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Abstract -
We are currently experiencing a shortage of skilled labor

in the construction industry, thus it is imperative to improve
productivity at construction sites. One of the most effec-
tive ways to address this issue is through the implementation
of autonomy. Machine control systems have been utilized
for heavy equipment for over a decade, providing a measure
of autonomy through control in 3D environments. How-
ever, fully autonomous systems that are able to recognize
and navigate their environment, plan their motions, and con-
trol their actions, have yet to be developed. Autonomy in the
realm of construction is particularly challenging due to the
vast array of construction equipment, different types of con-
struction work, diverse environments, and complex interac-
tions between machines and the earth. To promote research
and development of autonomous construction technology, we
have developed an open-source based platform. This pa-
per presents the open platform for autonomous construction
machinery, including its fundamental rules and systems, to
accelerate research and development.
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1 Introduction
Construction industry is facing a severe labor short-

age, which is expected to further accelerate in the fu-
ture. The Ministry of Land, Infrastructure, Transport,
and Tourism(MLIT) of Japan has been promoting ”i-
Construction,” a strategy that leverages information and
communications technology to enhance efficiency across
all stages of the construction process, from surveying and
design to construction and maintenance. i-Construction
has enabled more efficient information acquisition and
communication methods, as well as improved support for
the operation of construction equipment[1].

To further improve productivity, it is expected to realize
autonomous construction, which would allow a single op-
erator to simultaneously manage multiple construction ma-
chines while performing construction work. Autonomous
construction necessitates the development of construction
machines that are able to automatically and appropriately

plan their movements based on design drawings and the
surrounding environment as recognized by the construc-
tion machines.

Incorporating new players in the construction indus-
try with advanced technologies such as robotics, and AI
is crucial for the realization of autonomous construction.
However, it can be difficult for those who are not famil-
iar with the construction industry to set-up construction
equipment, modify it to enable automated operation, and
prepare a field to verify the results of development. Re-
search and development for autonomous construction have
traditionally been carried out by individual companies,
leading to duplication of effort across the industry and
making it difficult to achieve cost-effectiveness. To address
this problem, standardization and cooperation are consid-
ered to be important[2]. In response to these social needs,
the Public Works Research Institute (PWRI) has been de-
veloping an open-source-based autonomous construction
technology platform, named OPERA (Open Platform for
Earthwork with Robotics and Autonomy), with the aim
of facilitating the efficient development and easy dissem-
ination of autonomous construction technology. OPERA
aims to improve the reusability of development products,
avoid duplication of research and investment, and enable
the participation of universities and start-up companies
with advanced technologies. This paper presents the open
platform for autonomous construction machinery, includ-
ing its fundamental rules and systems.

2 Related Works

Rauno et al. [3] developed a platform for the devel-
opment of automation systems for hydraulic excavators.
They modified the hydraulic system and created a research
and development platform comprising hydraulic excava-
tors and simulators that are compatible with autonomous
operation. The platform is specific to one hydraulic ex-
cavator model and there is no indication of its expan-
sion to include other types of construction equipment.
Ashish[4] conducted survey research on a heavy equip-
ment platform ecosystem utilizing the Robot Operating
System (ROS). They interviewed software providers, con-
sultants, and manufacturing organizations and found that
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these companies have an interest in utilizing ROS. How-
ever, both of these studies do not target the development
and publication of an open-source-based platform that in-
cludes actual machines and simulators.

Autoware[5] is an open-source software platform for
autonomous driving technology. It is built on the ba-
sis of ROS (Robot Operating System), an open-source
middleware for robots, and provides various functions for
autonomous driving based on information obtained from
sensors such as LiDAR, cameras, and GPS. Autoware is
a system for autonomous driving of automobiles, and the
control of work machines that come with construction
equipment is beyond the scope of the system.

3 Open Platform for Autonomous Con-
struction Machinery Development

Our aim is to establish standards for autonomous con-
struction technology through OPERA for more efficient
technology development and on-site operation among
stakeholders as shown in Figure 1. OPERA comprises
a set of common control messages, middleware, simula-
tors, a demonstration environment including construction
equipment and an experimental field. Common control
messages standardize the data format of construction ma-
chinery control signals, various sensors, switches, etc.,
making it easy to utilize and share the data. This elimi-
nates the need to consider control signals for each manu-
facturer or model. Simulators allow for testing and veri-
fication of operation under various conditions and control
algorithms in a virtual environment. This is expected to
shorten the development cycle and reduce costs. Actual
machines and fields that correspond to common control
signals are provided, and the results verified by simulators
can be demonstrated through actual machine testing and
experimentation.

Figure 2 shows the system configuration of OPERA
schematically. The following subsections provide a de-
tailed description of each component. OPERA also in-
cludes some application software required to control con-
struction machinery.

3.1 Common Control Message

Ensuring the reusability of the system to be developed
is important to improve the cost-effectiveness of the de-
velopment and it is desirable to have the ability to control
different models from various manufacturers. As shown
in Figure 3, We propose a common control message for
construction machinery that abstracts hardware, enabling
the control of different hardware in a consistent manner
and thereby improving interoperability among machines.

The proposed common control message is based on ISO
15143 Part 3[6]), an international data exchange standard
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Figure 1. Overview of OPERA Utilization
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Figure 2. Overview of OPERA System

for construction work-site. From the perspective of de-
pendence on the control characteristics of the machine,
functional blocks (blue box) were configured as shown in
Figure 4.

Taking a hydraulic excavator as an example, we exam-
ined the control message requirements. One of the func-
tional modules, the vehicle controller manages the sequen-
tial output of each actuator of the construction machinery
and the ON/OFF of the vehicle console switches while
monitoring the information from the sensors attached to
the vehicle and the emergency stop signal. A motion con-
troller is installed as a higher-level controller for the vehicle
controller, which is used for controlling the overall vehi-
cle, such as position control of the bucket tip and trajectory
tracking control, and driving control. The vehicle and mo-
tion controllers depend on control characteristics such as
vehicle mass and hydraulic system. These controllers are
considered to be equivalent to ”construction machinery” in
the system architecture specified in ISO 15143 Part 1. The
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Figure 3. Conventional and Proposed Communica-
tion

motion controller communicates with the task controller,
which corresponds to the ”operation system,” a higher-
level system specified in ISO 15143 Part 1. It controls
the construction machine according to the motion com-
mands output by the task controller, while transmitting
a task state. The task controller communicates with the
construction planner and management system (i.e., soft-
ware that plans the excavation area and depth of the target
area from a design drawing), which is a higher-level sys-
tem in the same operation system. The task controller is
a functional block that is less dependent on the control
characteristics of the machine.

Table 1 provides an overview of the study results of the
common control message (C1, C2, D1, D2) among the
task controller, motion controller, and vehicle controller.
They are part of the data dictionary specified in ISO 15143
Part 2. Further details of the common control signals are
available on the PWRI homepage[7].

3.2 Middleware

ROS (Robot Operating System) was adopted as the mid-
dleware that facilitates communication between software,
which are the functional units of software, to realize au-
tonomous construction. This middleware supports hard-
ware abstraction and system integration of the autonomous
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Figure 4. System Architecture

distributed system, making it easy to ensure the reusabil-
ity of deliverables. Additionally, it is expected that the
use of ROS will enable the efficient diversion of existing
libraries, many of which have been used for autonomous
robots, for use in autonomous construction.

3.3 Simulator

OPERA provides two simulators that support common
control message as well as actual machine controllers.
Software developed on the simulator can be operated and
verified on the actual machine without modification of the
source code.

Both simulators are built on Unity, a widely-used game
development platform, and they employ different physics
engines, Nvidia PhysX[8] (hereinafter referred to as the
”PhysX version”) and AGX Dynamics[9] (hereinafter re-
ferred to as the ”AGX version”) to realize the following
functions.

(1) To read various physical parameters of construction
equipment from a configuration file and calculate the
physical behavior of construction equipment in the
simulator.

(2) To compute the physical behavior of earth and sand
in the simulator.

(3) To perform real-time calculations on a general-
purpose PC.



Table 1. Part of Common Control Message
Division Message Name Parameter Name Content

C1 Bucket position control Target position X,y,z position on machine coordinate
Target posture Posture quaternion on machine coordinate
Target speed Velocity of bucket tip

Direct control Target angle Swing, boom, arm,bucket angle
Locomotion Target Velocity Translational velocity of machine

Target Angular Velocity Angular velocity of machine
C2 Machine state Remaining fuel -

Engine speed -
Oil temperature -

D1 Working lever input Each actuator Swing, boom, arm, bucket input
Locomotion lever input Each actuator Left and right track input

D2 Sensor information Angle information Swing, roll, pitch, yaw angle

(4) Software developed for actual equipment works on
the simulator without modification of the source code.

(5) Visual presentation of the results of the aforemen-
tioned items.

The AGX version has a default soil model that calcu-
lates soil and machine interaction. Conversely, the PhysX
version lacks such a model, thus we implemented our own
simplified soil model based on [10]. While the use of
the PhysX version does not incur any additional costs as
long as you have a Unity license, AGX Dynamics is a paid
software.

Users of the simulator can select between the PhysX
and AGX versions based on their performance and cost
requirements, such as the accuracy of dynamics, the soil
model, and the speed of calculations.

3.4 Experimental Environment

OPERA provides actual equipment and field to conduct
demonstration tests of functional modules and applica-
tions created based on the common control message and
middleware. This section describes the current status of
these as of the end of August 2022.

PWRI owns one 12-ton hydraulic excavator and one
11-ton crawler carrier as actual construction equipment
provided by OPERA. Figure 5 shows an overview of the
machines and the schematic diagrams of the system con-
figuration.

Each construction machine is equipped with a RTK-
GNSS compass, which can measure latitude, longitude,
altitude, and azimuth information. The excavator is fitted
with absolute encoders on each joint of the swing, boom,
arm, and bucket to acquire angles. In addition, a 6-dof
IMU is mounted on the cabin to measure the attitude of
the upper body. The crawler carrier has a rotary encoder
mounted on each of the left and right sprockets of a track,
which measure the rotation velocity of tracks. In addition,
a 6-dof IMU is mounted on the cabin and vessel to measure
the attitude of the vehicle and the inclination of the vessel.

Each construction machine has a motion controller
which receives motion commands from a task controller.
The motion controller communicates a vehicle controller
which controls hydraulic actuators. A mesh WiFi station
and private 5G station are installed for communication
with other system, and a specified low power radio station
is mounted for emergent safety system.

OPERA also provide the experimental field (Figure 6)
established in PWRI and the National Institute for Land
and Infrastructure Management in Tsukuba City, Ibaraki
Prefecture, as a test site. The field has an area of approx-
imately 26,000 𝑚2, and approximately 1,500 𝑚3 of soil
materials are available for testing in the field. The field
has a control building for remote control and autonomous
construction, as well as infrastructure facilities such as
power supplies, PCs, internet lines, security cameras, and
RTK-GNSS base station for experiments. Three mesh
WiFi and two private 5G base stations are permanently
installed to cover the entire field.

4 Future prospects
4.1 Common Control Message

Based on the draft that has been released, the draft
and its scope will be revised as necessary through joint
research with construction equipment manufacturers and
other relevant companies.

4.2 Middleware

As described in section 3.2, OPERA utilizes the ROS
as its middleware. However, Open Robotics, the devel-
oper of ROS, has announced the cessation of development
for the latest version of Noetic Ninjemy and the termina-
tion of maintenance and support in May 2025. They has
announced that the development of ROS will be termi-
nated with the latest version of Noetic Ninjemy and that
the maintenance and support will be terminated in May
2025. As a successor to ROS, ROS2 has been released
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Figure 5. Construction machines and their devices

and is expected to continue to be developed and main-
tained with major updates. In light of this, OPERA has
developed a system compatible with ROS2 and plans to
release it in the current year. Currently, MoveIt[11] and
Navigation Stack[12] are being used for motion planning
and control. These software packages assume the use of
responsive electric motors, and it has been found that their
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Figure 6. Experimental Field

performance is poor when directly applied to hydraulic
machinery. In the future, there is a need to develop plan-
ning and control systems that take into account the dead
time and nonlinearity specific to hydraulic machinery.

4.3 Simulator

As described in section 4.2, the adoption of ROS2 as
middleware is planned in this year, and given that the
mechanism of inter-process communication will be fun-
damentally altered in ROS2, the simulator will also be
adapted accordingly. Furthermore, as detailed in section
4.4, the construction equipment provided by OPERA is
slated to be expanded, and the variety of construction
equipment models represented by the simulator will also
be expanded. Additionally, while the current simulator is
designed to run on a single PC, it is limited in its ability to
simulate real-time operation of more than one or two con-
struction machines. On the other hand, considering that
the majority of actual construction sites have a larger num-
ber of machines, it is desirable to be able to handle such
use cases. Therefore, we plan to redesign the architecture
level and verify its effectiveness from both hardware and
software perspectives, aiming to improve the scalability
of the simulator so that it can simulate large-scale con-
struction sites. Given the typical larger scale of actual
construction sites, it is desirable to enhance the scalability
of the simulator to accommodate such use cases.

4.4 Experimental Environment

In addition to the two machines described in Section
3.4, We plans to add a 20-ton class hydraulic excavator, a
9-ton class bulldozer, and a compaction roller for OPERA.
This will facilitate the development of autonomous tech-
nology for primary earthworks such as soil spreading and
compaction, excavation, loading, and transportation.



As for the experimental field, a variety of infrastructure
updates are planned. Specifically, the following items are
intended to be added:

(1) Additional mesh WiFi equipment
(2) Fueling facilities for construction equipment
(3) Additional network surveillance cameras
(4) Installation of loudspeakers for on-site announce-

ments

4.5 Joint Research

In September of 2022, a joint research project was ini-
tiated in collaboration with 14 private companies and uni-
versities with the goal of developing technology to enhance
productivity in earthwork using OPERA. The project is set
to span a period of two and a half years, and will be pre-
sented for trial at construction sites. Additionally, a joint
research project on the development of a common control
message for construction equipment is currently calling for
proposals, with the draft proposal expected to be prepared
within two years.

5 Conclusion
This paper has presented an overview of the current sta-

tus and future prospects of OPERA, developed by PWRI,
with the aim of increasing the reusability of development
results, avoiding duplication of research and investment,
and encouraging new entrants such as universities and
start-up companies with advanced technologies.

The software and simulators of OPERA are available
on GitHub[13], and anyone can use all or parts of the
components to suit their own purposes. Any feedback
by GitHub issues or email with questions or requests for
improvements to OPERA from those who have actually
used OPERA is very valuable for us. In response to these
requests, a continuous cycle for improving the usability of
OPERA will be the core of our future efforts.
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