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Executive Summary

This final report details the activities and findings of the iMOVE CRC Project 1-063, a col-

laboration between TfNSW and the Australian Centre for Robotics (ACFR) at the University

of Sydney. The project aimed to understand the impact, considerations, and benefits of

implementing Cooperative Intelligent Transportation Systems (C-ITS). This research involved

comprehensive demonstrations of technologies in various scenarios on NSW roads to inform

Connected and Automated Vehicle (CAV) policy for both the research community and TfNSW,

aligning with the NSW Government’s Future Transport Strategy and TfNSW’s Towards Zero

vision. The project ran from January 2023 to March 2025.

Key objectives included examining the impact of C-ITS messages on the safety of CAVs

and Connected Vehicles (CVs), assessing the benefits of intelligent infrastructure for traffic

coordination and perception extension, collaborating with the SCATS team, and supporting

the development of technical advice for CAV policy.

The project involved the design, development, and deployment of an Intelligent Roadside

Unit (IRSU) at a SCATS-controlled intersection in Chippendale, NSW. The IRSU utilised a lidar for

real-time road user detection (vehicles, pedestrians, cyclists) and broadcast this information

in the form of European Telecommunications Standards Institute (ETSI) Collective Perception

Messages (CPMs) using Dedicated Short-Range Communication (DSRC). The SCATS traffic light

was also upgraded to broadcast MAP (topology) Extended Messages (MAPEMs) and Signal

Phase and Timing Extended Messages (SPATEMs).

Comprehensive demonstrations were conducted using ACFR CAV/CV in controlled environ-

ments, including ACFR lab, Cudal FMTRC, and in live traffic in Chippendale. These demon-

strations showcased various C-ITS use cases, including:

• Red Light Violation Warning (RLVW) for both CVs and CAVs using SPATEM information.
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ˆ User turn warning for Vulnerable Road Users (VRUs) using SPATEM information.

ˆ User turn warning with pedestrian crossing occupancy detection by integrating CPMs

from the ACFR IRSU with SPATEM data.

ˆ Time to green information provided to drivers based on SPATEM messages.

The project also demonstrated automated driving of the ACFR CAV through signalised and

unsignalised intersections using a combination of onboard sensors, ETSI messages (SPATEMs,

MAPEMs, Cooperative Awareness Messages (CAMs)) exchanged over DSRC, and Human-in-

the-Loop (HIL) checks.

The project concluded that C-ITS implementation in urban environments o�ers signi�c-

ant bene�ts for safety and tra�c e�ciency. The demonstrations highlighted the potential

of intelligent infrastructure to extend local perception and the ability of C-ITS messages to

provide crucial information to both human drivers and automated systems. The integration

of Vehicle-to-Everything (V2X) communication enhances perception and decision-making for

CAVs, supported by high-accuracy localisation and detailed maps.

The collaboration with SCATS was crucial for the project, enabling the demonstration of

Vehicle-to-Infrastructure (V2I) communication and providing valuable data on infrastructure

requirements for C-ITS.

The project also emphasised the importance of safety assurance processes, including HIL

validation, for on-road trials. The �ndings contribute to best practices for implementing and

testing C-ITS technologies in alignment with ETSI standards, and could also o�er transfer-

able insights applicable to cellular V2X systems. The outcomes of the project support the

formulation of technical guidance for CAV policy and highlight the essential role of tra�c

management infrastructure in shaping the future of urban mobility.
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1

Introduction

1.1 Background

This project, iMOVE CRC Project 1-063, was a collaboration between TfNSW and the Intelligent

Transportation Systems (ITS) research group at the ACFR in the University of Sydney aimed at

understanding the impact, considerations and bene�ts of implementing C-ITS. This included

using information received from CVs and intelligent infrastructure such as IRSUs and intelligent

tra�c lights.

The motivation for the project lies in V2X communication technology, which has garnered

increasing popularity among researchers in the �eld of ITS and with automobile manufactur-

ers, as it enables a vehicle to share essential information with other road users in a V2X net-

work. This can be a game changer for both human operated and Autonomous Vehicles (AVs),

which would be referred to as CVs and CAVs, respectively. The connected agents within the

C-ITS network will be able to exploit the signi�cant bene�ts that come from sharing inform-

ation across the network. In this project, the V2X communication is achieved through ETSI

ITS-G5 DSRC.

The learnings from the project were gained through comprehensive demonstrations of

technologies in various scenarios on NSW roads. These learnings help to inform CAV policy

both for the research community and TfNSW, in line with the NSW Government's Future

Transport Strategy and TfNSW's Towards Zero vision for a safer road network.
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This project commenced on 31 January 2023 and concluded on 31 March 2025.

Details about the research areas the ITS group at the ACFR work in are available online at

http://its.acfr.usyd.edu.au/ .

1.2 Project Objectives

The main aims of the project were to:

ˆ Understand the impact, considerations, and bene�ts of implementing C-ITS in urban

tra�c environments, which include examining:

� the impact of C-ITS messages in improving the safety of CAV and CV and providing

redundancy in di�erent contexts

� bene�ts/requirements for intelligent infrastructure in tra�c coordination and local

perception extension in situations such as intersections and blind corners

ˆ Collaborate with the SCATS team on:

� broadcast and use of MAPEMs and SPATEMs from SCATS' intelligent tra�c light

� broadcast and use of CPMs from ACFR's IRSU

ˆ Support the development of technical advice for CAV policy which include informing:

� the research community on best practices, safety assurance processes and ne-

cessary redundancies in di�erent contexts

� TfNSW on infrastructure requirements for di�erent contexts, current challenges and

standards of C-ITS technologies, various aspects of autonomy in CAVs including

V2X communication, localisation, navigation, motion control, and perception.

1.3 Trial Categorisation

Following the reporting guidelines in [1], the metadata categorisation of the CAV trial in this

project is presented in Tab. 1.1.

Section 1.2: Project Objectives 2



Group Category

Trial type � AV/CAV technology

� Connected communication aspects

Vehicle technology type � CV

� CAV

Vehicle type � Private passenger vehicle

� Test buggies

Society of Automation En-

gineers (SAE) automation

levels

� The vehicle is capable of Level 3 automation, but Level 2 controls

were implemented as part of safety measures

Trial stage and type � Demonstration or proof of concept

Maturity level of the techno-

logy being trialled

� Mature: The trial included demonstrations in live tra�c in the

approved operational area, ready for public interaction

� Somewhat mature: The RLVW use case could only be fully tested

in a controlled environment

Trial objective types � Safety

Trial location � Public roads

� Private roads

Operational domain and

environmental context

(complexity of the location

environment)

� City driving on public roads with a lot of interaction with other

road users

� Closed o� roads or private roads and no interaction with other

road users

Evaluation type � Process

� Impact

Sensor types used � Lidar

Communication type � ETSI G5 (DSRC @ 5.9 GHz) - Vehicle-to-Vehicle (V2V)

� ETSI G5 (DSRC @ 5.9 GHz) - V2I

Localisation technology � Lidar

� GPS/RTK-GPS

Table 1.1:Metadata categorisation of the CAV trial in this project.
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1.4 Safety Assurance

The Safety Assurance Report (SAR) for this project was developed to demonstrate compre-

hensive safety hazard identi�cation, analysis, and mitigation activities ensuring safe oper-

ations for the trial of C-ITS. The SAR was required to validate that safety risks associated

with automated vehicle operations were adequately managed to levels reduced So Far As Is

Reasonably Practicable (SFAIRP).

The purpose and scope of the SAR were to ensure hazard identi�cation and risk assessment

activities were complete and robust, and to con�rm integration of new C-ITS components (e.g.,

ETSI messages such as MAPEM, SPATEM, and CPM via DSRC) maintained operational safety.

The SAR enabled extension of automated vehicle operations previously established under

the trial in iMOVE CRC Project 1-012, which was also a collaboration between the ACFR and

TfNSW, and additionally enabled interaction of trial vehicles with upgraded tra�c infrastruc-

ture, utilising DSRC messages for intersection decision-making. The background information

about iMOVE CRC Project 1-012 can be found in Appendix A.1.1.

Key safety assurance activities included:

ˆ Updated the Project Hazard Log (PHL), re�ecting operational experience and changes

due to DSRC integration.

ˆ Incorporated additional mitigations for managing potential erroneous DSRC data.

ˆ Maintained rigorous HIL processes to validate intersection clearance decisions.

Submitted safety assurance documentation was approved by the TfNSW Safety Assurance

Board (SAB) based on the similarity between this project and iMOVE CRC Project 1-012.

The Ministerial Order, which was originally granted during iMOVE CRC Project 1-012, was

extended to remain in e�ect until 30 November 2025 unless revoked earlier.

The detailed safety assurance documentation is presented in Appendix: Safety Assurance.

Section 1.4: Safety Assurance 4



1.5 Report Structure

This report highlights the project activities that occurred throughout the project. The re-

mainder of the report includes the following.

ˆ Chapter 2: C-ITS design and development

ˆ Chapter 3: Integration with SCATS

ˆ Chapter 4: Demonstrations in controlled environments

ˆ Chapter 5: Demonstrations at the Cudal FMTRC

ˆ Chapter 6: Demonstrations in live tra�c

ˆ Chapter 7: Conclusions

ˆ References

ˆ Appendix: Safety assurance
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2

C-ITS Design and Development

2.1 Introduction

The C-ITS element that the ACFR was responsible for during this project was an IRSU. Also,

a number of changes to the systems on the three vehicles used in the project were required

before they could be used in the demonstrations of V2V and V2I connectivity. The changes

were focused on adding functionality to send, receive and act upon DSRC messages.

2.2 Intelligent Roadside Unit

The IRSU was designed, fabricated and deployed during the �rst phase of the project. The

IRSU was deployed at the same time as the SCATS' infrastructure upgrade to intersection

4572 in preparation for the second phase of this project.

2.2.1 Sensor Selection

The IRSU deployed to intersection 4572 has two lidars, three RGB cameras, and a DSRC radio.

A picture of the sensors is shown in Fig. 2.1. The deployed IRSU is pictured in Fig. 2.7a.
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Figure 2.1:Sensor head of IRSU. The lidar on the top is an Ouster OS1-64, and the lidar at the bottom is an

Ouster OS-Dome.

Given the use case of the SCATS team for tracking pedestrian movement through and

around the intersection, the sensor suite was chosen to provide high-�delity data within the

intersection. This was primarily achieved using the Ouster OS-Dome, a hemispherical lidar

sensor with 128 channels of vertical resolution across its entire Field-of-View (FoV). A scan

from the deployed unit is shown in Fig. 2.2. This lidar was selected for the task due to its

unique scan pattern with the180� FoV below the sensor, e�ectively covering all three ped-

estrian crossings at the intersection. Lidars were selected as the primary road user detection

sensor modality because of their strengths, including resistance to light variation and the

absence of potential data privacy issues.

Although a single OS-Dome is su�cient to cover a small intersection, as in this case,

we recommend installing two or more such lidars at diagonal intersection corners and other

types of lidars to cover a larger intersection, or to generate higher-density liar point clouds for

improved detection performance. The Ouster OS1-64 lidar was included in the sensor suite

Section 2.2: Intelligent Roadside Unit 7



to complement the OS-Dome lidar by monitoring beyond the intersection on Abercrombie St,

making it more suitable for detecting cars approaching the intersection from the south than

for detecting pedestrians at the intersection. However, cost becomes a signi�cant concern for

multi-lidar solutions, as lidars have a substantially higher cost compared with other common

object detection sensors, such as cameras.

The RGB cameras were included in the sensor suite mainly to monitor environmental and

tra�c conditions at the intersection. Despite their much lower cost compared with lidars,

RGB cameras were not used for model training or road user detection due to data privacy

concerns and their reduced performance in low light conditions.

Figure 2.2: Typical pointcloud of intersection from Ouster OS-Dome lidar

A Cohda Wireless Mk5 RSU allows ETSI DSRC messages to be broadcast. These messages

contain information that improves situation awareness for drivers and AVs in the scene. The

main message type sent by the unit in this trial is the CPM which provides information about

what the IRSU can perceive in the tra�c scene. Typical information includes target type,

motion and classi�cation con�dence.

The full system diagram for the IRSU is shown in Fig. 2.3.
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Figure 2.3: Edge compute enclosure wiring diagram

2.2.2 Compute and Other Devices

The volume of data coming from the sensors means that processing must be performed in

situ. The combined camera and lidar sensor suite generates approximately 13 gigabytes per

minute. It is therefore infeasible to stream this amount data for processing elsewhere in real

time.

The edge computing components and network equipment are presented in Fig. 2.4. The

system features an NVIDIA Orin 64GB Dev Kit, which serves as the main computing unit

for sensory data processing, road user detection model inference, and data logging. A

QNAP QSW-2104-2T network switch is used to connect all sensors and the Orin, using 1Gbps

and 10Gbps Ethernet connections, respectively. The cameras are powered via a Power over

Ethernet (PoE) injector. Network management is provided by a Teltonika RUTX11 industrial

router, which also o�ers dual-band WiFi and 4G LTE cellular connectivity. Additionally, the

Orin is connected via Ethernet to the Cohda Wireless Roadside Unit (RSU), which is located
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outside the edge compute enclosure. The Cohda RSU also receives power via PoE.

When the system is operating, raw sensory data can �rst be logged to the Orin and then

extracted to external computers via the WiFi connection to the system. The extracted data

are useful for visualisation, diagnostics, and also in the training and validation of road user

detection models.

Figure 2.4: Inside edge compute enclosure

2.2.3 Mechanical Design

TfNSW speci�ed a standard CCTV mount, a technical drawing of which is shown in Fig. 2.5,

for attaching the IRSU to the tra�c light. The ACFR fabricated �xture to connect the sensor

head and the compute enclosure to this CCTV pole.
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Figure 2.5: CCTV mount

2.2.4 Software Development

The IRSU was delivered to Connect Sydney in September 2023. There were major delays

before it was installed on-site, all of which were outside of the control of the ACFR. Between

then and when the IRSU was installed in December 2023 the ACFR did not have access to

the unit. So€ware developed during this time could not be validated with real-world data.

Work in this area focused on development of processes for data logging, remote access, and

system health monitoring. As a key feature of the IRSU, the machine learning based road

user detection work and broadcast of CPMs was conducted in 2024, as detailed in Section

2.2.7.

A€er installation, the ACFR veri�ed that the IRSU is receiving DSRC messages including

MAPEM and SPATEM from the SCATS unit, and other messages from the trial vehicles.
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2.2.5 Preparation for Installation

In-lab testing commenced once the IRSU was constructed. During this time, the ACFR also

created a document with installation instructions for the IRSU. This document was provided

to TfNSW and their a�liates to provide details on the various components that make up

the IRSU and to walk installers through what is required to deploy and commission the unit.

The document was also used to navigate the relevant TfNSW approval processes that were

required before the IRSU could be deployed.

To aid in the deployment process, the ACFR procured a post with a similar diameter to

the CCTV mount shown in Fig. 2.5 and fastened the IRSU to this post in the ACFR lab, as

shown in Fig. 2.6, where it remained until it was delivered with all of the required fasteners

to Connect Sydney, who were commissioned by TfNSW to install the IRSU and perform the

other required upgrades at intersection 4572.
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Figure 2.6: IRSU in ACFR lab

2.2.6 Installation

The IRSU was installed as part of the upli€ program for intersection 4572. The IRSU was

installed by Connect Sydney in December 2023. The IRSU is mounted on a CCTV mount,

which is a�xed to a Type 2 post, as shown in Fig. 2.7a, on the North-Western corner of

intersection 4572. The RGB cameras of the IRSU are oriented in the direction of North-bound

tra�c on approach to the intersection along Abercrombie St, as shown in Fig. 2.7b. A wider

shot of the intersection is provided in Fig. 2.8 as an example of the orientation of the RGB

cameras.
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(a) (b)

Figure 2.7: IRSU deployed at intersection 4572. (a) shows the IRSU a�xed to a Type 2 post. (b) shows it installed

on the North-Western corner of the intersection.

Figure 2.8: IRSU deployed at intersection 4572, wider shot of the intersection
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Fig. 2.9 shows an aerial view of the intersection with di�erent approaches. The northbound

approach on Abercrombie St is used in the RLVW scenario and also for right turns onto

Meagher St in the user turn warning with occupancy detection scenario. The eastbound

approach on Myrtle St and the westbound approach on Meagher St are used in automated

driving scenarios.

Figure 2.9: Aerial view of the intersection showing di�erent approaches

2.2.7 Road User Detection and CPM

A 3D object classi�cation model based on the lidar point cloud,PointPillars[2], was used

to detect and classify common types of road users in real time. This includes vehicles,

pedestrians, and cyclists.PointPillarsmodels pretrained on public datasets are not suitable

for intersection 4572, due to the domain shi€ caused by di�erent tra�c environments, lidar

scan patterns, and lidar mounting heights and angles. As illustrated in Fig. 2.10, cars can

appear signi�cantly di�erent due to the di�erence in lidar scan patterns and perspectives.

This domain shi€ results in a signi�cant drop in detection performance [3].
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(a) (b)

Figure 2.10:Cars in (a) di�erent public datasets [4] and in (b) the lidar scan from the IRSU.

Therefore, thePointPillarsmodel deployed on the IRSU was retrained using lidar data

collected at intersection 4572 to capture this domain shi€. In addition, the data were recorded

under di�erent weather and tra�c conditions to enhance the diversity of the data. Before

retraining, collected data was labelled with 3D bounding boxes for common road users, as

illustrated in Fig. 2.11. The labelled data was divided into two subsets for model training and

model performance evaluation.

The model retraining was conducted using an open sourcePointPillars PyTorchimplementa-

tion, available online athttps://github.com/zhulf0804/PointPillars.git . The code

was modi�ed as needed to enable it to process data collected from the intersection for model

training. The retrained model was �rst inPyTorchformat, and subsequently optimised us-

ing NVIDIATensorRT, a high-performance inference optimiser and runtime that delivers low

latency and high throughput for deep learning inference on NVIDIA GPUs.

The retrainedPointPillarsmodel was then deployed to NVIDIA AGX Orin, the edge computer

of the IRSU, for real-time road user classi�cation at 10 Hz. Fig. 2.12 presents examples of

detected road users from the IRSU.
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