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Abstract—

Machine guidance using total stations (TSs) and
global navigation satellite systems (GNSSs) is
implemented to reduce labor and improve
productivity in excavation work. However, a
challenge with existing methods is that obstacles can
interfere with guidance. Direct measurement of
excavation surfaces using LiDAR can solve this
problem, but it requires a point cloud registration
method capable of functioning even in feature-poor
environments, such as tunnels. We developed a
registration method that can be used feasibly in
excavation sites and built a system that visualizes the
excavation status using LiDARs. The proposed
robust registration method utilizes a specialized jig
and a TS, specifically designed for feature-poor
excavation sites. The system achieved a
measurement accuracy of £20 mm in field trials,
satisfying the requirements set by site staff (=50 mm
in every 250-mm pitch and a refresh rate of <30 s)
and overcoming the limitations of conventional
TS/GNSS methods in tunnel environments.
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1 Introduction

To improve productivity in response to construction
labor shortages [1], researchers have proposed machine
guidance (MQG) for presenting the excavation status to
operators and machine control (MC) for autonomous
excavation [2]-[4]. Systems detecting heavy machinery
positions using global navigation satellite systems
(GNSSs) or automatic-tracking total stations (TSs), and
systems estimating boom and bucket postures via tilt
sensors, are already being used in practice as MC and MG
methods. In actual construction sites, especially open-cut
sites, GNSSs may be unusable and struts or existing
structures may obstruct optical signals, compromising
MG/MC implementation. In addition, construction
management is difficult because only the operator can
view the MG/MC screen, so site staff cannot confirm the
construction status in real time. A potential solution is to
measure the excavation surface directly using dense point
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cloud data obtain from 3D LiDAR (hereinafter “LiDAR”)
and transmit the data to the cloud in real time instead of
estimating machine posture by tracking prisms. Although
previous studies have proposed point cloud registration
methods utilizing feature points and BIM, there are very
few examples of these methods being applied to MG or
autonomous construction [5]-[7]. Because point cloud
registration may fail in feature-poor sites, such as tunnels,
we propose a method for transforming point clouds from
multiple LiDARs into the site coordinate system using a
jig and TS measurements. We constructed a point cloud
measurement system using this method in an actual open-
cut tunnel site and performed measurements. This paper
describes the proposed system and the evolution of
measurement conditions.

2 System and  Site

Overview

Configuration

Figure 1 illustrates the configuration of the proposed
system. It comprised a LIDAR (Livox HAP [8]) for point
cloud measurement, a PC (ASUS NUC) for data
processing, and a Power over Ethernet hub and mobile
router for data transmission to the cloud (AWS S3 server).
The field of view of the LIDAR was 120° (horizontal) x
25° (vertical), and its detection range was 150 m. The
system was installed at the Tokyo Gaikan Expressway
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Keiyo Junction G ramp construction site in Ichikawa City,
Chiba Prefecture. In this open-cut tunnel construction site,
excavation proceeds within diaphragm walls supported
by struts. Figure 2 presents an overview photograph of
the site. Measurements were conducted at three locations
(Sections 1-3) according to the construction progress.
The basic system configuration was consistent across all
measurements, but the LiDAR installation and
registration methods differed slightly between sections,
as described in the subsequent subsections.

Figure 3. LiDAR and type I jig



3 Measurement Method and Result

3.1 Measurement in Section 1
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Figure 4. LiDAR installation in Section 1

Measurements in Section 1 were conducted in July
2024. Point clouds were acquired using three LiDAR
units (#110, #111, and #113) installed within an area of
approximately 10 m x 10 m. Figure 3 shows the
appearance of the LiDAR and the jig (type 1), and Figure
4 shows the LiDAR installation status. The LiDAR-
obtained point clouds, which were in a local coordinate
system centered on the LiDAR’s optical origin, were
transformed into the survey coordinate system.
Mainstream methods for point cloud registration, such as
RANSAC and ICP matching [9][10], estimate LiDAR
position and orientation based on feature points.
However, construction sites commonly have identical,
equally spaced pillars or feature-poor environments, such
as in tunnels.

We address this problem using the method
illustrated in Figure 5. First, the TS instrument point was
determined using prisms #1-1 and #1-2, which were
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Figure 5. LiDAR position estimation

we estimated the LIDAR’s optical origin and yaw, pitch,
and roll angles by calculating the rigid-body
transformation matrix required to align the coordinates of
the prisms on the jig. Rigid-body transformations were
used to determine the LIDAR origin and orientation from
the three prisms. Let p; denote the coordinates of the
three prisms in the LiDAR coordinate system (where i is
the prism number; i = 1, 2, 3), and let g; denote the
coordinates of the prisms in the common coordinate
system. The relationship between p; and g; is given by
Equation (1):

q; =Rp; +t (1

where R is a 3 x 3 rotation matrix and ¢ is the translation
vector of the LiDAR origin. R is obtained using the
covariance matrix and singular value decomposition;
further details are available in a previous study [11].
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From the obtained rotation matrix R, quaternions were
calculated and the roll, pitch, and yaw angles were
estimated [12][13]. Figure 6 compares the height of the
acquired point cloud with the height measured by a
digital level. The background in Figure 6 was obtained
using a terrestrial laser scanner. The error was ~5 mm in
high-accuracy areas but reached 400 mm in others. The
excavation depths at this site were currently monitored at
fixed points approximately 10 m X 5Sm grids with £50
mm accuracy by level gauge, and similar or higher
accuracy and resolution were expected from the MG
system. The TS used for prism surveying (TOPCON GT-
1003) had an error of 2.1 mm when measuring distances
in the nonprism mode from 50 m away; hence, the
LiDAR origin and orientation were calculated using
coordinate values incorporating this error. Therefore,
each coordinate in Equation (1) contained this error,
potentially causing position and orientation estimation
errors. Furthermore, for example, acquiring point clouds
from a distance of 10 m with an accuracy of 20 mm or
less requires an accuracy of 2/1000 ~ 0.11° or less.
Consequently, the coordinate values of the prism, which
were in millimeters, would not have enabled angle
estimation with the necessary precision. Given the
difficulty of estimating the LiDAR position and angle
solely using the prisms attached to the jig, we concluded
that sufficient MG/MC would not be feasible under these
conditions.

Furthermore, installing the LiDAR at a near-
horizontal angle relative to the ground surface resulted in
significant point cloud occlusion by obstacles and
required frequent adjustments to the device angle and
position as the excavation deepened. Therefore, we
explored an installation method that would enable
continuous measurement of the same area to the greatest
extent possible.

3.2 Measurement in Section 2

Measurements in Section 2 were conducted from
November 2024 to August 2025. The measurement area
was approximately 10 m wide and 30 m long. One
LiDAR unit was installed between each strut, for a total
of seven units (#1-#7). For LiDARs #1-#5, the
fabricated aluminum frame jig (type 2) differed from that
in Section 1. Figure 7 shows this LiDAR jig, and Figure
8 shows the LiDAR installation status. The measurement
coverage in Section 2 was improved relative to that in
Section 1 by positioning the LiDAR near ground level
and directing it toward the excavation surface; in Section
1, it was placed at a near-horizontal angle near the
excavation surface.

For point cloud registration, in addition to
calculating the LiDAR position and orientation from
three or more prisms or reflective sheets (Section 1), we
placed reflective sheets on the excavation surface during
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installation and measured their coordinates using a TS.
We then fine-tuned the numerical values such that the
LiDAR and TS-measured coordinates matched. Figure 9
illustrates the fine-tuning of the LiDAR orientation. The
measured point cloud data were processed using a PC
installed inside an on-site distribution board and
transmitted to the cloud via an LTE connection. When
performing MG, it is necessary to display point clouds of
the excavation surface to the operator in real time and
with the highest possible resolution. However,
attempting to display the point cloud data as is presents
challenges such as noise in the point clouds and the sheer
volume of data. For this system, field construction staff
requested a resolution of 250-mm intervals and a refresh
rate of 30 s or less. Therefore, rather than displaying the
point cloud data directly, we decided to accumulate the
measured point cloud data within a 250-mm square grid
for 30 s and display the average value, resolving the
issues of point cloud noise and data transmission volume.
The cloud data were visualized as contours and displayed
on tablets in the heavy machinery operator’s cab and on
monitors in the site office every 30 s. Additionally, LAS
data were uploaded to the cloud once a day for viewing
in KOLC+ [14], balancing utility for MG/MC and
convenience for daily construction management. Figure
10 shows the MG screen, and Figure 11 shows the
visualization in KOLC+. Parts of the area are occluded
by elements such as the horizontal struts. Figure 12
shows the progress of the final excavation in the
measured area. The contours represent the difference
between the measured data and the BIM model data;
purple indicates high areas, yellow-green/green indicates
areas within the control values, and blue indicates low
areas. Evidently, the excavation surface lowers over time.
Additionally, some areas appear high due to temporary
soil stockpiles or heavy machinery. Activities occurring
in parallel with excavation, such as the spreading of
crushed stone, are also visible.

Regarding measurement accuracy, Figures 13 and
14 show a comparison of LiIDAR and TS data, which was
conducted during LiDAR installation, and a histogram of
the errors relative to the TS data (data for #5 and #7 are
missing), respectively. The errors were generally
approximately £20 mm, falling within 40 mm at most.
For #6 and #7, relatively larger errors likely occurred
because the jig was the same as in Section 1 and the
installation dates were different. LIDAR accuracy may
have varied due to the irradiation distance, strut
displacement, and vibrations caused by the heavy
machinery or wind. Moreover, manual fine-tuning was
time consuming, and registration accuracy relied on
operator subjectivity. These limitations highlighted the
need for a method that would determine positions and
angles with high precision, eliminating operator
dependence.



Figure 7. LiDAR and type 2 jig
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Figure 11. Point cloud visualization in KOLC+
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Figure 12. Progress of excavation
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Figure 13. Accuracy verification

3.3 Measurement in Section 3

Measurements were performed in Section 3 from
October 2025 to January 2026. In Section 2, workability
problems occurred due to the placement of reflective
sheets on the excavation surface during installation to
fine-tune the LiDAR orientation based on their
coordinates. Therefore, we fabricated a type 3 jig (Figure
15) from sheet metal. It had a tribrach at the bottom, a
circular bubble level on top, and two reflective sheets
attached to its top and side. The roll and pitch angles were
precisely set to 90° and 45°, respectively, by leveling the
jig using the bubble level. Once the coordinates of the
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Figure. 14. Error histogram

two reflective sheets were determined, the LiDAR’s
optical origin and yaw angle were calculated. The origin
and angles (X, Y, Z, 6, ¢, v) of this LiDAR are expressed
as shown in Equation (2) using the coordinates (X3, Y;,
Z,) of the upper reflective sheet and the coordinates (X,
Y,, Z,) of the lateral reflective sheet.
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An example of the results is shown in Figure 16.
Without manual fine-tuning, the height was generally
within 20 mm, but the error exceeded 100 mm in the
planar direction. This large error may have been resulted
from the difficulty of determining the yaw angle using a
prism (Section 3.1). In future, we plan to investigate
methods for estimating yaw angles without using a prism.

4 Discussion and Future Work

Unlike conventional registration methods in general
robotics applications, point cloud registration often relies
on feature-based matching algorithms, such as RANSAC
and ICP [6][7]. However, the environments in open-cut
tunnel construction sites have repetitive geometric
features (e.g., equally spaced earth-retaining struts) and
feature-poor surfaces (e.g., flat excavation bottoms or
shotcrete walls). In such environments, conventional
algorithms tend to fall into local minima, leading to
significant registration errors. Furthermore, construction
management requires not only relative-map merging but
also transformation of point clouds into the absolute site
coordinate system for comparisons with BIM model data.
Our proposed method, which utilizes a jig and TS
measurements, ensures robust point cloud transformation
into the site coordinate system, regardless of the
geometric features of the environment. This reliability is
a critical requirement for practical construction
management and MG.

The measurement results from Sections 1 and 2
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Figure 16. Accuracy verification of type-3 jig

highlighted the significant impact of LiDAR installation
geometry on measurement accuracy. In Section 1, the
LiDAR was installed at a low position, at a near-
horizontal incidence angle relative to the excavation
surface. This configuration caused two issues: (1)
significant occlusion by obstacles due to the shallow
angle and (2) frequent adjustment of the LiDAR angle
with each excavation step. By contrast, the setup in
Section 2, where the LiDARs were mounted facing
downward on the struts, minimized occlusions and
ensured a high incidence angle. The achieved accuracy
of approximately #20 mm in Section 2 satisfied the
general tolerance for rough excavation, confirming the
system’s applicability to MG.

The primary challenge identified in Section 2 was
the operational complexity of fine-tuning. This method
required installing three or more reflective sheets on the
excavation surface and performing labor-intensive
calculations of the rigid-body transformation matrix,
either manually or via programming, which disrupted
construction activities. The type 3 jig addressed this issue
by incorporating the bubble level and the fixed tribrach.
By mechanically constraining the roll and pitch angles to
known values (leveling), we simplified the positioning
problem to determining only the translation and yaw
angle. This improvement will significantly reduce
installation times and eliminate the need to access the
excavation floor, thereby enhancing safety and
operational efficiency.

Static accuracy was verified while the system
operated in a dynamic environment. The slight errors
observed in Section 2 (Figures 13 and 14) may be
attributed to sensor noise and strut vibration caused by
heavy machinery and the minute displacement of the
struts over time. Because the LIDAR was mounted on the
struts, any shoring deformation directly affected the point
cloud coordinates. Future work must distinguish between
sensor registration errors and actual structural
displacement to utilize this system for the safety
monitoring of earth-retaining walls.



5 Conclusion

This study proposes a practical LiDAR-based MG
system designed for open-cut tunnel excavation sites,
where GNSS signals may be unavailable and geometric
features are repetitive. By integrating multiple LiDAR
sensors with a TS using a specialized registration jig, we
established a workflow for accurately transforming point
cloud data into the absolute site coordinate system.

Our field trials demonstrated the critical importance of
sensor placement and registration method. The initial
trial (Section 1) suffered from occlusion and a low
incidence angle, but the improved setup in Section 2—
with the LiDARs mounted vertically on earth-retaining
struts—achieved a  measurement accuracy  of
approximately +20 mm. This accuracy is well within the
tolerance required for excavation, validating the system’s
effectiveness for real-time MG. Furthermore, the
development of the leveling-enabled (type 3) jig
addresses the operational bottleneck of manual fine-
tuning, offering a solution that significantly reduces
installation time and labor costs.

In conclusion, the proposed system enables precise
construction management in environments with limited
features. Furthermore, it enhances safety and facilitates
efficient site management by minimizing the need for site
foremen to enter excavation areas. Future research will
verify the efficiency of the type 3 jig in ongoing projects
and investigate its potential application to other
measurements, such as those involved in concrete
placement and the structural displacement monitoring of
retaining walls, contributing to comprehensive site safety
management.
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