro-
nization issues between the projection pattern and the object’s motion through visual feed-

back. This versatility signifies the system’s potential for broader applicability in various
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domains, including industrial inspection, where it could be used for scanning and 3D
reconstruction of products freely placed on production lines during transit, thereby im-
proving production efficiency. The system can be also applied in motion analysis, aiding
in detailed studies of object movement. In robotics, this technology could be instrumental
for navigating and grasping moving objects. Furthermore, in virtual reality, the system

could be used to capture dynamic 3D models of objects or for interactive experiences.
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Speed=100mm/s Speed=200mm/s Speed=500mm/s Speed=1000mm/s

Figure 5.10: 3D movement compensation results at different speeds. (a) The 3D
point clouds of the stair before and after compensation. (b) The 3D point clouds of
the sphere before and after compensation.
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Chapter 6

Conclusions

In this study, we proposed a novel active 3D reconstruction method for high-speed
moving objects that can achieve real-time tracking of objects and feedback the motion
information to a 3D system to keep the moving object stationary relative to the 3D system.
This is accomplished through a tri-galvanometer based active camera-projector system,
enabling high-precision 3D reconstruction.

This research comprises two main components. The first is the development of an
active 3D reconstruction system to address the limited 3D reconstruction range issue. The
second component builds upon the first by incorporating a visual feedback system, which
resolves the synchronization issues between the moving target and the projection.

To realize wide-range 3D sensing, this study presents a novel method that synchro-
nizes laser scanning by switching the field-of-view (FOV) of a camera using multiple
galvanometers. Beyond the advanced hardware setup, we established a comprehensive
geometric model of the system by modeling the dynamic camera, dynamic laser, and
their combined interaction. Furthermore, since existing calibration methods mainly focus
on either dynamic lasers or dynamic cameras and have certain limitations, we proposed a
novel high-precision and flexible calibration method by constructing an error model and
minimizing the objective function.

The performance of the proposed method was evaluated by scanning standard com-

73
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ponents. The results show that the proposed 3D reconstruction system achieves an ac-
curacy of 0.3 mm when the measurement range is extended to 1100 mm x 1300 mm X
650 mm. This demonstrates that for meter-scale reconstruction ranges, sub-millimeter
measurement accuracy is achieved, indicating that the proposed method realizes multi-
scale 3D reconstruction and simultaneously allows for high-precision and wide-range 3D
reconstruction in industrial applications.

A dynamic light-section 3D reconstruction system is proposed in this study, which
overcomes the trade-off between accuracy and measurement range by using multiple gal-
vanometers. A geometric model of the system is established, and a flexible and accurate
calibration method is developed. The experimental results demonstrate that the proposed
system performs well in terms of measurements, indicating its potential for industrial
applications where high-precision and wide-range 3D reconstruction is required. Further-
more, the proposed method can be used in conjunction with the active tracking system for
3D reconstruction of moving targets. This will be introduced in our other work.

To overcome the motion issue in 3D reconstruction, this paper introduces an innova-
tive approach that synergistically combines tracking and active 3D reconstruction tailored
for moving objects. By integrating visual feedback derived from tracking outcomes, the
proposed system ensures that the object maintains a relatively stable relationship with
the 3D reconstruction process throughout its movement. The hardware configuration
facilitates simultaneous control of tracking, laser scanning, and 3D reconstruction. A
comprehensive mathematical model is established to encompass the tracking, active 3D
reconstruction, and 3D motion compensation. Furthermore, a precise calibration method
based on this mathematical model is detailed.

Experiments indicate the effectiveness of the proposed method. Specifically, for
objects moving at 1000 mm/s, our system achieves a 3D reconstruction accuracy of 0.5
mm, comparable to scenarios with stationary objects. This suggests that our method is

promising for high-quality 3D reconstruction of moving objects, enhancing the potential
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of laser scanning systems for applications such as motion analysis, real-time industrial
inspections, and robotic interactions. The novel 3D reconstruction method based on the
light-section technique integrates visual feedback from tracking results to ensure the ob-
ject remains stationary relative to the 3D reconstruction system during movement. A
comprehensive mathematical model of the system is established, and a flexible and accu-
rate calibration method is developed. Experimental results demonstrate that the system
maintains a high level of measurement accuracy for moving objects, comparable to the
accuracy achieved with stationary objects, thereby underscoring its efficacy in measuring
moving objects.

For future work, improving the speed of the current system can further enhance the
reconstruction accuracy of moving targets. The line laser in the existing system can also
be replaced with a projector to achieve active 3D reconstruction based on structured light.

The versatility of the proposed method extends its applicability beyond traditional
uses. It can enhance camera-projector systems by expanding their reconstruction range
and resolving synchronization issues between the projection pattern and the object’s mo-
tion through visual feedback. This versatility signifies the system’s potential for broader
applicability in various domains, including industrial inspection, where it could be used
for scanning and 3D reconstruction of products freely placed on production lines during
transit, thereby improving production efficiency. The system can also be applied in mo-
tion analysis, aiding in detailed studies of object movement. In robotics, this technology
could be instrumental for navigating and grasping moving objects. Furthermore, in vir-
tual reality, the system could be used to capture dynamic 3D models of objects or for

interactive experiences.
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