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1 Introduction
The Connected Corridor project was a three-year project to help the Minnesota Department of
Transportation (MnDOT) advance the future of transportation. The project included the planning, design,
deployment, and operation of connected vehicle technologies – including software systems and
infrastructure to understand how to plan and prepare for emerging transportation technologies. This
project included vehicle-to-infrastructure (V2I) technology, which helps vehicles “talk” to infrastructure
to improve safety and efficiency of roadway users.
MnDOT initially selected the Trunk Highway (TH)-55 corridor between downtown Minneapolis and
Interstate 494 to pilot this technology. The objective of this “Connected Corridor” project is to broadcast
signal, phase and timing (SPaT) information to vehicles directly from traffic signal controllers on the
corridor to vehicles that are connected with this technology. SPaT data can support many different
applications that advance national connected vehicle deployment. This technology and information can
also help MnDOT build the communications infrastructure and data management systems to support
existing and future technologies. This initial deployment included equipping MnDOT fleet vehicles to
demonstrate the capabilities of the technology.

1.1 SPaT Challenge
The American Association of State Highway Transportation Officials (AASHTO), the Institute of Traffic
Engineers (ITE), and ITS America (ITSA) working together through the Cooperative Automated
Transportation (CAT) Coalition have challenged state and local public sector transportation infrastructure
owners and operators (IOOs) to work together to achieve deployment of roadside Dedicated Short Range
Communications (DSRC) 5.9 GHz broadcast radio infrastructure to broadcast signal phase and timing
(SPaT) in real-time at signalized intersections on at least one road corridor or street network
(approximately 20 signalized intersections) in each of the 50 states by January 2020. This is commonly
called the SPaT Challenge. The SPaT Challenge does not specify that Connected Vehicle (CV) technology
must be deployed in vehicles. Rather, vehicles with the equipment necessary to receive data sent from
the roadside are expected to already exist or eventually be introduced and will be capable of receiving
data transmitted from the roadside. These radios are expected to be able to receive agency transmitted
data, such as SPaT, with the intent to support safer, more efficient operations. The Connected Corridor
concept is in part MnDOT’s response to this call to action; fulfilling the SPaT Challenge is a foundational
motivation for the development of this system.
MnDOT also recognizes that additional benefits can be derived from expanding on the scope of the SPaT
Challenge. Additional functions such as the transmission of intersection geometry data, position
correction data, and traveler information data can be enabled using the same roadside hardware that is
used to respond to the SPaT Challenge. The addition of ITS devices can further enhance system
capabilities. For instance, pedestrian detection equipment allows crosswalk status information to be
specified in the SPaT message. Finally, the deployment of CV technology in vehicles allow those vehicles
to receive data transmitted from the roadside to provide day-one safety and mobility benefits. Vehicles
outfitted with CV technology can also transmit vehicle location and motion information, which can be
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used by other vehicles to improve safety and captured by equipment on the roadside to improve the
quality of system operations data. By expanding on the scope of the SPaT Challenge, MnDOT intends to
address the needs of users that cannot be satisfied through the broadcasting of SPaT data alone.

1.2 Connected Corridor Development
The Connected Corridor is comprised of 22 Signalized Intersections on TH-55 between Theodore Wirth
Parkway, to the east, and County State Aid Highway (CSAH) 101/Peony Lane, to the west. RSUs were
installed, and Traffic Signal Controllers (TSC) upgraded at all 22 Intersections, to broadcast the Signal
Phase and Timing (SPaT) and MAP messages per the Society of Automotive Engineers’ (SAE) J2735
message standard during the RSU Deployment Phase. Equipped locations are depicted in Figure 1.

Figure 1: Connected Corridor Equipment Locations

1.3 Project Budget and Funding
The Connected Corridor Project was 100% state funded, through the state’s constitutionally dedicated
trunk highway fund, supported through gas taxes, vehicle registration fees, and vehicle sales taxes.
The program was originally budgeted at $1M. However, as is often the case with emerging mobility
projects, these costs shifted over time based on lessons learned and challenges with technology
advancement. The final cost of the deployed system was $1.3M. Each Project phase was funded
separately; The Systems Engineering Phase was funded for $400k, the Roadside Unit (RSU) Deployment
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Phase was funded for $470k, and the OBU deployment and RSU Health and Status Monitoring Phase was
funded for $530k.
MnDOT also procured Security Credential Management System (SCMS) services to obtain Security
Certificates used to sign J2735 messages under a separate contract. Contract value is under NDA.
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2 Project Development
2.1 Approach Overview
To develop and successfully implement the Connected Corridor, MnDOT adopted an innovative hybrid
delivery approach; the project was planned, designed and deployed by a strong coalition of public and
private partners, including consultants, vendors and staff from MnDOT and the Minnesota Department of
Information Technology (MnIT). The project partners provided equipment, software development
support, and technical integration services, with the goal to build relationships with Minnesota- based
partners to grow CAV business and technical expertise and prepare Minnesota for future technologies.
This public-private partnership allowed the project team to remain flexible and nimble in a fast-changing
technology environment, real-time information sharing and collaboration, and supported significant
opportunities for hands-on learning and training for state employees.

2.2 Systems Engineering Process
The program was implemented in 3 Phases; Systems Engineering, Roadside Unit (RSU) Deployment, and
vehicle On-Board Unit (OBU) deployment and RSU Health and Status Monitoring. Concept of Operations
and System Requirements were developed as part of the Systems Engineering Phase. The Systems
Engineering lifecycle is depicted in Figure 2.

Figure 2: Systems Engineering Process
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The Concept of Operations (ConOps) development included a robust stakeholder engagement process,
and yielded a concept for the corridor which would leverage the deployment of DSRC and SPaT-capable
signal controllers to support several use cases:
1. Signal Phase and Timing and MAP: This includes the broadcast of SAE J2735 Signal Phase and
Timing (SPaT) and MAP messages based on signal data provided by the local Traffic Signal
Controller at each of the 22 signalized intersections. While not a Use Case in itself, SPaT and MAP
messages are utilized by applications such as Red-Light Violation Warning.
2. Vehicle-Pedestrian Intersection Conflict Warning: This Use Case alerts drivers when a pedestrian
is in a crosswalk at a signalized intersection along the vehicle’s intended path of travel
3. Snowplow Signal Priority: This Use Case enables Snowplows to request Signal Priority along the
corridor when actively plowing snow (Snowplow blade is down)
4. Connected Vehicle Data Management: This Use Case includes monitoring the health and status
of RSUs and collecting J2735 Basic Safety Messages (BSM) broadcast by passing equipped vehicles
5. Third-Party Traffic Signal Data Sharing: For this Use Case, MnDOT would provide available
regional real-time traffic signal data to Traveler Information Providers in order to indirectly
provide benefits to Self-Equipped Drivers in the region.
6. Mobile Work Zone Warning: This Use Case provides information to drivers and vehicle operators
regarding moving work zones, including short-term maintenance, street sweeping and snowplow
activity. Data from active snowplows is provided to drivers through both Dynamic Message Signs
and J2735 Traveler Information Messages.

2.3 System Deployment
The development of the Connected Corridor coincided with significant industry headwinds which
complicated deployment. In the absence of regulatory action to require, or at least secure, the use of
DSRC as the principal technology for Vehicle-to-Everything (V2X) communications, industry support for
the technology eroded. Alternative technologies such as Cellular-V2X (C-V2X) gained more market
attention, undermining commitments from auto manufacturers for deploying DSRC in production
vehicles. Additionally, actions by the Federal Communications Commission (FCC) threatened to reallocate
a significant portion of the 5.9 GHz V2X spectrum for other users. A timeline of these events is illustrated
in Figure 3 (next page).
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Figure 3: Project Timeline
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This uncertainty not only led MnDOT to re-evaluate priorities over the course of the project, but
additionally resulted in reduction in vendor support for the technology development. As a result, Signal
Priority was the only application deployed. Signal Priority is only available at 4 Intersections,
CSAH101/Peony Lane, Rockford, Vicksburg, and Niagara, and is limited to the 2 MnDOT Test on-board
units (OBU).
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3 Final Deployed System
3.1 Challenges Encountered
Challenges with both hardware and software impacted the deployment of the Connected Corridor
project, resulting in changes to the scope of the final deployed system.

3.1.1 DSRC Roadside Units
RSUs are mounted on existing mast arms at each
intersection. A few of the mounting brackets supplied with
the RSUs failed causing the RSU to come loose. The devices
were supported by the attached ethernet data/power cable,
preventing them from falling onto the roadway. Additional
banding was installed to keep the RSUs in place should
additional mounting brackets fail.
The RSU at TH55 and 100 is mounted on the east side of the
overpass, which slightly reduces the communication range
on the west side of the bridge.
The RSUs required a total of 4 firmware updates to provide
the functionality essential for the project, specifically,
encoding SPaT, based on signal data from a controller,
general IPv6 communication, and IEEE 1609.2 security
enrollment and update. The team continued to uncover
functionality issues as the deployment and verification
process progressed, resulting in additional firmware updates.
The process of remote application of firmware updates to the Figure 4: Installed DSRC Roadside Unit
RSUs often resulted in a device failure, requiring a field visit
to revive the device. In some cases, the team would need to
replace an RSU and either revive the dead RSU on the bench
or send it back to the manufacturer.

Figure 5: RSU Bench
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3.1.2 Traffic Signal Controllers
Econolite Cobalt Controllers running EoS Firmware were deployed at
all 22 Intersections. After numerous complaints from citizens along
the corridor, Metro Signals discovered EoS was not serving the
pedestrian phase. After several discussions with Econolite, Metro
Signals decided to revert back to Econolite ASC/3 Controllers at all 22
intersections.
Having already configured the Cobalt controllers to send SPaT to the
RSUs, reverting back to ASC/3 Controllers, resulted in the team having
to once again configure all controllers to send signal data to the RSU
and reconfigure the RSUs to encode and broadcast SPaT using the
signal data.

3.1.3 Applications Development
Snowplow Signal Priority was predicated on the Econolite Cobalt
Signal Controllers running EoS. ASC/3 controllers require a dedicated
Figure 6: Traffic Signal Controller Cabinet
device between the RSU and the controller to process SAE J2735
Signal Request Messages (SRM) broadcast by the snowplows and
send a Signal Priority request to the controller as well as process
status data from the controller and broadcast SAE J2735 Signal Status
Messages (SSM) to the snowplows to convey the status of the Signal
Priority Request. Since all controllers were reverted back to ASC/3,
Signal Priority could not be supported, as the project did not budget
for installing a secondary device between the RSU and Signal
Controller.
MnDOT also uses Intelight Signal Controllers, which process SRMs and
generate Signal Status Messages (SSM) directly, not requiring a
secondary device. After discussions with Intelight, the project team
decided to test Signal Priority at 4 intersections, rather than all 22,
with Intelight Controllers.
Due to the budget implications of the RSU firmware issues and
reverting back to ASC/3 Controllers, the project team decided to
redirect funding set aside to procure and install OBUs in the
Snowplows to the RSU and Signal Controller efforts.

Figure 7: Signal State Monitoring Application

3.2 Final System Description
As a result of all the challenges listed above, the overall project scope was reduced to:
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 Broadcasting SPaT and Map from all 22 Intersections
 Demonstrating Signal Priority at TH55 and CSAH101/Peony Lane, Rockford, Vicksburg, and Niagara
using only the MnDOT Test OBUs.
 RSUs request and download new certificates from the Security Credential Management System
Certificates.
 Support IPv6 for OBUs to request and download new certificates from the Security Credential
Management System.

3.2.1 SAE J2735 Messages
3.2.1.1

WSA

RSUs broadcast Wireless Access in Vehicular Environments (WAVE) Service Advertisements (WSA) to
inform passing vehicles of the services provided by the RSU. All project RSUs broadcast WSAs advertising
IPv6 Service OBUs could utilize to contact cloud-based services such as the Security Credential
Management System to request and download new IEEE 1609 certificates. The CSAH101/Peony Lane,
Rockford, Vicksburg, and Niagara RSUs also advertise Signal Priority.
3.2.1.2

SPaT

Econolite ASC/3
To broadcast SPaT using the Econolite ASC/3 TSC, the TSC sends signal phase data, based on NTCIP 1211
to the RSU and the RSU encodes the signal data into SAE J2735 SPaT messages and broadcast the SPaT
messages
Intelight Controllers
To broadcast SPaT using the Intelight TSC, the TSC generates and sends SAE J2735 SPaT message to the
RSU and the RSU simply broadcast what is provided, no other processing or encoding is required.
3.2.1.3

MAP

An SAE J2735 MAP is required at each intersection broadcasting SPaT. The MAP message defines the
geometry of each lane for each approach and maps the signal phases, from the SPaT message, to each
approach. Using GPS and the MAP message, the OBU knows which lane it’s in and using the SPaT message
knows the phase for that lane and when the phase is likely to change.
MAP messages for the project were developed by the consultant using LiDAR data collected by the
consultant and the consultant’s internal system for generating SAE J2735 MAP messages using LiDAR data.
Each MAP message was installed on the appropriate intersection’s RSU and provided to MnDOT for
archive. Figure 8 and Figure 9 show the full MAP and intersection detail for Xenium, respectively. The
Blue lines represent Ingress lanes and the Red lines represent egress lanes. The signal head icon
shows the Signal Phase at the time the snapshot was taken.
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Figure 8: Xenium Ln. MAP Illustration

Figure 9: Xenium Ln. Intersection Detail
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As another example, Figure 10 and Figure 11 show the full MAP and intersection detail for Revere Ln,
respectively.

Figure 10: Revere Ln. MAP Output

Figure 11: Revere Ln. Intersection Detail
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3.2.2 Signal Priority
The MnDOT Test OBUs broadcast Signal Request Messages (SRM) to request signal priority. The four (4)
Signal Priority RSUs forward SRMs to the Intelight TSC. The TSC uses the data contained in the SRM, along
with its current status and timing plan and other internal processes, to determine if Priority can be
granted.
The Intelight TSC sends a SAE J2735 Signal Status Messages (SSM) to the RSU in response to an SRM. SSMs
contain the response (signal status) or each priority request; granted or denied, and the position in the
queue, as appropriate, for pending requests. The RSU broadcast SSMs to the OBU.
While SRMs and SSMs are exchanged between the Test OBU (vehicle) and the Intelight controllers, the
signal timing is not changed based on the request. Signal Priority, as deployed, merely demonstrates the
data exchanged between a vehicle and controller. MnDOT could configure a Signal Priority request to
modify signal timing once OBUs are installed in the Snowplows.

3.2.3 Network, Data and System Management
MnIT updated the MnDOT ITS network to support IPv6 communication as well as reconfigured network
firewalls to enable RSUs and OBUs to connect to the Security Credential Management system and the
Consultants Health and Monitoring system. Early involvement from MnIT staff in developing network
architecture and security was essential to advancing the project. Our system uses IT industry Best Practice
to store and provide access to CV data. Only 3 MnDOT staff members have access to the Health and
Monitoring system and BSM Data.
To ensure RSUs are operational, MnDOT is using our consultant’s Health and Monitoring system based on
USDOT RSU specification 4.1a. The system is also collecting and archiving J2735 Basic Safety Messages
from equipped vehicles for future use in corridor management applications. MnDOT only has 2 OBUs
which are utilized to verify RSU functionality. We have yet to collect data from non-MnDOT vehicles. Todate CV penetration is extremely limited.
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4 Value to MnDOT
It remains unclear when connected vehicles will be deployed. The Connected Corridor program provided
MnDOT with significant organizational benefits, including building its technical and institutional
knowledge, identifying best practices and lessons learned, deploying new technologies, and building a
system that is interoperable to plan for future technologies.
Established security and networking protocols for CV deployment: MnDOT strengthened critical
relationships across state government and developed work products that are essential for long-term
deployment far beyond the initial Connected Corridor.





Furthered a critical partnership between MnDOT and MnIT to support CV
Established security protocols
Developed network architecture
Procured security credentialing service critical to future deployment

Developed and deployed foundational infrastructure and systems: Most of the infrastructure
investments for the Connected Corridor provide a foundation for future deployment activities statewide
and can be used regardless of technology changes.





Specific cabinet fiber and cabling changes
Signal controller upgrades and cabinet modifications
DSRC Roadside Unit (RSU) management system
CV data management system

Developed organizational capacity for future CV deployments: The innovative delivery model used by
MnDOT ensured hands-on staff experience. This allowed staff to better understand what is required to
deploy this technology and what skills are needed for future CV technologies.




Joint deployment approach ensured MnDOT staff capacity building (vs. traditional contractor
deployment)
Signals and ITS staff learned the mechanics of the roadside unit (RSU)/ controller programming
and relationship for CV
Outreach efforts yielded greater understanding of internal and external partner needs and future
opportunities to support them using CV technology

Gained understanding of technology readiness: The Connected Corridor program provided
MnDOT an opportunity to better understand the relative maturity of the technology (including both signal
controllers and RSUs), to work through deployment challenges, and to build or strengthen vendor
relationships – lessons that will be critical to the future of the department’s CV program.
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Both RSUs and OBUs need to mature before replicable Connected Vehicle systems can be deployed. The
manufacturer that provided RSUs to for the project stopped officially supporting their DSRC hardware in
January of 2020, though they did continue to provide basic support through June of 2020. However, this
was problematic as the team continued to face challenges with Signal Priority and Security Credential
Management System enrollment and certificate download and process at the end of the project. For
future deployments, MnDOT will consider requiring hardware providers to support their product for 3
years, to help avoid this issue going forward.
SPaT and MAP, though not an application, required less effort to implement than Signal Priority. Signal
Priority required support from Intelight, the RSU Manufacturer, and the consultant. The consultant alone
was able to implement SPaT, MAP, and Signal Priority on the RSU, once the RSU firmware issues were
addressed by the Manufacturer.
Also, agencies, in general, need to consider interoperability and monitor regulatory and standards
uncertainty, as evidenced by the FCC Notice of Proposed Rule Making (NPRM) in late 2019. The NPRM
seeks to reallocate 45MHz on the DSCR 75MHz to unlicensed Wi-Fi. Agencies also need to do a strong
level of due diligence for providers to ensure they can meet the long-term project needs, particularly
when technologies are still being validated and not fully commercialized.
Demonstrated value of investment in emerging technologies: The Connected Corridor program
highlighted the critical role that emerging mobility technologies will play for MnDOT, and emphasized the
need for flexibility and adaptability in embracing them. The program also helped MnDOT better
understand the skillsets required to deploy this technology, which ultimately assisted with the structuring
of the Office of Connected and Automated Vehicles (CAV-X) to best serve these needs into the future.
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