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The rapid evolution of connected and autono-
mous vehicles (CAVs) is ushering in a transfor-
mative era for transportation, challenging the 
adequacy of traditional intersection designs. 

Conventional intersections, which rely heavily on static 
traffic signals and human input, are ill equipped to meet 
the demands of CAV technologies that require dynamic 
real-time communication and coordination to enhance 
traffic flow and improve safety significantly. This arti-
cle introduces OpenIntersection, an active framework 
that reimagines intersection design by modulating the 
workload, integrating sensor systems, such as camera 
and lidar sensors, vehicle-to-everything (V2X) com-
munication, and heterogeneous computing platforms. 

OpenIntersection is designed to support the rapid devel-
opment, validation, and deployment of adaptive inter-
section systems that meet the complex demands of CAVs, 
thereby optimizing both traffic efficiency and road 
safety.

THE EMERGENCE OF CAVs
The emergence of CAVs marks a transformative period in 
transportation, compelling a reevaluation of existing inter-
section designs. Traditional intersections, primarily gov-
erned by automated traffic signals, are proving inadequate 
in the era of CAVs that demand dynamic real-time commu-
nication and coordination. As vehicles evolve to become 
more interconnected and autonomous, the existing infra-
structure, which facilitates static and predetermined traf-
fic management, falls short of supporting the sophisticated 
needs of modern transportation technologies.
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To support the rapid development, validation, and deployment 
of adaptive intersection systems that meet the complex 
demands of CAVs, and to optimize both traffic efficiency
and road safety, we introduce OpenIntersection.
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Existing intersections are designed 
with dual objectives: regulating traffic 
flow and ensuring the safety of all road 
users. They control the movement of 
vehicles and pedestrians through inter-
secting paths, optimizing for efficiency 
and safety. However, in the context 
of rapid technological advancements 
where software-defined capabilities 
are prevalent, traditional intersections 
remain largely hardware dependent, 
limiting their adaptability and the ease 
with which they can integrate techno-
logical upgrades.

This limitation is critical as emerg-
ing technologies that could signifi-
cantly enhance safety and operational 
efficiency continue to develop. These 
advancements often depend on the 
capabilities of connected intersections, 
which are integral to intelligent trans-
portation systems (ITSs). ITSs employ 
cellular V2X technology to facili-
tate robust wireless communication 
between vehicles, infrastructure, and 
other road users, supporting function-
alities such as signal phase and timing, 
collision avoidance, and cooperative 
autonomous driving.

Despite these advancements, cur-
rent intersection systems remain pas-
sive and nonprogrammable, failing to 
fully meet the evolving demands for 
transportation efficiency and safety. 
This article introduces OpenInter-
section, a transformative framework 
that reenvisions intersection design 
by incorporating and modularizing 
advanced technologies such as camera 
systems, lidar sensors, V2X commu-
nication, and a heterogeneous com-
puting platform. OpenIntersection is 
designed to support the rapid develop-
ment, validation, and deployment of 
adaptive software-defined intersection 
(SDI) systems to optimize traffic flow 
and enhance road safety effectively. It 

takes into account the entire architec-
ture of connected intersection systems, 
including their components, functions, 
interfaces, and performance require-
ments, thus offering a comprehensive 
and visionary approach to future inter-
section designs.

Furthermore, this article aims to 
interest original equipment manufac-
turers (OEMs), researchers, and poli-
cymakers in the development and 
deployment of these advanced intersec-
tion systems. It validates the proposed 
design through prototype and simula-
tion test results, explores the inherent 
limitations of current designs, and pro-
poses future directions for the evolu-
tion of intersection technologies.

This article is presented as follows. 
The “Background Information” section 
offers important background informa-
tion on CAV technologies, the design of 
intersections and state-of-the-art tech-
nologies for intersections, and related 
works. The “Motivation” section sum-
marizes our motivation to create the 
OpenIntersection reference design. The 
“System Design” section takes a deep 
dive into the details of OpenIntersection. 
The “SDI” section demonstrates a proto-
type and how OpenIntersection opens 
up the door to SDI, and finally, the article 
concludes and discusses future works.

BACKGROUND 
INFORMATION

The intersection is dangerous
According to the U.S. National High-
way Traffic Safety Administration,1  
almost one-third of annual traffic fatal-
ities involve an intersection, averaging 
10,389 in the past five years. The num-
ber is even more significant for non-
fatal traffic accidents. This statistic 
not only underscores the inherent risk 
associated with intersections but also 

highlights the urgent need for innova-
tive solutions to mitigate such risks.

Emerging technologies like con-
nected vehicles and smart intersection 
systems present a viable avenue for 
enhancing road safety. Connected vehi-
cles, equipped with advanced commu-
nication capabilities, facilitate real-time 
information exchange between vehicles 
and the surrounding infrastructure, 
augmenting situational awareness and 
enabling preemptive responses to poten-
tial hazards.

Background on CAVs
CAVs have increased safety levels 
when compared to nonconnected vehi-
cles. This is because connected vehi-
cles can also leverage information 
from surrounding vehicles and infra-
structure. Information such as the 
traffic light signal phase and the time 
until the next phase can help the driver 
decide whether to speed up or slow 
down. Pedestrian detection informa-
tion helps drivers avoid vulnerable 
road users when they are in the blind 
spot zone. Other information, such as 
the vehicles’ heading, speed, and turn 
signal status, can help surrounding 
vehicles make driving decisions.

Talebpour and Mahmassani’s work14 in 
2016 argues that connected vehicles can 
improve traffic stability and through-
put. Ran and Hossain’s survey work12 
discusses the impact of CAVs on trans-
portation performance. The article lists 
road safety as the most important ben-
efit among highway capacity, mobility, 
environmental, and economic benefits. 
The work of Deng et al.4 in 2019 and 
the work of Dong et al.6 on the vision 
and challenge for collaborative auton-
omous driving in 2020 demonstrated 
that the V2X-based cooperative colli-
sion avoidance scheme performs bet-
ter than traditional global navigation 
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satellite systems-based collision avoid-
ance. The work of Yu et al.16 in 2022 
demonstrated that autonomous driv-
ing vehicles that share sensing or per-
ception data via broadcast-based V2X 
technologies have improved safety. 
Talebpour, Dong, and Yu all support 
the idea that connected vehicles can 
increase road safety.

Recent advancements in ITSs
In addition to recent advancements in 
CAVs, the work of Ran et al.11 in 2019 
is one of the first to propose CAVH ITS 
to work cooperatively with automated 

vehicles. Aldakkhelallah and Simic2 
in 2021 investigated the role of auton-
omous vehicles in ITSs. The work of 
Wu et al.15 in 2022 proposes an ITS to 
manage unprotected left-turn vehicles 
when the driver’s view is blocked. In 
the work of Zhang et al.,17 the authors 
proposed a perception system in the 
most dangerous roundabout in the 
state of Michigan. He et al.7 push V2X 
beyond its intended design to guide 
connected vehicles to stay in their 
lanes with infrastructure cameras. 
Companies, such as Ouster,9 have 
developed their own ITS systems to 
support CAVs. In addition, many oth-
ers have reviewed and proposed many 
designs for CAVs and ITS.3,5,8,10,13 
However, despite years of research and 
government pilot studies, due to the 
high barrier to entry and inconsistent 

standards, CAVs and ITS are far from 
widespread.

MOTIVATION
The emergence of CAVs necessitates a 
profound transformation in intersec-
tion infrastructure design to support 
their advanced technological and com-
munication capabilities. Traditional 
intersection infrastructure, often slow 
to evolve, struggles to keep pace with 
the rapid advancements in CAV tech-
nologies. This mismatch highlights 
the need for intersection designs that 
are not only adaptable but can also be 

rapidly implemented and upgraded as 
technology evolves.

OpenIntersection introduces a 
software-defined reference design 
aimed at revolutionizing intersec-
tion management. This framework 
is designed to be highly adaptive, 
allowing for quick updates and the 
flexibility to integrate with new tech-
nologies as they emerge. It is struc-
tured to ensure that intersections can 
efficiently respond to the dynamic 
demands of modern transportation, 
facilitating smoother traffic f low 
and enhanced safety. By propos-
ing a model that emphasizes proac-
tive adaptability and technological 
integration, OpenIntersection seeks 
to lead the transformation toward 
smarter, safer, and more efficient 
traffic systems.

SYSTEM DESIGN
OpenIntersection introduces a novel 
software-defined framework for inter-
section management, specifically de
signed to integrate with and enhance 
modern traffic systems by actively 
adapting to real-time conditions. This 
section details the system’s architec-
ture, highlighting its responsiveness, 
flexibility, and ability to deploy and 
validate technological advancements 
quickly. OpenIntersection is crafted to 
meet the diverse needs of stakeholders 
within different traffic ecosystems. 

	› OEMs benefit from standardized 
V2X communication protocols, 
ensuring seamless vehicle-sys-
tem compatibility and easier 
integration of new automotive 
technologies.

	› Autonomous mobile robots 
(AMRs) leverage customized 
communication channels 
and real-time data process-
ing for optimized operational 
efficiency.

	› Vulnerable road users bene-
fit from an active intersection 
infrastructure in terms of 
increased safety and reliability.

	› City traffic authorities utilize 
the system’s flexible architec-
ture to tailor traffic manage-
ment solutions to their specific 
needs, enhancing traffic flow 
and safety across diverse 
environments.

To accomplish this, OpenIntersec-
tion approaches intersection manage-
ment from three different perspectives: 

1.	 intersection and transportation 
2.	 CAVs 
3.	 other connected vulnerable 

road users.

OPENINTERSECTION INTRODUCES 
A SOFTWARE-DEFINED REFERENCE 

DESIGN AIMED AT REVOLUTIONIZING 
INTERSECTION MANAGEMENT.
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Intersection and transportation
Intersections are critical nodes within 
transportation networks where multiple 
roads meet. Traditionally managed by 
static signals like traffic lights and stop 
signs, these intersections have primar-
ily focused on minimizing accidents 
and regulating flow. However, with the 
surge in vehicle ownership over recent 
decades, these traditional systems are 
proving inadequate, struggling to adapt 
to the dynamic and increasingly complex 
traffic patterns of modern traffic envi-
ronments. To address these challenges, 
some intersections now incorporate 
technologies like ground activation 
circuits that adjust signal timing 
based on real-time traffic conditions. 
Despite such advancements, the need 
for a more adaptable solution remains 
pressing. OpenIntersection introduces 
a software-defined approach that 
transforms intersection management. 
Converting traditional traffic control 
challenges into software program-
ming opportunities enables a flexible 
and scalable platform that can adapt 
to future traffic behaviors and tech-
nologies. This system not only man-
ages current traffic efficiently but also 
integrates advancements in vehicle 
technology and traffic management 
strategies, enhancing the safety and 
efficiency of urban transportation.

CAVs
CAVs represent a significant evo-
lution in automotive technology, 
often described by OEMs as the key to 
extending vehicle functionality and 
life span through ongoing updates. 
These advancements facilitate the 
rise of autonomous driving technol-
ogies. At intersections, CAVs lever-
age V2X technologies, transforming 
intersections into dynamic systems 
that enhance safety through extensive 

data sharing. This connectivity over-
comes the limitations of traditional 
single-agent systems by augmenting 
a vehicle’s sensory information with 
broader situational awareness pro-
vided by V2X, which enhances safety 
features traditionally managed by 
advanced driver-assistance systems 
(ADASs). The deployment of V2X has 
been slow due to its reliance on spe-
cific hardware, leading to interopera-
bility issues and high costs associated 
with varying manufacturer systems. 
OpenIntersection proposes a soft-
ware-defined approach, advocating for 
standardized application programming 
interfaces (APIs) that ensure hardware 
compatibility and reduce installation 
complexities. By adhering to protocols 
like J2735 V2X standards, OpenInter-
section facilitates a more integrated and 
efficient transportation network, mini-
mizing hardware constraints.

Other connected 
vulnerable road users
While V2X communications have  
traditionally focused on vehicle-to- 

vehicle and vehicle-to-infrastructure 
interactions, OpenIntersection extends 
this connectivity to encompass all road 
users, including pedestrians, cyclists, and 
even pets. This inclusive approach ensures 
that not just vehicles but any participant 
in traffic can be integrated into the safety 
network. Pedestrians often carry smart-
phones that can provide precise move-
ment data through built-in gyroscopes, 
while bicycles and motorcycles can be con-
nected through associated mobile devices. 
OpenIntersection harnesses these connec-
tions, allowing for a comprehensive flow of 
situational data among all road users. This 
system uses cameras and other sensors to 
augment data accuracy further, enhanc-
ing real-time responsiveness.

Design overview
Figure 1 depicts an example scenario 
at an intersection where a pedestrian 
is running a red light, but the drivers 
fail to observe the pedestrian. Exist-
ing solutions involve the vehicle taking 
over to ensure road user safety. Infra-
structure-based solutions for improv-
ing road user safety are hard to deploy 

Vehicle
Information 

2

1

Vehicle
Information 

Pedestrian
Information

FIGURE 1. Example communication between OpenIntersection users. In this scenario, 
a pedestrian is running a red light and the driver fails to see the pedestrian, leaving the 
ultimate decision to the vehicle’s ADAS system to detect and stop the vehicle.
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en masse using current infrastructure 
design paradigms. This creates issues 
with development, validation, and 
deployment.

OpenIntersection consists of five 
layers. The Computing layer com-
bines high-performance processors 
(CPUs and GPUs) for intensive tasks 
such as object detection and tracking 
with low-power embedded systems 
designed for high efficiency and low-
latency operations, allowing for differ-
ent applications to be developed. The 
Containerization layer allows differ-
ent applications developed on differ-
ent computing platforms and software 
versions to coexist. The Communica-
tion layer handles V2X communica-
tions and communications between 

the submodules, allowing for data syn-
chronization. The Interface layer estab-
lishes a universal language, ensuring 
that devices from different manufac-
turers and with varying capabilities 
can communicate effectively, making 
interoperability possible. It also makes 
developing new safety-critical applica-
tions much easier. Last, the Application 
layer invites all stakeholders to develop, 
deploy, and validate their safety-critical 
applications.

The rest of this section breaks down 
and explains OpenIntersection’s sys-
tem design into the following: 

1.	 hardware requirements
2.	 software requirements
3.	 intersection programming 

interface
4.	 scalability
5.	 data processing and analysis
6.	 push and pull services
7.	 security-enhanced V2X mes-

sage format
8.	 coverage requirements
9.	 safety requirements.

Hardware design requirements

The Sensor hardware. The sensor 
hardware needs to see and perceive the 
scene to identify potential accidents 
and reduce risks. Most of the existing 
technologies revolve around cameras, 

and some also revolve around lidars. 
Camera and imaging technologies 
have matured to satisfy the need for 
reliability and a long life span. While 
lidars do not have a long life span, 
some technologies require precise 
locations. With a reliable range of 100 m,  
OpenIntersection includes a camera 
and a lidar as two must-have sensors. 
Additional functionalities may require 
additional sensors, such as an audio 
receiver, to detect noise levels.

Computing platform. To effectively han-
dle the diverse computational demands 

of a modern intersection, OpenIntersec-
tion proposes a heterogeneous comput-
ing platform. This platform combines 
high-performance processors (CPUs 
and GPUs) for intensive tasks such as 
object detection and tracking, with low-
power embedded systems designed for 
high efficiency and low-latency opera-
tions. Embedded systems are particu-
larly suited for managing routine tasks 
like traffic signal control and emer-
gency interventions, ensuring rapid 
response capabilities that are critical in 
traffic management.

The communication hardware. The 
communication hardware needs to 
conform to a set of design standards, 
including operating temperature range, 
deterministic latency, and coverage. It 
also needs to conform to a set of com-
monly accepted software programming 
APIs—critical for maintaining continu-
ous system improvements and compati-
bility with new technologies.

The traffic control actuator. At the 
core of the hardware suite is the traf-
fic control actuator, a vital component 
that serves as the ultimate fail-safe 
mechanism. This actuator ensures 
that even in the event of software 
anomalies or calculation errors, no 
conflicting traffic signals are issued, 
thereby preventing accidents. This 
design principle underscores OpenIn-
tersection’s commitment to safety and 
reliability, ensuring that intersection 
controls remain secure and effective, 
even under unexpected conditions.

Software design requirements
OpenIntersection embodies the prin-
ciples of an SDI, focusing on flexi-
bility and rapid deployment across 
different hardware setups. This soft-
ware-centric approach ensures that 

TO EFFECTIVELY HANDLE THE 
DIVERSE COMPUTATIONAL DEMANDS 

OF A MODERN INTERSECTION, 
OPENINTERSECTION PROPOSES 

A HETEROGENEOUS COMPUTING 
PLATFORM.
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OpenIntersection remains adaptable 
and scalable regardless of the specific 
hardware in use. The key aspects of 
this design are as follows:

	› Hardware-software decoupling: By 
separating hardware dependen-
cies from software operations, 
OpenIntersection ensures that 
its software can be deployed 
across various hardware plat-
forms. This flexibility allows for 
greater innovation in hardware 
choices without compromising 
the functionality or efficiency of 
the system.

	› Rapid deployment and valida-
tion: The software design is 
engineered to facilitate quick 
updates and improvements, 
enabling the faster validation 
and deployment of new safety 
applications. This capability is 
crucial for responding to emerg-
ing traffic management chal-
lenges and integrating the latest 
advancements in safety technol-
ogy effectively.

Infrastructure programming 
interface
The infrastructure programming inter-
face at OpenIntersection facilitates 
communication across diverse vehicle 
types and traffic management systems, 
enhancing scalability and interoper-
ability. By adopting software-defined 
network (SDN) principles, these inter-
faces allow for dynamic network man-
agement and configuration, ensuring 
that devices from various manufactur-
ers can interact effectively. This setup 
fosters a collaborative environment 
among stakeholders such as vehicle 
manufacturers, software developers, 
and urban planners, which is cru-
cial for refining API standards that 

accommodate a broad spectrum of 
needs, from enhancing vehicle safety 
to optimizing traffic flow. The itera-
tive process of testing, feedback, and 
updates inherent to SDN is crucial for 
adapting to challenges like data pri-
vacy and the integration of increas-
ingly autonomous vehicles, ultimately 
crafting a resilient and adaptable 
transportation ecosystem.

Scalability
The SDI concept emphasizes infra-
structure compatibility, customization, 
and extensibility. Its design incorporates 
SDN capabilities to facilitate smooth 
integration with existing road infra-

structure and allows for tailored solu-
tions that meet specific local needs 
without extensive modifications. This 
extensible framework supports cur-
rent traffic management technologies 
and is poised to incorporate future 
innovations, maintaining relevance 
as traffic dynamics evolve. Addition-
ally, OpenIntersection is designed to 
accommodate new participants in traf-
fic, such as AMRs, ensuring long-term 
viability and adaptability.

Data processing and analysis
Effective data handling and analysis 
are crucial for managing the complex 
dynamics of modern intersections. 
The system’s software-defined archi-
tecture enables it to seamlessly process 

and analyze diverse data streams from 
CAVs, sensors, and other infrastructure 
elements. This capability allows real-
time traffic management and decision 
making, adapting to changing traffic 
conditions. The scalable data archi-
tecture efficiently handles increasing 
data volumes, facilitating predictive 
analytics for traffic flow optimization 
and safety enhancements. By inte-
grating advanced data analysis tools, 
the system can continually learn and 
adapt, supporting smarter, safer, and 
more efficient traffic management.

Furthermore, OpenIntersection can be 
viewed as an extensible edge. It harnesses 
edge computing to process data near 

traffic intersections, reducing latency and 
bandwidth use, crucial for real-time traf-
fic management. Its scalability allows 
for easy expansion to meet increasing 
demands, while its extensibility sup-
ports integrating new technologies, 
making it a dynamic and adaptive 
solution for mobility challenges.

Push and pull services
The integration of push and pull services 
enriches the communication frame-
work established by existing V2X 
technologies. While V2X technologies 
facilitate foundational real-time inter-
actions between vehicles and their sur-
rounding infrastructure, the nuanced 
application of push and pull strategies 
introduces a higher level of information 

OPENINTERSECTION IS DESIGNED TO 
ACCOMMODATE NEW PARTICIPANTS IN 

TRAFFIC, SUCH AS AMRS, ENSURING 
LONG-TERM VIABILITY AND ADAPTABILITY.
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customization and efficiency. Push ser-
vices preemptively disseminate vital 
information, ensuring a broad-based 
situational awareness essential for pre-
emptive traffic management and safety 
interventions. In contrast, pull services 
cater to the bespoke information needs 
of individual users or systems, enabling a 
more granular level of interaction where 
data are solicited based on specific real-
time requirements. This dual-faceted 
approach not only amplifies the utility 
of the extant V2X communications but 
also cultivates a more adaptable and 
user-centric ITS ecosystem. The syner-
gistic operation of push and pull services 
within such a framework underscores a 
paradigm shift toward more dynamic, 
responsive, and personalized ITSs, 
thereby augmenting the overall efficacy 
and safety of mobility networks.

Security-enhanced V2X 
message format
V2X messages need to ensure security 
and latency. Existing V2X implemen-
tation solely relies on manufactur-
ers for security. Transitioning from 
ASN.1 to a TCP/IP-inspired V2X mes-
sage format may address the dynamic 
needs of vehicular communications 
with enhanced efficiency, security, 
and adaptability. The ASN.1 format, 
while established, faces challenges 
in high-density vehicular environ-
ments due to its rigidity and limited 
quality of service differentiation. The 
proposed structure introduces Version 
and Header Length for protocol com-
patibility and precise payload pars-
ing, which is crucial in fast-changing 
vehicular scenarios. A redefined Type 
of Service caters to V2X-specific pri-
orities like latency sensitivity, over-
coming ASN.1’s limitations in service 
differentiation. Total Length and Mes-
sage Validity ensure message integrity 

and temporal relevance, aligning with 
the urgent nature of vehicular commu-
nications. The Protocol field, along with 
Source and Destination Addresses, ensures 
the efficient routing of diverse V2X 
services. Header Checksum enhances 
data integrity at high speeds, and 
Security & Data options provide flexi-
bility for advanced security and appli-
cation-specific needs, addressing ASN.1’s 
constraints in supporting a wide array 
of V2X applications.

Latency requirements
The OpenIntersection reference design 
divides latency into three sections: com-
putational, communication, and actua-
tion. Computational latency is derived 
from processing sensor data and output-
ting correct traffic control commands; 
communication latency stems from 
V2X communications; and actuation 
latency is inherently small in embedded 
systems and simple controllers.

Deterministic latency is cru-
cial when providing real-time safety 
applications. OpenIntersection views 
latency as a two-step problem. The 
first step is to determine whether or 
not an application can provide the cor-
rect response within the acceptable 
time frame; the second step is to deter-
mine whether or not an application can 
provide the correct response within 
the acceptable time frame when the 
resource is scarce. Passing both tests 
ensures that safety-critical applica-
tions are useful in times of crisis.

Coverage requirements
Coverage should also be considered 
alongside latency requirements. This 
is especially true for communication. 
Coverage requirements help answer 
the question of when communication 
network resources become so scarce 
that safety-critical applications can 

no longer complete their assigned task 
within the allotted time frame.

Safety requirements
Last but not least, connecting safe-
ty-critical infrastructure with other 
devices may lead to catastrophic out-
comes if data safety is ignored. Open-
Intersection considers safety from the 
following scopes: 

1.	 Ensure that the sensor data are 
reliable.

2.	 Ensure that the V2X messages are 
legitimate and not ill intended. 

3.	 Protect user data privacy.

Reliability. Reliability ensures that 
data can be used for safety-critical 
applications. Effects such as glaring 
or low light may render them use-
less for camera data. These “broken” 
raw data should not be sent to safety- 
critical applications. For lidar sensors, 
the distance-measuring algorithm 
needs to be calibrated. Unreliable lidar 
data may lead to incorrect output, 
causing catastrophic accidents.

The legitimacy of V2X messages. 
This needs to be verified by the broad-
caster and the receiver. If messages 
are not verified, attackers or ill-in-
tentioned individuals can exploit this 
deficiency to create fatal accidents.

User data privacy. User data privacy 
needs to be protected. Intersections col-
lect hundreds of millions of camera cap-
tures per day. The captures may include 
plate information and facial informa-
tion. If not protected, this information 
may be used to track individuals.

Limitations
Life expectancy is another reason 
existing intersections have not all 
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switched to ITS systems proposed by 
Ouster and others. Because intersec-
tions are permanent, once construc-
tion is completed, the intersection is 
expected to operate for decades with-
out major failures. Camera solutions 
are well adopted because camera 
imaging and manufacturing technol-
ogies have matured. They are inexpen-
sive to manufacture, easy to install, 
robust, and easy to replace. This can-
not be said for lidars. The proposed 
hardware stack in OpenIntersection 
does not consider the life expectancy 
of existing technologies because we 
expect hardware manufacturing to 
mature over the next decade.

SDI
OpenIntersection’s implementation 
as an SDI incorporates both theoret-
ical frameworks and practical appli-
cations demonstrated through indoor 
prototype testing (Figure 2). This sec-
tion details our prototype’s develop-
ment, the scope of indoor testing, and 
our plans for extending these tests to 
outdoor environments.

Prototype 

Hardware. Table 1 lists the hardware 
setup used in the prototype. For the 
high-performance computing plat-
form, we chose to use the NVIDIA  
AGX. The ARM architecture is integrated 
with the SOAFEE architecture, enabling 
the vision for the software-defined 
infrastructure. As for a low-comput-
ing device and traffic light actuator, we 
used a Raspberry Pi 4B. This is specially 
chosen due to its cost, robustness, and 
programmability. The traffic light is a 
commercial off-the-shelf traffic light. It 
is controlled using the general-purpose 
input/output pins on the Raspberry Pi. 
A Velodyne VLP-16 lidar and a Real-
Sense RGB-D camera cover most object 
detection and object tracking use cases 
within 50 m, about twice the size of an 
average urban intersection. Last but not 
least, we deployed an iSmartWay road-
side unit onto the prototype. Compared 
to other ITS systems proposed by Ouster 
and others, our prototype leverages the 
heterogeneous computing platform 
to combine the fast- and low-overhead 

benefits of embedded systems and the 
power of machine learning from high-
power computing systems.

Table 1 also showcases the software 
and framework deployed in the pro-
totype. The ARM SOAFEE framework 
enables the easy addition, modifi-
cation, and removal of applications. 
The V2X hub enables the creation 
and modification of V2X messages. 
These messages are sent to the RSU  to 
be broadcast. Object detection, clas-
sification, localization, and tracking 
applications support safety-critical 
functions such as pedestrian detec-
tion and vulnerable road user detec-
tion and tracking. Last but not least, a 
basic traffic rule control algorithm is 
installed onto the Raspberry Pi.

Adding applications. This can easily 
be done with docker containers. Users 
define the software requirements, 

TABLE 1. Hardware and 
software setup.

Computing unit NVIDIA AGX 

Lidar sensor Ouster VLP-16 

Camera sensor RealSense RGB-D camera

V2X iSmartWay roadside unit 

Traffic light Standard traffic light 

Controller Raspberry Pi 4B 

Framework ARM SOAFEE 

Application 1 V2X hub 

Application 2 Object detection and 
classification

Application 3 Object localization and 
tracking 

Traffic light Standard traffic light 

(a) (b)

FIGURE 2. (a) The OpenIntersection prototype. (b): The management console for SDI, 
including RGB camera, depth camera, lidar, object detection, and vector map viewer.
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create the container, and run their 
applications.

Modifying applications. Modifying 
applications is also risk free. Con-
tainerization ensures that modifying 
software version dependencies in one 
container does not affect the software 
versions in another container. This 
allows users to freely modify software 
without worrying about breaking 
other applications.

Removing applications. Removing 
applications is hassle free. Because 
each application is executed only in 
its container, removing an application 
does not affect other applications.

Prototype development 
and indoor testing
The OpenIntersection prototype was 
tested in an indoor controlled envi-
ronment that simulates urban traffic 

scenarios. This setting allowed us to 
closely monitor system performance 
and accurately measure crucial met-
rics such as latency—the time taken 
from sensor data capture to action 
execution. Latency was specifically 
measured to ensure the system’s capa-
bility for real-time response, with our 
tests showing a response time well 
within the necessary thresholds for 
traffic management applications. The 
indoor environment provided a sta-
ble platform to debug initial system 
setups, optimize sensor integration, 
and refine communication protocols  
without the variables in an outdoor 
setting.

Several tests were designed and 
carried out on OpenIntersection to 
evaluate some key functionalities:

	› Offload testing: We conducted 
tests where path-planning 
tasks, traditionally handled by 

individual autonomous vehi-
cles, were offloaded to the infra-
structure. OpenIntersection 
plans a new path for the indoor 
vehicle to follow. This demon-
strates the system’s ability to 
reduce on-vehicle computa-
tional loads and improve overall 
traffic efficiency. The communi-
cation latency between Open-
Intersection and the indoor 
vehicle averages up to 30 ms. 
With this latency, we can plan 
new routes in real time.

	› Shared perception: The prototype 
showcased shared perception 
capabilities, where data col-
lected by individual vehicles or 
sensors were shared across the 
network, enhancing situational 
awareness across all system 
participants. In this test, Open-
Intersection uses V2X messages 
defined in the J2735 to broadcast 

Roadside Unit

D-STAR
BlueICE

Route 4: Smart Parking Loop

Route 3: Smart Farm Loop
Route 2: Main-STAR Loop
Route 1: STAR Campus Loop

Edge Server

Traffic Signal System

Security Equipment

Smart Parking

Smart Farming

FIGURE 3. Future work at the University of Delaware STAR campus. The D-STAR campus is an open-environment proving ground for CAVs.
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detected stop signs and vehi-
cle information via the Wi-Fi 
network.

	› V2X latency modeling: We 
employed a network model to 
simulate V2X communication 
latency, providing insights into 
the real-world performance 
of the system in transmitting 
critical safety and operational 
data between vehicles and 
infrastructure.

	› Cloud integration test: The 
system’s ability to update and 
synchronize with cloud infra-
structure was also tested, ensur-
ing that data could be stored 
and accessed remotely, which is 
crucial for scalability and data 
management.

	› Infrastructure to cloud testing: 
This test evaluated the effi-
ciency and reliability of data 
transmission from the infra-
structure to the cloud, validat-
ing the system’s capability to 
handle large-scale data pro-
cessing and analysis, crucial 
for future real-time applica-
tions. The average latency 
between OpenIntersection and 
the cloud is 10 ms, enabling 
real-time monitoring and 
teleoperation.

The advancement of CAV technol-
ogies presents significant chal-
lenges and opportunities for 

intersection design. OpenIntersec-
tion, through its innovative software-
defined approach, aims to revolutionize 
intersection management by inte-
grating these technologies into traf-
fic systems. This approach not only 
enhances traffic efficiency and safety 
but also ensures scalability and 

adaptability to future technological 
advancements.

OpenIntersection has demonstrated 
substantial potential in indoor environ-
ments, where it successfully managed 
path-planning tasks and facilitated 
shared perception and V2X commu-
nication. Specifically, the offload tests 
showed that computational tasks could 
be effectively transferred from vehicles 
to the infrastructure, reducing vehicle 
computational loads and potentially 
enhancing traffic flow and safety. The 
integration of cloud services was tested, 
proving the system’s capability to han-
dle large-scale data processing, which is 
vital for future expansions.

The next phase of development 
involves implementing OpenIntersec-
tion in an outdoor environment at the 
University of Delaware STAR campus 
shown in Figure 3. This deployment 
will allow us to conduct extensive real-
world testing and integration with 
existing traffic systems, offering a 
more robust evaluation of the system’s 
effectiveness in live conditions. These 
tests will focus on the following: 

1.	 Real-world integration: This 
involves evaluating how Open-
Intersection interfaces with 
current traffic infrastructure 
to manage dynamic traffic 
conditions.

2.	 User feedback collection: This 
involves engaging with real 
system users, including drivers, 
pedestrians, and city traffic 
managers, to gather actionable 
feedback for further system 
enhancements.

3.	 Safety and efficiency metrics: 
This involves detailed track-
ing of safety improvements 
and traffic efficiency changes 
brought by OpenIntersection, 

focusing on reducing conges-
tion and accidents.

Looking beyond immediate future 
works, we are committed to expanding 
the scope of our SDIs to broader appli-
cations, potentially leading to a para-
digm shift toward software-defined 
cities. This vision includes developing 
more adaptive traffic management 
systems that can dynamically respond 
to varying traffic conditions and  
support the increasing autonomy of 
vehicles. 
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