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Calibration of Optical Center Alignment between a High-speed Camera
and Galvanometer Mirrors for High-precision Laser Tracking

Tomohiro Sueishi!, Keiko Yokoyama?, and Masatoshi Ishikawa'

Abstract— Controlling laser beam to be directed toward a
tracking target with high accuracy is necessary in free-space
optical communications and laser processing. If an optical
center of a high-speed camera for tracking and a rotational
center of a laser scanning system are aligned, three-dimensional
calibration becomes unnecessary and wide-area laser tracking
projection becomes easier, but it is difficult to precisely align
their optical centers only manually. In this paper, we propose
an interactive calibration method to precisely align the optical
centers using a circular projection on screens with slits on one
side, placed in different positions. Image processing visualizes
the displacement of the circular parameters on each screen and
enables highly accurate alignment in the translational direction.
Evaluation experiments have demonstrated sub-pixel accuracy
of calibration and fast and accurate laser tracking projection.

I. INTRODUCTION

Techniques that keep a laser beam focused on a prede-
termined position on an object in motion are in demand
for a variety of applications, including free-space optical
(FSO) communication [1], [2], laser processing [3], [4],
and laser fabrication [5]. When communicating with drones
and satellites using laser beams in FSO, it is necessary to
irradiate laser beams accurately and without delay to moving
targets while dealing with atmospheric fluctuations. In laser
processing and fabrication, it is desirable to control the laser
beam along an accurate trajectory using feedback control by
a sensor system, even on a predetermined trajectory.

Spatial calibration between a camera to track unknown
motion and a laser scanning system is necessary when
controlling the direction of the laser beam using rotational
mirrors towards the motion target. Although there is a three-
dimensional calibration method for laser galvanometers and
a range camera placed at different locations [6], the spatial
range in which positional accuracy can be guaranteed tends
to be narrow with the three-dimensional placement and its
calibration. A calibration method to align optical centers of
a camera and projector has also been proposed [7], since
placing the camera and projector at the same optical center
by means of a beam splitter enables a wide range of light
projection control with only two-dimensional recognition and
control. Systems that optically align the camera optical axis
with the laser optical axis [4], [5], [8] and tracking projection
systems that align the optical axes of the camera and laser
scanning system [9] have been proposed, but to the best of
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Fig. 1. A concept of the proposed calibration method.

the our knowledge, no technique that precisely aligns the
optical centers of the camera and laser scanning system has
been reported.

Therefore, in this paper, we propose an interactive calibra-
tion method that precisely aligns the optical center of a high-
speed camera with the center of rotation of galvanometer
mirrors for high-precision laser tracking projection onto a
widely moving object through two-dimensional recognition
and high-speed visual feedback, whose concept is shown
in Fig. 1. In a configuration in which the optical centers
of the camera and laser galvanometer mirrors are roughly
aligned using a beam splitter, a background screen and
a screen with a slit are placed at different depths, and
a circular laser trajectory is projected by sinusoidal input
to each of the galvanometer mirrors. Appropriate image
processing estimates a center position and radius of the
circles projected on each screen, and visualizes the optical
center misalignment as the misalignment of the center and
radius of each circle. The user fine-tunes the position of
the laser scanning system (or camera) in the direction of
decreasing the circle misalignment to achieve a calibration
that precisely aligns the optical centers.

II. RELATED WORKS

Free-space optical (FSO) communication establishes com-
munication with moving objects such as trains and satellites
through laser control. FSO requires acquisition, tracking, and
pointing (ATP) mechanisms such as atmospheric turbulence
correction for long-distance communications [1]. In the ATP
mechanism, gimbals and fast steering mirrors (FSM) are
used as the scanning system, and cameras [10] and quadrant
photo detectors (QPD) are used as the sensor system. Optical



control is applied to beacon lights and reflectors [2] to
achieve laser tracking.

In laser processing and fablication, a system in which
the camera and laser have the same optical axis has been
proposed. Levichev et al. propose a monitoring system during
laser cutting in sheet metal processing, in which a fiber laser
and a high-speed camera are installed on the same optical
axis [4]. Yeung et al. propose an in-situ calibration method
for laser powder bed fusion by optical marker recognition
using a camera coaxially aligned with the laser [5]. Mikawa
et al. propose a figure drawing system using a high-speed
camera and an ultraviolet laser with the same optical axis
and marker embedding using photochromism [8]. However,
in these systems, the laser optical axis is fixed with respect
to the camera angle of view [4], [5], [8]. Oku et al. propose
a system for drawing figures on moving objects in which the
optical axes of a high-speed camera and a laser galvanometer
mirror are aligned [9], but there is no mention of optical
center alignment.

Liu et al. propose a calibration method for the position
and orientation of a single-point laser rangefinder relative to
a camera for depth measurement [11]. Sels et al. propose a
three-dimensional calibration method with a laser galvano-
metric scanner including a laser Doppler vibrometer, using a
range camera for depth measurement [6]. However, in these
methods, neither the optical center nor the optical axis of the
camera and the laser system are coincident [6], [11].

Sueishi et al. have realized dynamic projection mapping
in which the optical axes of a high-speed camera and a low-
frame-rate projector are aligned in a high-speed optical-axis
control system using galvanometer mirrors [12] and there
is almost no projection misalignment to a moving object
only in two-dimensional recognition [13]. On the other hand,
there is no mention of precise alignment of the projector
and the camera. Yamamoto et al. propose a system in which
the pixels of the projector and camera are perfectly aligned
using relay optics. The correspondence between the camera
and projector pixels is estimated by a homography matrix,
but this is not a discussion of optic-center alignment since
they share the same objective lens [14].

Calibration methods are also proposed for the coaxial
projector camera system. Amano et al. propose an interactive
calibration method to precisely align the optical center of the
projector-camera by visualizing projection misalignment [7].
The method uses a background screen and a diagonal slit
screen at different depth positions, and the vertical and hor-
izontal line grid projection. Huang et al. have also estimated
the relative position and orientation of the projector-camera
system with high accuracy by calculating the absolute phase
using a marker plate and horizontal sinusoidal fringe pattern
projection [15]. However, these methods relate to projectors,
not laser scanning systems.

III. PROPOSED CALIBRATION METHOD

A. System Configuration

The system configuration of the proposed calibration
method is shown in Fig. 2. The optical centers of the camera
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Fig. 2. System configuration of the proposed calibration method.

and the laser scanning system are nearly aligned using a
beam splitter. Screens are placed at different depths in the
laser projection direction. The screen in the foreground has a
slit. A function generator signal generates a specific pattern
projection of the laser scanning system. A high-speed camera
connected to the computer processes the image to identify
misalignment in the projected pattern on the screens. Based
on the misalignment, we move a stage equipped with the
laser scanning system to achieve precise alignment of the
optical center.

In this paper, we adopt a galvanometer mirror for the
laser scanning system. Although MEMS mirrors have been
developed that enable dual-axis rotation with a single mirror
[16], we select the galvanometer mirror consisting of two
rotating mirrors that can respond quickly, have a wide scan-
ning angle range, and are widely used and readily available.
If the projection distance is far enough, the centers of rotation
are assumed to be coincident, and the coincident center
of rotation is considered to be the optical center of the
galvanometer mirror.

B. Design of Projection Pattern

We describe a design policy of the laser projection pattern
used for calibration. Unlike the projector [7], the laser
scanning system relies on mirror angle control for spatial
pattern generation and can project only one point at the same
time. Complex pattern projections (e.g., grid points) during
the camera exposure time require proper synchronization of
mirror angle control and laser source flicker control [17],
[18]. Laser drawing of figures with one cycle too long is
not suitable for interactive calibration. On the other hand, a
figure drawn by a periodic mirror command signal with a
continuously emitting laser can be easily used. In particular,
it is desirable for the figure to have three or more parameters
for the three translational degrees of freedom that can be
changed for the optical center alignment.

Although rectangles are easy to use with straight edges
and corners as feature points in image processing, they
require constant beam brightness and appropriate response
to corner overshoot [18], and the frequency response of the
laser scanning system used must be adjusted.
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Fig. 3. Design of slit screen with circle projection mislignment. a) half,
b) checker, c) stripe, and d) radial.

A circle is a simple closed curve that can be generated
by inputting a sinusoidal wave to each of the XY mirrors.
Since it is often used in image processing, such as ellipse
fitting [19], the circle is used as the projection pattern in this
paper. Another reason is that it is easy to obtain the same
circle shape even if the amplitude of the sinusoidal wave
attenuates due to the inertia of the rotating mirror.

C. Design of Slit Screen

This section describes the design of a slit screen to
visualize the misalignment of the optical center. Candidate
slits are shown in Fig. 3. Alignment of the optical center
requires that the projected circles, divided into two screens,
coincide. Note that if the feature points of the ellipse are
biased, the ellipse fitting results are also likely to be biased
[20]. In addition, due to the distortion of the camera lens
and the projection distortion caused by the galvanometer
mirror [21], the bias of the feature points of the circle is
undesirable. In fact, a half slit in Fig. 3a) produces a large
bias in the feature points. A checker pattern in Fig. 3b) and
a stripe pattern in Fig. 3c) can be expected to provide some
scattering of feature points, but it is difficult to guarantee an
even distribution.

Therefore, in this paper, we adopt a radial slit shown in
Fig. 3d). The slit is symmetrical with respect to the center
of the circle, and even if the center is slightly off-center, a
feature point can be expected at each fixed angle. Even if
the circle projection is not accurate due to lens distortion
or projection distortion [21], feature points with similar
distributions are expected to avoid bias in the estimated circle
parameters.

The two screens should be of different colors to facilitate
the image processing described later. Screens with slits can
be easily fabricated by 3D printing.

D. Calibration Procedure

The calibration procedure using the circular projection

pattern and the radial slit screen is as follows;

1) input sinusoidal signals of the function generator to the
galvanometer mirrors and project the circular pattern
onto the back screen,

2) place the slit screen so that the centers of the projected
circle and the radial slit are approximately aligned,

3) coarsely adjust the beam splitters and galvanometer
mirror positions so that the projected circles on each
screen in the camera image approximately match,

4) estimate projection circle parameters and their differ-
ence on each screen by image processing (Sec. III-E),
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Fig. 4. Detection image processing of the projected circle divided by the
slit.

5) adjust the stage with galvanometer mirrors so that the
circular parameter difference approaches zero and the
optical centers of the camera and galvanometer mirror
are aligned, and

6) map the XY coordinates of the image to the angles
of the galvanometer mirror using a two-dimensional
projection (e.g., grid points) onto the back screen.

Basically, as with the projector calibration method [7], it is a
coarse-to-fine alignment using a slit screen, but the projection
pattern and error visualization methods are significantly
different.

E. Circle Detection Image Processing

The circle detection image processing (Fig. 4) to visualize
the optical center misalignment is as follows; 1) take images
of laser projection, the slit and back screen with sufficient
contrast, 2) generate mask areas showing each screen by
binarization at specific threshold values and applying erosion,
and dilation, 3) extract the laser projection area by adaptive
binarization in the mask areas, 4) apply a thinning process
[22], [23], 5) extract feature points of the projected circles
by contour extraction, and 6) perform circle fitting [19].

In 2) generating the mask areas, the laser region is
assumed to be sufficiently narrower than the radial slit,
so that the laser region is eliminated by the erosion and
dilation process. In addition, the mask areas are slightly
eroded to avoid the influence of noisy feature points near
the slit contour. 3) Adaptive binarization within the mask
area is binarization by a threshold value that is a constant
added to the average luminance value within a rectangular
region around each pixel (and also corresponding to the mask
area). This excludes the influence of bias in the luminance
distribution on the screen. 4) The thinning process [22] is
to exclude the effect of thickness due to laser and camera
blur. In particular, for interactive procedure, this paper uses
an implementation intended for high-speed processing [23].
For 6) circle fitting, we set appropriate initial values of the
circle center (., y.) and radius r for the feature points x; =
(4, y:). The following equation is then solved by the least-
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Fig. 5. Experimental system.

squares method using the Levenberg-Marquard algorithm
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IV. EXPERIMENTAL EVALUATION
A. Experimental System

An evaluation experiment system is shown in Fig.
5. The high-speed camera was a Basler acA800-510um
(monochrome, 800x 600 px, exposure 40,000 ps, approx. 25
fps) with a 25 mm focal length lens. The galvanometer mirror
was a Thorlabs GVSK2-JP (beam aperture 5 mm, scanning
optical angle £25 deg, step response 300 us). A laser light
source with a wavelength of 650 nm (1 mW) was used.
The laser source was fixed to the galvanometer mirror and
mounted on a Sigma Koki stage (horizontal, TASB-652-M6,
+12.5 mm; vertical, TASB-653-M6, +7/-0 mm). A Tektronix
AFG1062 function generator was used to input sinusoidal
waves at 100 Hz for the galvanometer mirror. The computer
was a GALLERIA ZA9C-R38 (Windows 10, Intel Core i9-
10900K CPU 3.70 GHz, 32GB RAM). A 50R/50T beam
splitter was used in the visible region.

A white styrene board was used for the back screen and
a 3D printed slit screen (PLA, gray) was used. The distance
from the camera/laser system to the slit screen was about
800 mm, and the distance to the back screen was about 1,500
mm.

B. Circle Detection Accuracy at Different Stage Position

The results of the detected circle parameters on the back
screen when the stage is changed in the X direction are
shown in Fig. 6, and the images at each slit screen are shown
in Fig. 7. Each slit screen was replaced at each stage position,
so the position of the slit screen was different each time.
Then, 100 images were taken and the average of the 100
detected circle parameters was calculated. The X position of
the circle center changed in response to changes in the X
direction of the stage, and the Y position and radius did not
change significantly.

On the other hand, the relative position of the camera
and the galvanometer mirror did not change at each stage
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position. Therefore, the same circle parameters should be es-
timated for different slit screens. The proposed radial screen
gave relatively constant estimation results, while the half
screen showed a bias, the checker screen showed variation
in the Y-center position and radius, and the stripe screen
showed variation in the radius. This may be due to bias
or variation in the feature points used for circle estimation.
Considering manual stage adjustment and future automatic
stage adjustment by actuators, it is undesirable for the circle
parameter estimation to be highly dependent on the slit
screen position. Thus, we have confirmed the effectiveness
of the radial screen in stably estimating the circle parameters.

C. Alignment Result

The results of six alignments performed by one of the
authors using the proposed calibration method are shown
in Fig. 8, while saving the camera images and estimated
circle parameters approximately every second during the
alignment. Fig. 8a) shows the convergence of the difference
of the circle parameters in the slit and back screens, and Fig.
8b) is the image after convergence. For each trial, the stages
were adjusted in a different order, XYZ, XZY, YXZ, YZX,
ZXY, and ZYX, respectively. If the error was still large, one
of the stages was additionally adjusted. We could confirm
that all the trials converged to almost similar errors. The
difference between the circle parameters was less than 0.2
pX, confirming that the adjustment was made with sufficient
sub-pixel accuracy. The average processing time for each
frame was around 24 ms, which is fast enough for real-time
calibration.

Fig. 8c) shows the correspondence between the pixel
coordinates of the image and the angle of the galvanometer
mirror after the alignment (raster scan toward the back
screen), as required in step 6 of Sec. III-D. The scanning
ranges of the laser angle were -3.75 to +4.5 deg in the X
direction and -3.25 to +3.5 deg in the Y direction (each in
0.25 deg increments) as the optical angle. Although it is
easier to extract features by taking an image for each point
projection, Fig. 8c) is a composite image of the grid points
for illustration purposes.

V. DEMONSTRATION OF LASER TRACKING

A demonstration of high-speed high-precision laser track-
ing using the camera/laser scanning system calibrated by the
proposed method is shown in Fig. 9. In this demonstration,
near-infrared LEDs (3 mm in diameter, two pieces) were
used as the tracking targets, and a visible light cut filter was
attached to the camera lens so that the laser projection light
could not be observed from the camera. The camera was set
to 500 fps (exposure, 299 ps) for fast visual feedback. A pho-
todiode (5 mm in diameter, photosensitive area 0.46x0.32
mm) and a visible light LED (light blue) were placed near the
near-infrared LED to be tracked, and the system electrically
reads (and the visible light LED glows) that the laser beam
was emitted correctly. The angle voltage of the galvanometer
mirror and the output voltage of the photodiode through a
comparator were recorded with a data logger KEYENCE
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NR-500 (every 100 ps). Such a setup is intended for actual
applications such as free-space optical communications. For
simplicity, we assume that lens distortion and projection
distortion [21] are negligible, and use a homography matrix
[14], which means a transformation between planes, for the
mapping of pixels and angles by raster scan in Fig. 8c). The
error between the image position transformed from the angle
vector by the homography matrix and the laser point detected
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Fig. 9. Demonstration of two-dimensional laser tracking for near-infrared
(NIR) lights and a photodiode.

position was 0.76 px on average.

Fig. 9 right shows the mirror angle during tracking and
the detection success or failure (1 means that enough laser
light hit the photodiode). We were able to confirm that the
laser light irradiated the photodiode almost continuously even
when the tracking target was shaken back and forth (around
1s), up and down (around 2.5 s), and left and right (around
4s) by hand. On the other hand, photodiode chattering was
also observed in some sections. During periods of fast mo-
tion, when chattering was frequent, the maximum movement



was about 0.03 deg per frame (2 ms), corresponding to 0.5
mm at about 1 m away, which is almost the same as the size
of the photodiode’s photosensitive area. However, there was
chattering even in a nearly stationary state, and there were
sections (e.g., around 4.1 s) without chattering even with
fast motion. Therefore, the main cause of the bias was that
the position of the center of gravity of the two near-infrared
LEDs and the position of one photodiode did not exactly
coincide depending on the target orientation, rather than the
effect of the 500 fps laser control delay. This discrepancy
in the center of gravity of the tracking target could be
addressed by adjusting the laser divergence angle. The above
results confirm that the optical system can be calibrated with
sufficient accuracy, as the laser beam can be applied to three-
dimensional motion with only two-dimensional tracking.

VI. DISCUSSION AND CONCLUSIONS

In this paper, we propose a calibration method to align the
optical centers of a camera and a laser scanning system to
enable laser tracking with only two-dimensional recognition
for high-speed and high-precision laser tracking, which is
intended for applications such as free-space communication
and laser processing. We proposed a method for selecting
a circle projection pattern in the laser scanning system,
arranging a screen with radial slits and a back screen, and
an image processing for detecting misaligned circles on
the screen. Experimental results show that the radial slit is
effective for stable circle parameter estimation, converging to
similar adjustment results in a few trials, and a demonstration
of high-speed high-precision laser tracking is also shown.

The proposed method enables quantitative visualization of
optical center misalignment and precise translational align-
ment. The limitation of the proposed method is the range
where the screen can be installed. It is difficult to install a
large screen in a distant place for long-distance applications
such as the free-space communication. On the other hand,
for sufficiently distant laser projection, small misalignments
of the optical center can be ignored, and sufficient calibration
performance can be expected for screens within the range of
possible installation.

In the future, we will attempt to develop a method that
enables higher accuracy and wider range of calibration cor-
responding to lens distortion and laser projection distortion.
We will also evaluate the effects of screen placement and
projection radius, assess the efficiency of the calibration
procedure, and realize a high-speed high-precision laser
tracking system for distant motion and various applications
for irregular motion.
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